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FOREWORD 

The following papers from Argonne National 

Laboratory were presented at the Second ANS Topical 

Meeting on the Technology of Controlled Nuclear 

Fusion, September 21-23, 1976, in Richland, 

Washington. 
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* TOKAMAK EXPERIMENTAL POWER REACTOR 

W. H. Stacey, Jr., M.A. Abdou, P. J. Bertoncini, C. C. Balta, 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 producin~ ~72 MWe and 
requires 42 MWe. The EPR vacuum chamber is 6.25 m in major radius and 
2.4 min minor radius, is constructed of 2 em thick stainless steel, an~ 
has 2 em 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). (l) 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 desi_gn, 
including the pPrformance evaluation and 
cost estimate. 

The design-basis performance objectives 
of the EPR are (1) to operate 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%)]i and (2) to operate under con­
ditions :;uch that net P.lectr1cal power pro-

Work supported by the U. s. Energy Research 
and Development Administration. 

duct ion 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 obtai ned from a consistent ·so 1 uti on of 
the MHO equilibrium equations and the plasma 
particle and power balance equations. MHO 
equilibria were obtained for different pres­
sure profiles and deqrees of diama~netism/ 
paramagnetism. These equilibria determine 
allowable values of plasma current, the 
safety factor, q, and the plasma-to-magnetic 
pressure ratios, ep and ~t. Characteristics 
of MHO 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 l. EPR Geometrical Parameters 

Radius (m) 
Major, R0 
Plasma, a 
First wall, rw 

Aspect Ratio, A " R/a 
Plasma Volume (m3) 

6.25 
2.1 
2.4 
2.98 
544 

Toroidal Vacuum Chamber Volume (m3) 711 
First-Wall Area (m2) 592 
Blanket Thickness (m) 0 .. 28 
Shield Thickness (m) 

Toroidal Field Coils 
No. 
Horizontal bore, Rbo;e (m) 
Vertical bore, Zeff \m) . 

. 0.58-0.97 

16 
7.78 
12.6 

for different values of the pressure .profile 
* exponent, a. The solid curves are loci of 

equi 1 ibrfa varying (from le.ft to right) from. 
highly diamagnetic to highly paramagnetic 
plasmas. Current revers a 1 occurs for sol u­
tions to the left of the dashed line. The 

·maximum value of at' 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 s along this locus is con-
P . 

fined to a rather narrow range .of 1 • 8 > s 
- .p 

.::. 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 increas·ing a). The ·reference 

design .point wa!> chosen by :;clcc.ting .the 
pressure profile whose optimum solution has 

q(a) = 3.0, a value below which confinement 
·has experimentally been found to deteriorate. 

Steady-state plasma parameters correspond­

ing to the reference design MHO solution of 
Fig. t, and .a similar solution .for :BTFC = 

. . max 
8 T, are given in Tabl'e .2. A wide range of 

.performance parameters is possible, corres­
ponding to the range of MHO equilibria 

depicted in Fig. 2, and to the range of 

:·· 
p(r) "'Po[l - (r/a) 2]a. 
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operating temper~tures 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. 

.'TRANSIENT PERFORMANCE 
.Requirements on the plasma drivinq 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 BTFC = 10 T (see Table 2) are approxi-

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

the dynamics calculations are constrained 
by ·the 1 imi t R < Rmax = 1.71. 

. .p- p 
'A ·vari.ety of startup procedures were simu-

lated in order to determine a compr.omise 

among several conflicting economical and 

technologi~al limitations. The critical 
parameters .which, to some extent, can be 
traded off against each other are ( l) energy 

transfer from the homopolar OH supply (U0H); 
(2) peak .power required from the EF supply 
{PEF) ; (.3) tota 1 energy drawn from the 

energy storage unit for .beam hea·ti'ng (UBE); 
and (4) maximum .rate of .change of the field 

in the .OH coil (B0H). Initiation ,of beam 
heating midway through the .OH current rever­

sal, thereby reducing resistive losses dur­

ing startup, was found to be beneficial. 

The time of the OH current reversal, fltoH• 
i.s an important factor i.n .determining the 

requirements of thP. plasma drfvinn and heat­

ing systems, .as indicatecl in -FiCJ. 4. On the 

.bas1s of these results, At
0

H·= ·2 s was cho­

sen for the reference case. As a result of 



TABLE 2. Steady-State Plasma Parameters -·Reference Design 

Poloidal beta, BP 
Total beta, st 
Safety factor 

Magnetic axis, q(O) 
Plasma surface, q(a) 

Plasma radius, a(m) 
Aspect ratio, A 
Av~rage temperature, T ·(keV) 
Effective ion charge, Zeff 

Confinement for ignition, nTE 
Peak field at TF coils, BTFC 

max 
Field at centerline Bto 
r.liUnltl cur nm L, I (MA') 

(T) 

(s/m3) 
(T) 

p . -
·Average 0-T ion density,. "or (m- 3 ) 

Power output, PT (MW) 
Neu l r·urr wa 11 1 oad, P (MW/m2) 

w 
Ratio of nTE re~uired for ignition to 

TIM value of nTE• aTIM 

10.0 
4.47 
7.58 
9.4 )( 
638 
0.86 

1.0 
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extensive studies of this type, whi'ch are 
presented in a separate pape.r, (2) 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 
wa 11; 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 
efficiency nT = 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 energy storage system caused by energy 
losses in the injection (0.98 GJ) and OH/EF 
(0.46 GJ) systems-- r.esults in 2.09 GJ net 
electrical energy. Averaging this over a 
70 s operating cycle (a 55 s burn plus a 

5 

15 s replenishment 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 ~ime to 
offset the accumulation of helium and wall­
sputtered beryllium. It is assumed that ttie 
plasma density can be maintained by a combi­
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. The 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 heating 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) will 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, VLOOP• 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 



TABLE 3. Plasma Driving and Heating System 
Maximum Requirements 

Ohmic Heating Coil System 
Volt-seconds to plasma 
Peak field, BOH (T) • 
Maximum field rise, B

0
H (T/s) 

Maximum voltage, V
0
H (kV) 

. Maximum current, 10H (kA) 
Maximum power required, P0H (MW) 
Maximum energy transferred, U0H (MJ) 
Mi.nimum current reversal time, 6t

0
H (s) 

Eguilibr.ium Field Coil System 
Volt-seconds to plasma 
Maximum voltage, VEF (kV) 

Maximum current, IEF (kA) 
Maximym ~:~uwer rpqu1r$r!, PE'F (MW) 
Maximum energy transferred, UEF (MJ) 

Neutral Beam Injection System 
Deuteron energy (keV) 
Power to plasma, P

8 
(MW) 

Energy to plasma, P
8 

(MJ) 
Energy from energy storage, U8E (MJ) 

OH/EF Cotls & 
PlHmt Current 

........ llil..ll-..-{-~~~-l!nducttve 
lii~rov 

85 
5.0 
6.7 
51 
80 

1900 

.1200 

2 

~0 

21 

80 
4ZO 
1500 

180 
60 
300 

1000 

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 reversal 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 ddving voltagt!!, additional gas can 
be added to the chamber and the plasma radius 
and current can be increased simultaneously. 
MD.GNET 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 deta11 to evaluate problem.s in 
Lht! construct1on and operation of EPR mag­
nets. Details of the magnet system design 
are presented in a separate p4pt!r·. (J) 

Toroidal Flt!ld 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 a~ 
hioh a~ practical in order to enhance the 
plasma corifinement 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 3uK. 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 problt!!m of refrigeration at 
temperatures lower than 4.2°K for large 

8 

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 Tis the maximum goal in.the TF 
coil design. 

A TF coil system consisting of 16 pure­
tension "D"-shap.e 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 fielrl on the TF coils 
from the poloidal coils was found to be the 
most trouhlesnme f!l~tor in the Tf rn11 
design. The out-of-plane load is large and 
creates serious problems for the structural 
design as well as a threat to the coil sta­
bility from bending mdments 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 still 
couples filaments in a single strand. These 
ac losses, proportional to the conductor 
lPnoth, are still unaoocptabl~ large a~J Ll~ 

conductor stability is very poor. One pos­
sible solution is periodic twist-pi.tch rever­
sal, but this is as yet only a hypothesis. 

For the EPR, the optinn of a field shield 
was chosen. rt was found thilt an aluminum 
shield operating at a mean temperature of 
l8°K is a reliable means of overcoming the 
varying field superimposed by the polo1dal 
field coils. Detailed analyses of ac loss 
in field shields, the out-of-plane load, and 
de field soaking were completed. AC losses 



TABL:E 4. Toroidal Field Coil System 

Superconductor/stabilizer 
insulator/support 

No. of coils 
Coil shape 

Field ripple (%) 
Maximum access (m) 
Peak field (T) 

Bore (m) 
Vertical 
Horizontal 

Field in plasma, Bt (T) 
10 T peak field 
8 T peak field 

Stability 
Temperature allowance (°K) 
Conductor design 
Cooling 
Operational current (kA/turn) 
Stored energy (GJ) 

Total 
Coi 1 

Inductance (H) 
Total 
Coil 

Ampere-turns (MAT) 
Total 

· Coil 

Nb-Ti/Cu . 
fiberglass 
epoxy/SS 
16 
pure tension 
R1o = 2.45 
R20 = 11.1 m 

1.3 

"'3 

10 @ 3°K 
8 @ 4,2°K 

12.6 
7.78 

4.32 
. 3.46 

cryostatic 
0.5 
monolithic 
pool boiling 
60 

30 
1.875 

16.7 
1.04 

134 
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 em thick and 30 to 50 em wide has been 

· chosen as the reference conductor. It wi 11 

carry a current of 60 kA. Each TF coil 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· 
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Turns/coil 
Mean turn length (m) 
Total conductor length/coil 

(A-m) 
Coil wei~ht/co11 (Ton) 
Coil and bobbin cross section 

(m2) 
Bobbin 

Material 
· Thickness (em) 

Winding cross section (m2 ) 

Average current density (A/cm2) 
Over bobbin and coil· 
Over coil windin~ 
Over copper 

Smallest radius of curvature 
at "'10 T field region (m) 

Average hoop force-turn (lb) 
Averaqe turn cross section 

(em2 l 
Cross section ratio, SS/Cu · 
Overall average stress (psi) 

Stainless steel 
Copper 

length of straight segment (m) 
Compressive pressure (psi) 
Circumferential stress (psi) 
Refrigeration power (MW) 

70 )( 2 

36 
151.2 )( 106 

"'208 
0.619 

316 ss 
1.25 
0.572 

1352 
1463 
3660 

1.98 

133 )( 103 

40.6 

"'1.5 

26,000 
14,500 
8.56 
7660 
<74,000 
14,3 

stress and centering force, a good ~chani­
cal stability. good riQidity against out-of­
plane loads, and assurance of cryostatic 
stability for the TF cofl s. 

Coil protection is also facilitated by 
this conductor desiQn 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 limited to 2000 V. 

The TF coils must be operated 1n series 
at all times; otherwise unequal curr~nts in 
different coils could create large forces 

1 

and torques betwP.en coi 1 s and 1 arge bending 



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 l0- 8 n-cm. The shield is designed so 
that this value occurs after 2.5 MW-.yr/m 2 

integrated first-wall neutron load, which 
cOrresponds to 10 yr of operation· at the 
nominal wall load of 0.5 MW/m2 and a 50% 
capacity factor. The dose of 3.5 x 108 rads 
to the epoxy insulator is well below the 
range ·109-101 0 rads at which its properties 
degrade. 
Peloidal Field Coils 

The peloidal field coils present problems 
different from those of the TF coils, but 
equally challenging. The ~oloidal field 
coils consist of the initiation-trimming 
(IT) ~oils, the ohmic h~ating (OH) coils, 
and the equilibrium field (EF) coils. The 
OH coils and the EF coils are superconduct• 
1ng 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 located near the first wall. The IT 
coils initiate plasma discharge by deliver­
ing 4 V-s 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
fanner primary for producin9 the plasmil cur­
rent 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 conceptual· 
design of the eight pairs of EF coils and 
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and six pairs 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 re$ult. 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-
fo nned. Free-boundary p 1 a sma: MHO equ il i­
brium calcu.lations 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 5. The OH coils·and EF 
coils both have a maximum operational cur­
rent of RO k.A 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 environment, the minimum 
turn-to-turn separation must be about 0,3 1117!. 

Multilayer coils would require large gaps 
between layers and present an awkward problem 
for coil de3ign, espe~1ally for th~ lOng UH 
solenoids. Therefore, each coil will be 
wound with a single-layer conductor 15 em 
wide. 

The EF coi 1 s 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 t;iln he proparly vented to 
avoid nubble accumulation within the wind­
ing. Uncter this circumstance, the heat 
transfer flux ceases to be an important fac­
tor in determining the coil ~t~bility; in­
stead the coi 1 stabfli ty depends on the con­
ductor current density, the amount of liquid 
helium surroundin9 the conductor, and the 



. TABLE 5. OHC/EFC Magnet Characteristics 

OHC EFC 

Superconductor/stabilizer 
Coil design 
Conductor design 
Stability 
Cooling 
Operating temperature (°K) 
Average current density (A/cm 2 ) 

Magnetic·field (T) 
in flux core 
at plasma center 

Ampere-turns (MAT) 
Tota 1 conductor length (MA meters) 
Maximum dB/dt in conductor. (T/s) 
Stored energy in OH/EF/plasma field (HJ) 

Maximum operational current (kA) 
No. of tums 
Self-inductance (H) 
Mutual coupling 
Power supply voltag~ (kV) 
Volt~secorids to plasma (V-s) 
Coupling coefficient to plasma ring 

extent of coil disturbances. 
The equilibrium field must penetrate the 

blanket and shield 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 seQments~ 
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 and

4
1s presented: in detail 

in a separate paper.l J . 
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Nb-Ti/Cu 
Single layer 
Fully transposed cable 
Cryostatic 
Pool boiling 
4.2 

·2640 2946 

-v5 
'1.0.46 

67 il8,6 
847• 996 
6.7 -vl 

2262 
80 80 
837 464 
0;48 0.52 

KOHEF = 0. 015 
48 21 
85 50 
KOHP = -0.2422 ~FP = -0.2566 

The torqur> shell clr>s i qn u•;es sht~il r wr.h~; 

located hetw~~n the TF coil c~yo~tats to 
provide continuous support for the coil and 
to cancel the in_tiuced torQues. This design 
provides the lightest weight desiQn but 
requires removal of the shear web panels to 
permit access to the blanket and shield • . 
The torque frame concept uses a frame at the. 
top and bottom of the reactor to transfer 
the TF coil loads to the reactor building 
wall and floor, respectively. Both concepts 
provide blanket and shield access through an 
-vJ 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 



restricted by 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 peloidal 
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 .peloidal 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 substantially lighter and lower cost 
structural support design than can be 
a~o.lll!:!v!:!tl using wettll!d stainless steel. The 
torque shell ·concept has been tentatively 
chosen as the reference option. 
PLASMA HEAT!Nu 

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 less power may 

be required for periods up to a minute to 
maintain the burn in the face of unfavorable 
plasma conditions. Current experience dic­
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 o+ sources. The second 
design is based upon improved D+ sources. 
The third design, which would require·con­
!!dcferable advances in source t~~hnoh!~Y~ i!'; 
based upon direct-extraction o- sources, with 
neutralization by a gas target (Ja} or by a 
lithium plasma (Jb). All desiqns employ 
energy recovery, and the first two designs 
inject on 1 y the D + -+ oo component into the 
plasma. 

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

TABLE 6. Neutral Beam Injection System Characteristics 
--·--·---··· 

(Reference) 
Design 1 · Design 2 Design Ja Design Jb 

Atomic ion . o• D+ D- D-

Target for D1 
+ Do D2 gas · D2 gas D2 gas Li plasma 

Beam composition (o+; D~, D~, D-) (0.75,0.18,0.07/-) (0.95,0.03,0.02/-) (-/0.95 (-/0.95) 

Neu t ra 1 beam power (MW) 60 60 60 60 

Neut1·al beom ,;n,~ IJJI (h.V) 1110 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 rrul tiaperture multi aperture multiaperture rrultiaperture 

Ion beam current density (A/cm2) 0.135 0.175 0.135 0.135 

Ion bPilm Pt:l"'ll" {MW) . 441 338 II:! 81 

Gas load/injector (Torr-t) 110 57 41 11 

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 0.77 

Over a 11 power offf ci ency 0.34 U.45 0.66 0.77 

Net power input (HW) 207 145 91 78 
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pattern, provide 60 MW of 180 keV deuteron 
beams to the plasma. Each injector has two 
ion sour·ces. The beam 1 i ne 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 thenmil ·energy recovery system. The 
pair of beams in each injector travel ~ 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 (including 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 0. 2 gas. 

Substantial improvements in power effi­
ciency and corresponding reductions in power 
requirements and gas loads can be realized 
if D+ ion sources are developed with a very 
high atomic ion .component, as indicated by 

Design 2 in Table 6. Even more dramatic 
improvements could be realized if direct­
extraction o- sources are developed. 
Radio~Freguency Heating 
Radio-frequency (rf) wave heating is an 
attractive alternative to neutral beam ~eat­
ing, from the technological point of view, 
since efficient power sources exist for 
several heating modes and the neutron pene­
tration problems intrinsic to the neutral 
beam injectors can be ameliorated. However, 
wave heating· experiments have not encountered 

·the same degree of success as neutral beam 
exp·eriinents in heating plasmas. 

Two rf heating desi~ns 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 ~as four rf heating stations 
supplying 20 MW to the plasma, for added 
heating capability and experimentation. If 
rf heating becomes the primary option, the 
EPR design can accommodate 16 rf stations 
by ·replacing the neutral beam injectors· 
with rf systems. The characteristics 

TABLE 7. RF Heating Parameters 

Pump frequency (MHz) .. 
8 T 

10 .T 
Output power (MW) 

4 ports 
. 10 ports 

Transmission efficiency from 
source to port (%) 

Pulse duration, heating (s) 
25 MW 
60 MW 

Oucy Cycle (%) 
25 MW 
60 MW 

Launcher 

Transmission scheme 
High power source 

54 
68.6 

zs 
60 

64 

12.9 
5.4 

17.2 
7.2 

ICRH 

l/4 turn loops 

Coaxial cables 
Tetrode amplifier 
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1120 
1190 

25 
60 

48 

12.9 
5.4 

17.2 
7.2 

LHRH 

"Grill" waveguide 
8 across x 2 high 
Waveguides 
Kl.vstron 



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
tem 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 sub~tation into the 
ESI. A separate inertial energy storage 
unit, consisting of rad_ially stacked homo­
polar generators, is incorporated in the OH 
system, so that. t.ht> ind,Jr.tive oncrgy ;n th! 
OH system is essentiallY tran~fprred 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 depo~ited 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 injectiQn 
heating, the required energy is transferred 
from the ESI hy a rectifier. The EST system 
is depicted schematically 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 energy during the reversal periorls by 
using radially stacked drum-typ~ homopolar 
generators. Additional energy required to 

provide 5 V-s for resistive plasma losses 
is transferred into and out of the OH coil 
during the burn cycle 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 central ESI makes up the 0.46 GJ 
of energy which is dissipated in the OH­
plasma system each burn cycle. 
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Entr91 
Stor•ge 
Inductor 

FIGURE 8. Circuit Diagram 

The design of the homop6lar generators is 
based on radially stacked epoxy fiberglass 
insulating cylinders and Type 17-4 stainless 
steel cylinders. The insulator cylinders 
are rigidly supported and aligned with res­
pe<.l tu the centrai axis. The.conducting 
cylinders rotate independently. on a type of 
air h&aring designed ;nto ·the insulatfi'ltJ 
cylinders. The innermost and outennost 
cylinders are made of insulating materials, 
so that hi9h voltages can be achieved by 
electrically connecting many generators in 
series. A radially directed, a~imuthally 
uniform magnP.tic field of about 5 t is j)r·u­

duced by niobium-titanium superconducting 
coils. Rrushcs are located along the edges 
of the cylinrlers 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 ener9y transfer system for the EF 
coils must be actfvt!ly controlled because 
the power demand varies wfth plasma current 
and temperature. The design of the power 
supply is based on storing and transferring 



TABLE 8. Energy Transfer and· Stora9e Systems --Maximum Ratings 

Ohmic Heating Systems 
o·rum homopolar generators 

No. of generators in series 
No. of drums/generator 
Total energy transfer (MJ) 
Peak power (MW) 
Peak voltage (kV) 
Peak current (kA) 
Eq.uivalent 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 MW) (b) 
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 1 i ne (11W) 

16 
6 
1200 
1900 
51 
68 
0.897 

Inductor-converter bridge 
600 
66 
80 
0.8 

Inductor-converter bridge 
1500 
416 
80 ' 
21 
1330 

Sr.R, DC/AC/DC at 10 kHz 
1 
180 
207 

5-phase inductor-converter bridge 

18 
64.5 

94 
125 

Superconductive ring dipole inductor 
3.2 .. 
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 st"orage 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 
cur-rent surge 1 imi ter, and a high-frequency 

·polyphase-controlled rectifier using SCR 
switches to enable rapid de-energization of 
the beam In per10ds of less than 100 ~s. 
The beam heating pulse is designed to last 
for 5 s. Energy is added to the central ESI 
throughout the fusion reactor cycle. The in­
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 1s 
developed in a suming 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-r. 
bridge networks are designed to transfer 
energy from the ESI to the rt· conversion 
units. Five-phase networks are used to avoid 
objectionably large voltage fluctuations on 
the frequency conversion tubes. 

In order to operate the poluidal coil, 
neutral beam, and rf systems, it will be 
necessary to store energy on site so that 
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large power pulses required to initiate and 
terminate the tokamak discharge do not per­
turb the electrical power network. A super­
conductive energy storage inductor was 
designed to handle th.ese .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 maximum 
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 
clor.kw1Se and countcreloc:kwhe to 1'ac"111tate. 
layer-to-layer connections-. Conductortrans­
position is achieved by winding top and bot­
tom halves with 40 kA cable and operating 
co11 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 ~2 x lo- 3 to ~1 x 10· 5 

Torr in ~15 s after the burn pulse; and 
(2) achieve a base pressure·of less·than 
10-11 Torr .at the bl!'gimrln\1 of an operational 
period. These criteria can be satisfied by 
thirty-two 25,000 t/s cryosorption pumps, 
each connected through a 1.1 m diameter 
duct to a 0.95 m diameter port in the vacuum 
chamber well. To min1m1ze the tritium in­
ventory, the cryosorption pumps will be re­
generated, using zirconium-alumi.num getter 
pumps, every four hours to remove the tri­
tium and deuterium that has accumulated on 
the liquid helium.-cooled panc15. An addi• 
tional 32 cryosorption pumps are provided 
to allow for continued operation during the 
regeneration period. 

Pumping requirem~nts for the neutral 
beam injectors are very demanding. Twelve 

·injectors will each have gas loads of 110 
Torr-t/s during operation. The required 



pumping Speed Of "-·5 X 106 ~/S Wi 11 be p·rO­
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 princi.pal parameters of the toroidal 
and neutral beam vacuum systems are shown in· 
Table 9. 

The high impedance characteristics of 
the waveguide used for lo~er hybrid rf heat­
ing .will necessitate a separate pumping 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 10-6 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 
em thick stainless steel plate and is rein­
forced with an external ring and spar frame­
work. Two circumferential support rings and 
ten longitudinal spars are on each segment: 

The 16 segments are joined by formed rings 
that are welded to the ends of each segment. 
A chemically bonded Cr203 coating is applied 
to the joining surfaces in two of these rings 
to form a current breaker in the vacuum wall. 
Detachable 2 em stainless steel co9lant panels 
are. roll-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
ing 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-., 
forcing ring and the roller/slide support 
minimizes thermal stresses by allowing for 
expansion of the vessel. 

Extensive thermal-hydraulic, mechanical, 
materials performance, and radiation damage 

TABLE 9. Vacuum System Parameters 

Volume 

Surface area 

Gas loacf 

Cryosorption .pumping 

Effective pumping speed 

Secondary pumps 
Al/Zr getter pumps 
No. 1300 CFM blower stations 
No. 1400 /s turbomolecular 

pumps 

Toroidal 

754 m3 

771 m2 

2588 Torr-9. 

32 - 25000 i./S 
pumps 

4,25 X 10~ i./S 

32 - 10000 ~/s 
16 
16 

17 

Neutral Beam 

250 1!13/injector 

254· m2/injector 

110 Torr-1/s per injector 

100 m~ panel/injector 

5 x 100 'J./S per lnjeclor 

12 - 25000 i./S 
Use same pumps 
Use same pumps 



TABLE 10. First-Wall Operating Parameters 

Nominal Operating Conditions 
C~pacity.factor (%) 
Operating cycle (s) 

Star.t'up 
· Burn 

Shutdown 
Exhaust and replenishment 

Average power loading during burn (MW/m2 ) 
Neutron 
Radiation, conduction, convection 

Operating Parameters 
Stainless steel vacuum wall 

Maximum temperature (°C) 
MinimYm yield strP.ss ~t soooc (ksi) 
Maximum annual fluence (n/m2) 
Atomic displacement (dpa/yr) 
Helium generation (appm/.vr) 
Hydroqen (!eneration (arrm/.yr) 

Stainless steel coolant panel 
Maximum' temperature (°C) 
Minimum yield stress at 500°C (ksi) 
Maximum annual fluence (n/m2) 
Atomic displacement (dpa/yr) 
Helium generation (appm/yr) 
Hydrogen gener~tion (appm/yr) 
Maximum heat deposition (W/cm 3 ) 
Maximum CIT acros·s panel surface (°C) 
Maximum CIT through panel face (°C) 

With Argon shutdown 100 
Without Argon shutdown 

Maximum thermal strain range (%) 
· nrerating cycle 
. Burn cycle 

Beryllium coating 
Maximum surface temperature (8 C) 
Hel i urn generiltion (appm/y) 
Hydrogen generation ·(appm/¥) 
Maximum erosion .rate (~m/y) 

Water coolant 
Maximum pressure (psi) 
Velocity (m/s) 
Inlet temperature --first panel 
Exit temperature --eighth Pan~1 
Pumping power (MW) . 

50 

5 
35 
5 
15 

0.5 
o. 13 

<500 
17 
6 X 

2.B 
54 
133 

380 
17 
6 X 

2.8 
54 
133 
5.8 
20 

75 

0.14' 
0.09 

407 
780 
13 
30 

2000 
1.6 
40 
~10 
<1 

1Q25 

1025 

analvses have been oerformed to evaluate the 
first-wall performance and to determine the 
design 1im1ts. Results are summarized in 
Tables 10 and 11. 

fluence of 6 x 10/ 5 n/m/ (2,8 dpa/yr, 54 
appm/yr helium, and 133 appmfyr hydrogen) 

The stainless steel vacuum wall should 
maintain its structural integrity for the 
10-'yr design 1 ife under the nomina 1 Operat­
ing conditions, viz., integrated wall load­
ing of 2.5 MW-yr/m2 , maximum annual neutron 
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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 life (yr) 10 
Integrated neutron wall loading 2.5 

(MW-yr/m2 ) 
Yield strength--- lD yr (ksi) 
Uniform elongation --- 10 yr (%%) 
Radiation. s~elli.ng--- 10 yr ( ) 
Limiting criterion 

75 
>1 
<4 
Ductility 

Coolant Panel 
Design life (yr) 
Total burn cycles --- 5 yr 
Fatigue lifetime {yr) 
Radiation lifetime (yr) 
Limiting ~riterion 

Low-Z Coating 
Design life (yr) 
Limitinq criterion 

5 
106 

5 
8 
Thermal fatigue 

3-5 
D-T sputterinq 

(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 life, 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 ~m thick 
beryllium coating appears feasible. Only 
limited data exists with which to estimate 
the lifetime of the ceramic current breaker; 
however, .bulk radiation effects wili likely 
be the limiting 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 b'urn cyc1e 
depends on the difference between the maxi­
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 is 0.085% for 
the burn cycle and 0.14% for the warmup/cool~ 
down operating cycle; These values corres-

pond to fatigue design lifetimes for the 
coolant panels of 5 x 106 burn cycles and 
1 x 10s operating cycles. Thus, thermal 
fatigue will limit the life of the coolant 

' panel to.5 yr, which corresponds to ~106 
burn cycles, for the current design 
parameters. 

Although the current first-wall system 
design 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/shie1d lll:!s lyr1 Al'e presented ;n 
a separate paper.(S) 
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 phas.e 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 em diameter drilled channels, ·with each 
block having an independent cooling system. 

The bulk shield surround1ng 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 B4C and stainless steel dis­
posed 'so as to maximize the attenuat1 on of 
n~utrons a lid 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 rn 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 H20 at atmospheric pressure. 

Neutral beam lines, vacuum ducts, and 
other penetrations of the outer blanket and 
bulk shield represent large (~0.6-1.0 m2 

~ross sect10n) streaming paths for neutrons 
and require special shielding. A special, 
0.75 m thick, annular shield surrounds the 
neutral IJ~drrr tube after it exits from the 
bulk shi e 1 d 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 spp,r.ial 
shield is 50% SS/50% B4C, 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 shiel~ 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 (SS/84C) similar to that of 
the inner shield. 
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The blanket, shield, and vacuum vessel 
assembly weighs over 2700 metric tons. This 
weight is supported from beneath the.reactor 
on 16 individual frames. The frames can move 
vertically approximately 2m 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 re·actor shielding 
blocks. The blanket block layer rests on the 
inner portions of the shield blocks 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 be.en performed to 
evaluate the performance of the blanket/shield 
system. These analyses are based on a nominal 
neutron wall lnarl nf n.s MW/m' and a plant 
capacity factor of SO%. The neutronics 
effects vary significantly around the wall in 
the peloidal direction, and a conservative 
analysis is used. Results are summarized in 
Table 12. 

The 4 em first wall and the 28 em b 1 ankP.t. · 
region receive ~90% of the neutron and gamma 
energy •. The nuclear heating varies from 3.5 
W/cm2 on the ins.ide 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·~l.7.dpa/yr and drops by a factor of 
2 every ~7 em going through the.blanket. 
nplilrilt.ing tomporature:J ;n the l<11'JJ IJ!!C!I'III!J 

portions of the blanket are, like the first­
wall temperatures, restricted to ~soooc, but 
may be allowed to rise above this level in 
nonstructural components. ~fter 10 yr at a 
wall loading of 0.5 MW/m? and a 50% t:apneity 
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 yield strength will increase to 
~75 ksi. As the neutron radiation is atten­
uated through the blanket, the swelling will 



TABLE 12. Summary of Blanket Desi~n Parameters 

Design basis operating life (yr) 
·Nominal power during purn (MW) 
Design basis neutron wall loading (MW/m2) 

Plant capacity factor (%) 
Blanket structure 

Thickness (m) • 
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/cm.3 ) 
Maximum fluence at 2.5 MW-yr/m 2 (n/m~) 
Maximum dpa at· 2.5 MW-yr/m~. (dpa) 
Maximum helium production at 2.5 MW-hr/m2 ~appm) 
Maximum hydrogen production at 2.5 MW-yr/m (appm) 

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

· Ductility at 2.5 MW-yr/m2 (% uniform elongation)· 
Swelling at 2.5 MW-yr/m2 (%of initial volume) 
Maximum torque from·pulsed fields (ft-lb) 

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) 
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 

550°C. 

10. 

400 
0.5 
50 

0.28 
316-SS/0.9 
H 2 0/~0.05 

-v0.02 
-v0.05 

500 
550 

3.5 
5 ~ 10~.1' 
17 
230 
600 

<10 
!O 
>3. 
<2 
T2s.ooo · 

H20 
2000 
<15 
2.4 
<1 
40 
309 

3. 5 x. 106 

8,0 X 105 

7. 0 X 104 

60 

be rpl'!ur.ed to zero after a .few em. and the 
tensile properties will app~oach those ~f Regions in the outer bulk shieid, 20 em 

· unirradiated material (-v22% uniform elonga­
tion and -v20 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 1arge 
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 temperatures above 

·thick, surrounding the neutral beam penetra­
tions will be constructed and cooled. similar 
to the blanket. 'The remainder of the bulk 
shield will receive -v7% of the radiation 
energy. The major effect of radiation on 
borOi'l carbide fs the buildup of helfum from 
(n 1 a) reactions which can induce swelling and 
cracking if it is present i.n high concentra­
tions. Neutron irradiation can also substan­
tially reduce the thermal and electrical con­
ductivity. The degree to which radiation 
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affects the bulk properties depends to a 
large extent on the amount of porosity pres­
ent in the unirradiated material. The first 
layer of boron carbide in the inner shield 
will be the most seriously affected by the 
neutron irradiation. The first few em of 
boron carbide will produce "~500 appm of 
helium durin9 a 10 yr lifetime, but helium 
production will fall off rapidly past this 
point. This amount of helium is not expected 
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 shield. For the 
cunditions expected in the EPR, the graphite 
in the outer bulk shield will densify rather 
than swei 1. 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 fn the first few em of the grap­
hite/1% boron wi.ll reach "'770 appm after a 
10 yr lifetime. As with boron carbide, 
porosity and venting considerations must be 
factored into the shield desi9n 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 
1·eceive a relative·ly 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 tempera­
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 is about 
lOG m~em/hr, which is too high to permit 
access to the inside of. the reactor building 
for any reasonable length of time, Outside 
the 1.5 m thick concrete building wall, the 
dose is about 1 m~em/hr. The biological dose 
in the vacuum chamber inside the first wall is 

6 x 109 mrem/hr at shutdown and after 1 yr 
of cooldown the dose is 1 x 109 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 
outsirle 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 unshield.ed 
personnel access to the reactor durin9 opera­
tion. At best, limited access would be 
allowed within a few days of shutdown. Per­
sonnel exposure can be reduced by two o~de~s 
of magnitude bv 10 em of lP~rl ~hielding, 

The general approach to maintenance for 
thE! F.PR i$ by u11e of remote hllndling llppar·a~ 

tus. All large components will be repaired 
in place, where .possible. This includes the 
var1u.1m vessel and the lower Er ilnd OH coils. 

Smaller components like the blanket anrl 
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 panPls that have been. 
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 th~ 

. reactor. A full-scale, quarter-section mock­
up of the reactor is vital to all remote 
operations. 
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TRITIUM 
The EPR tritium handling syst~m 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. (6) 



TABLE 13. Summary of Tritium-Handling Facility Parameters . 

·General 
Power during burn (MW) · 
Burn cycle duty cycle (%) 
Plant availability factor (%) 
Tritium burnup (g/day) 
Throughput/burnup ratio 

8 T 

200 
75 
67 
26 
50 
60 

BTFC 
max 

10 T 

500 
75 
67 
64 
50 

Tritium delivery rate (g/hr) 
Fuel cycle turnaround time (hr) 
Plant inventory (kg) 
Annual tritium consumption at 50% capacity factor (k~) 

4 
0.6 
6.4 

150 
4 

1.5 
16 

Tritium Inventory Disposition 
Cryosorption pumps (g) 
Getter beds (g) 
Distillation columns (g) 
Fuel cycle hardware (g) . 
Storage (g) 
Anticipated mean inventory (g) 

Fuel Cycle 

600(a) 
600(a) 
25 (a) 
25(a) 

"'1300(a) 
1500 

Nature of fuel processing and recycle systems Nonmetallic element removal 
Debris removal 

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 
1nventur-·y of ~1.5 kG will be supplP.!Mnted 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 system for the 
toroidal plasma chamber. The present plan 
is to carry out this regeneration cycle on 
a 4 hr bas'ls. 

Calculations have been made to estimate 
.the rate of tritium permeation from the plasma 
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Isotopic enrichment 
Fuel storage 
Fuel delivery 
Cryogenic distillation 
6 
1 

chamber into the fi rst-wa 11 cool.i ng water 
circuit. These calculations show that the 
tritium level in the first-wall cooling water 
("-10 5 1) increases to a maximum of "'1 Ci/1. 
The handling practices assoc~ated with this 
pressurized cooling water would essentially 
hP. the same as those.currently applied in 
the pressurized D20 primary circuits of 
heavy water reactors that commonly run up to 
10 Ci/1. 

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 consirlered. The first 
event considers 2% (~ x los 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 100m as 
compared tci the 10 CFR lOOguideline 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 " 10- 9 Ci/m 1 

and at lOOO.m is ~2 x l0- 9 Ci/m1 • ERDA 
Manual 0524 gives the uncontrolled concen­
trations guide as 2 " l0- 7 Ci/m3. 
FACILITY DESCRIPTION 

The reactor complex .consists of 11 major 
facilities covering an area of 65.000 m2 • 

The focal point is thP. rP~rtor containm~nt 

building (Fig. 9), a stru~ture 73.? m in 
diameter x 50 m high made of reinforced con­
crete. 1.5 m thick. to meet both structural 
~nd biological requirements. A thin steel 
membrane. 1 em thick. lines .the inside walls 

of the buil'din!l~ formin~ a barrier ·]n the 
event of a tritium rP.lease. The seal is 
carried throu!lh all penetrations and access 
ways. A reactor pedestal is provided 
sl i!lhtly offset from the center of ·the 
building for convenience in positioning the 
300 ton overhear!· polar crane used in assem­
bly anrl maintenance of the reactor. The 
building is equipped for 'remote maintenance 
of the reactor. 
COSTS AND SCHEDULES 

The estimated total direct capital cost 
for the EPR is $579 M. Adding 25% for engi­
neering and 25% for contingency brin~s the 
grand total to $868 M. A cost breakdown is 
glvt!n fn 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 .Y~~rs 
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TABLE 14. Pl imt Capita 1 Investment 
Direct Cost .Estimate 

$M(a) 

Structures an~ site f*cilities 67.3 
Reactor 248.6 
Reactor·plant facilities 245.0 
Auxiliaries 

Engineering (25%) 
Contingency (25%) 

(a) FY 1976 dollars. 

18.0 
TOTAL 578.9 

144.7 . 
144.7 

GRAND TOTAL 868.3 

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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PLASt~A DRIVING SYSiU\S FOR A TOKAHi\K EXPERII1ENTAL PO\·IER RE/ICTOR* 

F. E. Mills, J. N. Bro0ks, K. Evans, Jr., R. L~ Kustom 
\L !':. Stacey, ~lr., and S. T. Wang 

CTR Program 
Argonne National l..~hora tot·y 

At·gonne, Illinois 60439 

The T0kr.m~k ExnP.rim2ntill P01·1et· l<eactot" is a device (i~sio.ned to 

opc~rate at or necn· ignition 1·1ith the potential for production of net 

poi'lcr. It utilizr.s technolO\lY 1·11lich rither r~_,:i£t.s or- ciln be ochit!vt=u 

1~ith a li::JJ~::st ext.rilpola::ior. from the present. TJu:; p]asmil rlrivinQ sys­

tems, and their iH1j)iications for energy st01·a9e and transfer tEchnolo(jy 

ars analyzed util iziroq ~i.YIIiliiJic s1mu1<'ltion of the plusma 3tn1·tup, burn 

and shutdcMn. 

INTRODUCTIOI/ 

Tl1e plasma driv·ing system for thr~ 

Tokamak Experir.lental PO\'Ier Reactor ( TEPR) 

consists of c.n ohmic !v:-ati;"(! (C'!) C'1)ll, 

an equilibl'it;nl field (EF') coil, <1ml their 

re::;:-;··ct.ive po;·/Cr supplie::~. The ohmic 

heo t"i i1g co-;] i nduccs the bu.,:( 0 r tile 

p1asmd current during the re~ctor startup, 

and maintair,s the cun·ent during the b11rn. 

1 he equi 1 i bri um fi c l d c•:J·i l ·is -lll~c~d•:d for 

stable positioning of tile plasma.within 

the ,·acuum chamber. 

-The driving syst~m is one of the 1najor 

~ub~ys tems fot· U1e TU'R c.nd as such is 

critical to the success uf TEPR and to 

eve11Lual tull sr:i\lc to~~mak renct01·s. The 

d~sig11 .1nd analysis o. the L-uupl.~d p1:):.n,<•­

plasma driving S.'":tt~m ha~ been pan of 

an ongoing effort at ~rgonne in connection 

1·/l .. t'l !·il" J\t""ll "'"l ,.,.PD l'c--··, ... 1 1, 2 ,3 A I .., ~,; \.:'1 ;,., /1.\ 1 '-' o\ ;.:· J ~tl • ; , 

det«ilcd ;,;~nsitiv·it:t illlt~ Lradr.off ~;tudy has 

1101·1 !Jccn performer.! ~-li<:Mi n(j hm~ tlir:• clri vi ng 

system JjO\'ICr, energy, voltarw, <:;d mu•Jnt:tic 

tield reC]uircment:. deplcnd on the "'"-Y the 

TEPR is opel'i.ltcd and on certain r·J,,~ma 
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physit:s pa1·anH:-ters. This has led :to the 

choice of a spec Hi c reference mode of 

· operntion, to pm·:er supply and magnet 

S!)enficntiono: ilnd to 11'1itial cie~il:ln 

choices. 

TEPR DEVICE DESCRIPTION ---·----··-------
The device considered for the TIPR is 

one ;·:i th il circul<<r j:'lasma of 6.25 m major 

radius, 2.1 m minor rarlill'>; 11 rlililliM 

current of 7.6 r-iA, a l 111 blanket and· 

shield, and u toroiri.3l ma\Jio<:tic f·ield of 

0-10 i pr·uduceci by supercuncluctivr. const.arot 

tension D n~gnr.ts whose bore is ~ 8 x 12m. 

r.nnsi dr-•r,, hw•& of r.·hi r.l din~;, a~.sc:ouiJ ly <~on! 

maintenanc~ ·in <In experimentnl (ir.vice of 

this siz.r. rP'lllin: ti:r~ Sliperconr..iuct.ivr:· 

pnlol'ir:,l.] f·iw.liJ coib tr.J b0 exlco·iul l.u 

the tot·o·id<d-f'ield (.TF) coils. 'The ohmic­

heatin~ flux i!> prnrllif.Pr! by a 4 m di­

;::;:~tcr ~olc:1e:::l throu(;h the: cc::1tl'i.ll cere 

plus outri !1~1er co·i ·r s 1·illi ch keep the 011 

flux a•·1ay fro111 the pl.:tsma. Thr. equilib­

riwa-field coils, ~1hich prnd11C'::' an 0.4 T 

field at the plasma, have some reverse 

turns at sn~ll radius to decouple from the 



OH coil, while producing the proper field 

shape to maintain I·IHD equilibrium. 

The first wall of the reactor is composed 

of stainless steel coated with a thin layer 

of beryllium (or other l01·1-Z material). 

The 8e serves as an impurity control measure 

in that it prevents erosion of iron into 

the plasma which would cause high levels 

of radiation. (Hov1ever, even the erosion 

of beryllium serves to iirnit the maximum 

burn cycle obtainable.) As envisioned nm~. 

the EPR can s11pport a range of pl as rna 

parametel"S, some contra ll able and some, 

if not most, dependent on the plasma physics 

obtai ned. For the purpose of this study, 

a specific plasma has been assumed, one that 

is relatively demanding from the standpoint 

of the driving sys tern requirements. The 

minimum safety factor is 2.5, and the re­

sistivity is gi~en by the Spitzer formula 

but with an assumed anomaly factor of 3. 

The plasma is .in ~iHD equ·ilibrium at all times 

with specific density, temperature, current 

density and flux density profiles described 

in detail in Chapte:- 3 of Reference l. The 

plasma is assumed to be at ignition at a.bout 

10 keV at least in the absence of substantial 

Be and He impurities but with an 0.5% oxyqen 

background. The maximum toroidal and 

peloidal betas are respectively, f'mux = 0.048 
T 

and C.max = 1.72. 
p 

CO~IPUTATION/\L t-'tODEL 

The driving system requin?nenb have 

ueen analyzed primitl'-ily 1·1ith t.hre;., computer 

codes, a g·lab<:d dynamics plilsma code, a 

MHO 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 

slm~ing-down model, a neutral ·beam model, 

a radiation model, a plasma-1~all interaction 
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mod·2l, and a confine:nent time model. The 

model is described ·in detail in Appendix C 

of Reference l. The plasma code is coupled 

to a driving system code based on the three 

mesh equivalent circuit.shown in Fig. l. 

The. codes are coupled in the fall o1~i ng 

1·1ays; the temperature, impurity content, 

etc. of the plasma determineR . ·secondly, 
. p 

the EF current required at any time depends 

on both the plasma current and the po1oida1 

beta. In turn, the magnitude of the 

plasma current determines the ohmic heating 

pov1er in the plasma, as \'le ll as the con­

finement times. 

The dep~ndence of IEF on Ip and Bp is 
determined by the r'1HD equilibrium codP.. 

This t·1HD code is also used to compute the 

basic II,HD equilibrium solution dul-ing the 

flattop portion of the burn cycle. 

During the startup and the rest of the 

burn ~ycle, it is assumed that the MHO 
equilibrium evolves with a fixed profile. 

The equilibrium at any time is then uniquely 

charactet·i zed by the val u!?s of I p and f\ 
at that time. The burn cycle dyn~mics 

calculation at each time step involves: 

(l) determiriation of IP and Bt from the 

coupled plasma pOI'Iel· balance and plasma 

driving system circuit e4uations, (2) 

determ~nation of the t·111D e(juilibr1um tlhiL 

is characteri z~d by I and f\; ( 3) deter-
. p ;.C 

mination of the equilibrium field, uEF' · 
that is requir~d for the CCjUilibrium, ilnd 

(4) deterluiro<,tion of t:1e cuncnt:, IEF·' in 

the EF coils tl1Ht is required to produce 

the equilibrium field. ·lhus, th1s pro­

cedure determines il self··consistcnt rela~ 

tionship IEF = lEF (Ir., 1\ or BP) that 
defines the current required in the 

equilibrium field coil~.'· .. 



-. ENERGY STORAGE AND TRANSFER 

The TEPR peloidal coil p01·1cr supplies 

must be able to store, transfer and re­

cover gigajoules of energy efficiently 

at repetition rates of about once per min­

ute. Conventional poi·lel' surpl ies are not 

well suited to meeting the TEPR design goals 

because they tend to be too costly and in­

efficient in this mode of operation. There­

fore, the designs of the puloid~l field 

JHIII.tr~l' Hippl ioc do f!Ut iriCOI'POI'Ut.C e;..i:.le11l 

and proven technologies. 

The pm·tet· supp 1 y phi 1 osophy for the 

pla::tmo dt·ivin:; ~.}'~!.t:iol i!:> d~ ru110\·i!:. Jr1c 

EF coil must be progr·,1ti:II~P.d iJnd therefon: 

has been chosen to be a phase controlled 

rP.ctifier circuit operating out of mag­

netic energy storage. Since the magnetic 

energy is fi xr!d by the required equi 1 i bri u~-, 

field, the principal variable cost is 

associated 1·1i r.i' tl1e po•:!er. Thus, the 

plasmaht:at'ing cycle should be as slo\·1 

os po~~iule Lu J!ilfllinlze thg 1:1- pov1er 

cost. The OH field need not be pt·ogammcd 

but must cycle as r~ridly as possible to 

bui 1 d u~· Lin:! pl.J:,If!d CU!Tent and heat the 

plasma rapidly in order to avoid wasting 

energy. Thus, high p01·1er is requi r·ed in 

the OH circuit, ctnd the poi'Jer supp-ly cost 

should depend primarily on stored 0ner~y. 

as opposed to powcl". llinh vulU'~I'~ ,,,ulli­

dru/11 howoro1<:tr ~eneratcl·s iii'P. v;(~n suited 

to this ta!.k. Thr!y Cilll opel'ilte dficicntly, 

and Ita ve the propl!l'ty tl1il t their t: r feet i ve 

capacitance can be ad.iustr~d by r.hanging 

the magnetic field, allm·linC] control 

ov~r the OH cycle tim::. They furthr.:~ 

can be connected ·in series or parallel 

to vary the val ta~1e or capaci tancc. In 

this apJJlication the OH energy is in 

the coil, and tile drums are nearly at rest 

except durinq OH field reversal, so that 

losses are l::inimized. The sturt and stop 
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action is controlled by operation of a 

swi tel! across the OH coil. An additional 

small phase controlled rectifier provides 

flux for maintaining the plasma current 

during the burn and for resetting the OH 

curr~nt prior to-current reversal during 

shutdmm. This rectifier can operate out 

of the s<,;'JC energy storage unit used 1-1i th 

the EF coi 1. 

The EF coil power supply is designed to 

lidVe an act1W~ly-contt·olled riltP Qf ~nergy 
change using a three-JJhase inductor-con­

verter (I-C) SCR bridge between the FF 

coi I and a central superconducting energy 

storage inductor. 

The central energy storage i nduct.or is 

also used to c:mooth the pm·ter demand from 

the electrical grid for the neutral beam 

and rf heating syste-ms. EnenJ.V is added 

to the central storage inductor at al111ost 

constant rate throuC]hout the:whole fusion 

reactor cycle. Enerc:)y is extracted from 

the c~niral storage inductor at much higher 

rates than the average input rate during 

the heatinq periods. ThP pm:Pr-orirl ,-i\n 

only see the relatively low, average 

power. 

The pm~er supplies for the neutral beam 

and rf heating systems also emplo:r tech­

nnlnoy ''lbi r:h i~ boyond the current ~t.1t:c··. 

of-the-art, in order to avoid exce~sive 

pliv1er bwnps 011 the electrical 9rid and, in 

th~ c~sc of the n~utral beam injector supply, 

to ;;ho t<1ke advunta~1e of the ~UfH:rior 

qualities of a new technology. Thr> fip~·ign 

of the energy trans fer net1·1ork for the neu­

tral beam injector uses an I-C to drive a 

hiC]h frequency polypliJse rectifier. The 

injector is protected aqainst spark dan~ge 

by usi n(j a saturated time-delay transformer 

(STDT) to limit surge currents at the 

outset by phasing back on the high ft·e­

quency polyphase rectifiers within the 



-. first 100 ~s 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 re- . 
quirements for the plasma driving and 
heating systems involves finding a compro­
mise among several, often conflicting, 
technological and cost limitations. These 
design requirements are quite sensitive to 
the time sequence of the startup (and shut­
down) procedure. A range of potential 
startup procedures were simulated dynamically, 
following the format described above. The 
main parameters of interest a~e: (1) energy 
transfer from the homopolar supply (U0H) -­
peak OH power (P0H) 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 (B0H) -- the maximum coil 
volt;;~ge (V0H) is proportional to s0H; and 
(5) maximum field (B0H) in th~ OH coil 
the OH coil current is proportional to BaH· 

Parameters varied in the study are: 
(1) OH current reversal time,' t~t0H -­
essentially determined by the equ·ivalent 
Cil.Pnr.itance of the ho"mopolar system; {2) time 
of beam initiation, tB; {3) beam power to 
the plasma, r13 ; (4) plilSmil resistivity. ni 
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 important features. 

In Figure 3, UBE, UO!l' PEF' B011 and ~OH 
are plotted as a function of the length, 
.!lt0H' of. the OH current reversal. For 
times ~horter than 2 s, a penalty is paid 
in the EF power requirement and in a very 
high ~OH' with essentially no compensating 

reduction in UBE or BOW On the other 
hand~ the plasma current and temperature 
bui 1 ds up rapidly, and u0H and the resistive 
volt-seconds are considerably reduced by 
shorter ~tOH" For times longer than 2 s, 
there are large increases in u0H and UBE 
because the OH voltage is quite ineffective 
.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 u0H reaches 
its maximum, wasting about one-half the OH 
flux, and.more beam energy is required to 
heat the plasma. PEF reaches its minimum 
for ~t0H. = 4 s, the maximum value occurring. 
after ohmic heating, during beam heating. 

BOH' on the other hand, is reduced by the 
longer ~tOH' but not to the level of present 
day technology. The two second reversal 

(~tOH = 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, 
i\tOH' to reduce the resistive. volt-seconds. 
In Figure -4, the beam initiation time, t8, 
is varied during the ohmic heating current 

reversal, for ~tOH = 2 s. At t = 0.5 s, 
.the plasma current (~ 150 kA) has not really 
started, and injection heatin.g too early 
may enhance the formation of ·plasma skin 
currents, leading to unfavorable confine­
ment. (This phenomenon is not included in 
the global model simulation.) The compromise 



position is· to adopt t8 = 1 'for the 
reference case, but to design the coils and 
power supplies for the more demanding case 
in which the beam heating ii not initiated 
until the enrl of the ohmic heating current 
reversal (t8 = 6t0H = 2 s). 

Figure 5 shews the dependence upon beam 
power. At lower beam power, ~enalties are 
pai~ in all parameters except the EF coil 
power. The 20 I'M case is singular in that 
ohmic heating (via the r-ect'ifier) is st111 
effective after the homopolar swing (6t0H) 
her:;:~ti5E' of the slow plasma hcatup with 
P8 = 20 Mvl. The TEPR ~till start up satis­
factorily with only ~0 M.-1 of po~ter, and there 
is no reason to go beyond 60 MvJ. Thus, se-

1 ec don of P 
8 

= 60 Ml~ 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. For this pur­
pose the plasma resistivity and impurity 
concentrations are varied between n = 10 
n and n = 6n , and from 0-1% oxygen irrr sP sp 
purity. The results arc shown in f·i~ures G 

and 7. The pri nci fl?.l r;-ffet:ts of i ncrPn<;Prl 
plasma resitivity on impurity concentration 
are increased requirements on the ohmic 
heating energy (u0H).and field (B0H). 
The effect of high impurity concentration 
(1% oxygen) is to keep the plasm\! cool 
for n longer time (due to 1 ine and re­
combination radiation) and to increase the 
resistivity. The 1Joloidal coil requirements 
for this case are !;imilat· to the G ,.,sp 

case. 
'·'" 

The consid~rations above led to a choice 
of case 5 in Table 1 as the reference ca~e 
for performance calculations. Table 2 pre­
sents a more detailed list of the properties 
of the reference case. 
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A more demanding case (no. 3 in Table 1) 
was chosen a~ the design basis for the 
pm~er 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 tot a 1 of 135 V-s. , About 4. 5 V-s are 
required for a 1 minute burn, so 135 V-s 
provides an ample margin. 
RFFERENCE CASE BURN CYCLE ·· ENERGY TRAN~rER 

The qeneral features of the h11rn r:yr:le 

for the reference case are sho~m sche­
m<~t,r:ally in F-iiJurc ~. The ba!lic bllm 

cycle, begins just after plasma break-
down and continues for~ 55 s. The cycle 

.begins when the liomopolar qent.>riltor is 
connected to the previoL~ly charged OH 
primary coil. The OH primary current than 
reverses in 2.0 s. inducing about 2/3 of 
the final plasma curr~nt and ohmically 
heating the plasma. At t = 2 5, the 011 
coil is connected to the rn1 power supply 
and is disconnected from the homopolar 
generator. Mi rl1~ny rluri ng the OH current 
reversal, at 1.0 :;, injection of GO 1•1\o/ of 

ncut1·nl b~Clr1l powt::1 i!; in I Llaletl. The beam 
injection is initiated early (hefore the 
plasma current is fully ramped up} .in order_ 
to reduce the resistive volt-secolldS that 
lv011lrl nthPrwisE' be expended. At about .5.8 
seconds the· plasma reaches ignition and the 
b~am heating is terminated. During this 
period, from 0-5.8 s, the current in the. 
equilibl'ium field coil is conti_nuously 

adjusted to maintain the plasma ·in ~~0 
equilibrium. At the time the beam is 
turned off, .the EF curtcent, the plasma 
current and the plasma P,p have reached 
their maximum vaiues. 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 
burn phase, where substantial thermonuclear 
power is produced. Because of the buildup 
of impurities the plasma gradually cools 
o~f 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 
all reduced somewh~t in preparation for the 
final rampdown. During this period 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 ramped do~m. and the cycle terminates. 
These currents ar~ shown in Figure 8. In 
the next~ 15 seconds the vacuum ports are 
opened, the.toroidal chamber is evacuated, 
and preparations are made for the next 
burn cycle. The total OH ·coil p01·1er and 
energy transfer for this cycle can be seen 
in Figure 9. 

Figure 10 sho~1s. the EF coil energy and 
power 1·equiremPnts. Essentially, the coil 
i~ ramped ur in~ 7 s durinq startup and 
down in~ 7 s at the end of the burn, with 
the current chosen to ~rovide equilibrium 
for the assumed profile. Some adjustment 
is nec~ssary during the bum to accommodate 
variations in the plasmil Bp. Since the EF 
coil current is ri1mp<!d slo1~ly, it does not 
provide much ohmic heating, but produces 
the final flux necessary to induce the finill 

·plasma current. As a result, there is 
little I2 R loss in the EF circuit. The 

p p 
peak power is typically 400 MW and can come 
either three quarters of the 1~ay through 
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the OH cycle or near the end of beam heating, 
depending on the cycle. 

The homopolar generators communicate ~lith 

the extern a 1 p01-1er grid only through the OH 
rectifier and the energy storage system, so 
that the peak po1·1er 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 M~ must 
be .supp 1 i ed to produce 60 I<Tvi of beam po~1er. 

This is because the electrical energy re­
covery is simultaneous, while the thermal­
electric energy recovery is averaged over 
the eye l e. The net energy ~1i thdra1~n at 
the end of the cycle is 1.44 GJ, of which 
986 MJ is due ·to beams, and 85 MJ .is I~RP 

heating. Another 370 ~1j must be added for 
power supply losses so that the average 
power to operate these sys terns is 20. 6 l·'lrl, 
based upon a 70 s cycle ~1i th a 55 s burn 
and a 15 s replenishment. This power is 
provided uniformly. The maximum energy 
withdrawal occurs at the end of beam 
headng, which is also the time of maximum 
power. Then the ene1·gy storage unit must 
pro vi de 2. 44 GJ and a p01~e r of 6 20 I·~~ at 
maximum depletion. 
REFERENCE C/\SE 13URI'l CYCLJ.-Pl.Jl.St·1/\ 

The ini '"ial D- T ion density in the plasma 
is 0.89 x 10 20 m-3., composed of equal parts 

of deuterium and tritium. During the cycle, 
the ions are ·lost by fusion and by transport 
to thP first 1~a.ll. The D-T ion loss can 
be replenished by d combination of.recycling 
from the wall and an external refueling 
source. By varying the refue 1 i ng rate from 
the extern a 1 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 
Sp. Since the EPR is assumed to be pressure· 
limited, the D-T density is gradually re­
duced over the course of the burn cycle so 

that the sp limit will not be violated. 
Temperature variations during the burn 

cycle are shown in Figure 11. The ion and 
electron temperatures are 15 eV at the 
start of the cycle. Because of the short 
P(jnilihr<~tion times bet1·1een electron~ giiU 

ions, Te and Ti are almost equal at all 
times. During· the first second ohmic takes 
the plasma to about 60 eV, Hhen t.hP hPilm 
is turned on, the pla$ma heats rapidly, 
at an average rate of 2.4 keV/s. When 
the beam is turned off, the plasma cools 
slightly, settling into an equilibrium 
by ahnut 9 s. Were it not for the 
subsequent buildup of He and Be. the 
plasma would remain indefinitely at this 
ignited point.* Instead, the D-T density 
must be reduced to compensa Le fo·r the He i!nrl 

Be buildup, less ~l~ha hP.iltino nf thr 
plasma occurs, and the plasn~ gradually 
cools off. 

The plasma poloidal beta, f\p' shown in 

Fig, 12 is the ratio of the Dlasma kinetic 
pressure to the poloidal magnetic pressure. 
Dul"ing the first second of beam heating, 
both the plasma current and the temperature· 
increase. TI1ey tend to offset each other 
and an~ re~pons1ble fo1· the O:>LilldLury 
behavior of Bp shown in Figure 12. At 2 s 
IP = 5.32 WI, or about 70% of its final 
value. The magnetic pressure, which ·is 
proportional to I~, doubles by the e11Li uf 
the beam heating period, but the kinetic 
pressure increases by almost a factor of 
5. sp rises accordingly. When BP reaches 

*Assuming that recycling and refueling 
take place. 
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the nominal maximum of 1.72 the beam 
is turned off. Subsequently, B os-. p 
cillates slo~tly for a number of reasons. 
having to do with the accumulation of He 
and Be and the-~oolirig of t~e plasma. 

After about 40 s, B decreases rapidly . . . p 
as the temperature drops. Ho~1ever, during 
the rampdmm period, Ip drops very rapidly, 
causing an abrupt spike in Bp. Because of 
the uncertainties in the representation of 
thi~ phase of the burn pulse, it can be 
considered thaL Lh~ fl limit r.n11lrl hP ex~ . . . . ~ 

ceeded at the time of the spike. As a 
rnn~P~IIP.nr:q MHL' equilibrium rnight bl' 1·:.~ L 
at this time. The plasma could then be 
.assumed to deposit its remaining energy 
on the 1·1ull in o. very !l101 L Lin11-', Til!:! 

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, there­
sidual plasma energy is as low a5 possible. 
At thll &arne time~ the pla3mo must I.Je l1uL 
enough (and ionized enough) to actually 
support a curn'!nt; if the plasma is. too 
cold, the current will decay resistively. 
In Llri:J. nMl.YTi~. L11i~ f.ll'ui.J11;;!111 l1as been 
resolved by the judicious choir.!' of 
rampdown rate. At the point whert Sp 
peaks, only 4.5 MJ or thermal energy remains 
1n thr. pln~mil, ;;~_trivial amount(-: 1.571. of 
the ·peak thermal energy). The plasma 
current at the time of the B peak i~ about p . 
0.9 MA. This also represents less than 1.5?; 

of the maximum inductive energy and is 
probably inconsequential if lost. A more 
serious concern is the potentially high 
voltage transient that could be induced 
across the OH and EF pm~er supplies by 

tile sudden loss of plasma current. 
The constituents of the plasma power 

balance during the burn are shm~n in Figure 

13 where PB is the beam power, PR is 
the radiation power, PTR is the 



•. 
transport power to the first ~1all and PN is 
the neutron power. The neutral beam p01~er, 

is a square wave of 60 ~1.4 flattop. The 
neutron power increases rapidly at the 
beam heats the plasma and fusion starts. 
The peak in PN just prior to the beam 
termination is due to the substantial 
suprathermal fusion between the fast beam 
deuterons and the background Pl as rna tritons. 
During the burn,. PN oscillates a bit but 
basically decreases with time as both n0T 

and TOT 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 
(Pn = I~Rp) 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 PO\'Ier ( <X I T/T E) 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 dominates the power loss 
is indir~t~d on the PTR curve: PS denotes 
Pfirsh-Schluter, PL = plateau, BAN = banana 
and TIN = trapped-. ion-mode. 

Ohmic heating increases at the start of 
the cycle as the plasma current is indu.ced. 
When the bea~ is turned on, the electron 
temper<~tl.lrP. increi\ses rapidly, Rp falls 
rapidly, and Pn decreases, in spite of the 
continued incre~~e in I~ from 1-? s. F~r 

the rest of the cycle Pn is insignificant 
(~ 0.5 Ml~) except for the shutd01m period 
when the plasma temperature is again 1ow. 
The contribution of ohmic heating to the 
total heating energy for the startup period 
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is small; hOI'Iever, 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 0.55; oxygen background of 

the plasma. 
APPENDIX - ALTERNATIVE OH POWER SUPPLY 
ANALYSIS 

A free running, homopolar generator, 
appears to be the best candidate for the OH 
power supply largely because the maximum ; 
power (> 1 GH) requirements seem prohibitive 
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 conce.ivably reduce the power require­
ments. An r

0
H 1~aveform that accomplishes 

this ·(together 1~i th an acceptable startup 
from the plasma standpoint) is shown in 
Figure 15. r0H is specified by: 

I P OH I = constant = 850 t!JW ( 1 ) 

subject to 

( 2) 

where (1) and (2) define a differential 

equation for low The maximum voltaC"Je of 
50 volts per turn is about the same as that 

. ( max needed for the reference case. If v0H 
~1as higher I P OH I max could be some1·1ha t · 
lower.) As it happens the plasma current,. 
EF current, and the resistive volt seconds 
for this ml'-hod of startup are quite simi-
1 ar to the reference case. The power re­
quirement of 850 M\~ is substantially less 
than the 1200 MH 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·l. Plasma Driving and Heating System Requirements. 

OR EFa BEAMS 

lltOH tB PB 
flOH 5oif UOH POH 1oH VOH PEF VEF 

UB UBE 
p d 

I V-s V-s b Max Max Max Max Max Max Max Max Net 
Case (s) I (s) I (~!W) Other Total Res (T/s) (T) (MJ) (MH) (RA) (kV) · (MW) (kV) MJ) (MJ) (MW) 

1 0.5 0.5. 60 .:::l 44.0 12.8 16.6 2,81 428 2390 45.1 u·8 650 42.5 263 907 43 

2 1.0 LO 60 -
D 
..., 53.3 21.9 9.9 3.43 . 603 1790 54.9 71 365 17.6 2·65 914 44 

3 2.0 2.0 60 
.:::l 

72.3 40.6 6.7 4.40 1620 70.4 48 "' 1060. 389 10.4 268 924 41 
"'. 

4 1.0 0.5 60 no 47.9 15.8 9.1 3~02 502 1520 48.4 65 561 27.4 283 975 45 
0. 

5 1..& 1.0 60 ;:1 "' 61.2 29.9 _2_,_!__ 3.78 776 1220 60.5 41 416 20.8 286 986 Q_ (")<;-..! 

"' 30.7e 6 4 .. 0 2.0 60 ::: 0 79.0 45.6 3.6 4.80 1240 989 76.8 26 373 324 1117 39 
"' X rot""':: 

7 2.0 0.5 60 ""' 47.8 14.8 4.6 ~.02 503 770 48.4 33 398 18.9 319 llOO 43 
"'"' J-'o;:l 

8 2.0 1.0 20 0 72.9 39.9 6.4 4.65 1140 1490 74.4 46 291 9.1 364 1255 35 ;:1 

9 2.0 1.0 40 65.1 33.3 6.0 4.03 857 1330 64.5 43 338 12.6 302 1041 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 

ll 2.0 l,O 60 1 x l'\.sp 45.9 13.6 4.5 2.90 474 722 46.3 32 403 16.9 301 1037 43 

12 2.0 1.0 60 6 x nsp- 78.4 45.8 7.2 4. 79. 1210 1910 76.7 51 471 23.3 291 1003 43 

13 2.0 1.0 60 0% 160 52.6 20.4 5.0 3. 29 595 927 52.7 36 413 27.4 285 983 56 

14 2.0 1.0 I 60 1% l6o 78.7 46.0 7.3 4.76 1240 1900 76.2 '52 432 17.4 321 1107 28 

a) IEF = 80 kA, UEF = 1500 HJ, EF Coil Provides 50 V-s to plasma 

b) Resistive volt-sec 

c) max 6ur~ng heating; further increase during burn 

d) PNet ~s for max cycle length 

e) Shortly after transient during )earn turn on. 
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TABLE 2. Plasma Heating and Driving Syste~ Reference 

case Parameters 

Plasma 

Maximum Current 
Maximum Thermal Eriergy 
Resistive Energy Dissipation (n 

Ohmic Heating ~stem 

Current Keversal Time 
l'eak Current 
Peak Voitage 
Maximum Energy Transfer 
Peak f'owPr 

3n ) 
sp 

Equivalent Capacitance of Homopolar Generator 
Maximum Field in Coil 
Maximum Field Rise in Coil 
Volt-seconds to Plasma 

inductive, startup 
Resistive, startup 
Resistive, burn 

Equilibrium Field System 

Peak Current 
Peak VoltagP. 
Maximum Energy Transfer 
Peak PnwPr 
Volt-seconds to Plasma 

Neutr'!Lil.t'!a:'~ .. !.njes.p.on SystP.m 

Beam CJn 
Beam Duration 
Beam Energy 
Beam Power to Plasma 
Energy Deposited in ·Plasma 
Power ·Required to Operate Injection System 
nirectly Recovered Electrical Power 
Net ElecLrical Power to Opcrutc System 
Net Ele~tLlcal Energy to Operate System 

~n.o:U.c Et.~ies 

~ L I 2 
p p 

!.:. L I 2 
2 1£ EF 

k L I 2 
> 011 UH 

MPOH Ip IOH 

~EF Ip IW 

MEFOH IEf IOH 

Total 

40 

7. 58 HA 
270 MJ 

90 HJ 

2 ·[; 

60., kA 
41 Jdl 

776 HJ 
1220 ml~ 

0.896 F 
3.8 T 
5.8 T/s 

31.3 V·s 
29.9 V·s 
4.0 V.· s 

80 kA 
20.:8 kV 

1480 MJ 
416 HH 

50 V• s 

1.0 s 
4. 77 s 

180 keV 
60 HH 

286 MJ 
485 ~11~ 

278 MIV 
207 MH 
986 MJ 

332 MJ 

1660 HJ 

876 HJ 

- 259 HJ 

- 386 ~1J 

39 MJ 

2262 MJ 



•. CONCEPTUAL DESIGN OF SUPERCONDUCTING MAGNET SYSTEMS 
FOR THE ARGONNE TOKAMAK EXPERIMENTAL POHER 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, Illinois 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 (T~) 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 
minimum technological extrapolations. A conceptual design study on 
the superconducting ohmic-heating (OH) coils and the superconducting 
equilibrium-field (EF) coils were also completed. These conceptual 
designs are developed in sufficient detail with clear information on 
high current ac conductor design, cooling, venting provision, coil 
structural support and zer.o loss peloidal coil cryostat design. Also 
investigated is the EF penetration into the blanket and shield. 

SUPERCONDUCTING TOROIDAL-FIELD COIL SYSTEM 
Characteristics of Toroidal-Field Coil De­
llS.'l 

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 CoOl 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 consistino nf 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 adequdte 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 Fic~re 1. 

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

Work $Upported by the U. s. Energy Research & Development Administration. 
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-. TABLE 1. Toroidal Field Coil System 

Number of coi 1 s 
Coil shape 
Maximum access (m) 
Peak field (T} 

10 
8 

Bore (m) 
Vertical 
Horizontal 

Field in plasma, Bt (T) 
10 T peak field 
0 T v~:a k. r I e 1 d 

Operational current (kA/turn) 
Stored energy (GJ} 
Inductance (H) 
Ampere-turns (MAT) 
Turns/coil 
Mean turn length (m) 
Coil weight/coil (Ton) 
Coil and bobbin cross section 

16 
pure tension 
'U 3 

12.6 
7.7R 

4.32 
3.46 
60 
30 total 
J6. 7 total 
134 total 
70 X 2 
36 
'U 208 

(m2) 0.619 
Winding cross section (m2) 0.572 

Avera~e current rlPnsity (A/cm2) 
t'tvPr bobbin and coi 1 1352 

Over coil winding 1463 
Over copper 

Average turn cross section 
(cm2 ) 

Cross section ratio, SS/Cu 
Refrigeration power (MW) 

r OHt 

" U· 

3660 

40.6 

"'1.5 
14.3 

..-At l~.,.tru 

SHI[LO •tt.s•~t-2~.,·~t 

12 

FIGURE 1. EPR Magnet Schematics 
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nonuniform. Large bending moments are 
exerted on the conductor. This produces 
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
cal structure, to do so may not avoid con­
ductor slippage, and large shear stresses 
may exist from turn-to-turn and/o1· 1 aycr-to­
layer. When the radius of curvature is such 
that the product of transverse force and 
radius of c.urv<:~turP ic; rnnstant, the coil 
is in pure tension with no bending moments; 
then, a minimum amount of structural material 
will be needed and the in~plane hoop stress 
will be uniform with inner skin stress 
slightly 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 tornidal coil !;y!;tcm will I.J~:IJdve 

exactly like a solenoid. The solenoid is 
known to the supercondur:tin!J magnet engineer 
a~ the c:on Whl ch is mo!;t 5t<J.b 1 e and lid~ 

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. 

., 
-:30 
: 

- INNER SIIIN STA( SS or AAGOHN( PUR( TENSION COil 81 •I Z<4.S• 

~ C .1 1 t R SKIN 5TA[ 5:i 0, •NGONNl PUR[ T{"'StO "' COil .81 • 114 )• 

--AvtRAG [ StUN STR£55 OF AR GO NIH PUR£ TENSION COil 81 •114. )• 

-~ · ---111M{~ fKIH STn[ S!l Or • ) u ll I.UIL SHAPl Ot STORTION 

-- OuTER $1(1N !HIUSS or t .'c• COIL S"APf OISTORTIOfrrl 

;::.s~~=F~~~~~==:;:;;~~~~ 
~IS 

10 

10' to' ~~· 
Ul(iL t . B 

FIGURE 2. Hoop Stresses Oistribut1on ot 
Argonne Pure-Tension Coil. 



•. Superimposing Fields and Out-of-Plane Loads 
With a TF peak field of 10 T, the plasma 

current 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 contributes large 
amounts of both paralle·l and perpendicular 
fields. 

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 1~ere divided into 
70 angular segments ~lith approximately 
equal angular spacings. On each angular 
segment cross section, superimposing fields 
were computed at 11'1 nt: locnti ons. ThP nut­
of-plane load was obtained by Gaussian in­
tegration of the J x B 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 contribute difft!rent amounts at dif-

. ferent times. The distribution of out-of-· 
. . 

plane loads at ·5 representative t·imes is 

. shown in Figure 3{a), (b), (c), (d) and (e). 
respectively. It is important to note that 
there are many loc.al 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-P·lane 
Load. 

of that for the upper coil half.) Sur­
prisingly, the sign of the out-of-plane 
load rever~ps rapidly from segment to seg­
ment. For this EPR design, the most 
severe out-of-plane load 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 bemling niomcnt!; exist ill ong the TF 
coil, shear members will be effective for 
the out-of-plane load support. 
Normal t1etal Field Shielding Design 

The TF coil reference design provides 
normal metal field shielding. With a field 



-. 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 conductor 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 inte!)rity i!J concerned, 
monolithic conductors are far bettP.r than 
cabie conductors. 

~·~i·~~~_ity .8Jum1ntJm as Nonna 1 H~tfll 

High-purity aluminum or copper has a 
large residual resistivity ratio (RRR = 
p273oK/p4•2oK), on the order of 103 to 10~. 
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 rathP.r low 
field (~ 0.5 T). The low magnetoresistivity 
of aluminum recommends it for use as the 
normal metal shield. To keep the strnin~ . 
induced resistivity small, the aluminum 
must be reinforced. For example, if alu­
minum is explosively .welded to stainless 
steel •. then the stainless stPPl will be 
stressed to 60,000 psi while the aluminum 
suffers a strain of only o:l7%. The 0.17% 
strain cuascs little incre~se in resistivity. 
For 5000 purity aluminum reinforced by 
stainless steel, recent data indicate that 
there is litlle incrc~se i"n r·esist1Vlty for 
up to 300 loading cycles.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 around 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. The remaining 
shields· will be operated between l2.5°K 
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. The side p~nels will have an 
averaged nJagnetic field ran~ing from 1.5 T 
to 5 T. The outside panels will be sub­
jected to only the ac superimposing field 
of 0.5 T. The overall averaged magnetic 
field in the shield is about 4 T. The 
resistivity1 of 5000 purity aluminum at 
3°K or 4.2°K and 4 T field is about 2 x 
10-11 n-m~ 1 . These data are based on trans­
verse magnetoresistivity measurements. The 
longitudinal magnetciresistivity, in genera.l, 
is slightly smaller than the transv~rse 
va:1ues for the same purity of aluminum. At 
l8°K and 4 T field, the penetration depth 
for the 5000 purity aluminum.1s 3.1 t:m for 
a period equal to 75 s. At 3 to 4,2°K and 
4 T field, the penetration depth is about 
1.95 em, To provide nearly complete shiel­

ding, the l8°K shield shoulrl have '" thick­
ness of 5 em. The 3 to 4,2°K shield shotdd 
have a thickness of 4 em. 

· 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 



-. sinusoidal time variation of the applied 
flux can be written as 

~A = jwB A exp (jwt) = L1 f/1 + R1 I/1. pp 0 

Here the length, 1, of the shield has re­
sistance, R, and inductance, L, given ap­
proximately by 

Ri = pp/X, 
· U. = YlJ

0
A, 

where p and A are, respectively, the cross 
sectional~perimeter and enclosed area of 
the shield, p is the electrical resistivity, 
~ = 4 ~ x 10-7 H/m. The current depth, X, 

0 
·is determined by the smallest of three 
lengths: the shield thickness t, the skin 
depth o, and the so-called mean hydraulic 
depth A/p. Then, the average power dissi­
pated per unit length is 

'P11 _ X w2B~A2 

r--
2 pp [1 + (yw~0 AX/pp) 2] 

In the limit of low conductivity (R » wl), 
the above equation. becomes 

~ 111 = X w2B~A2/2pp , 

and in the high conductivity limit (R « wl), 
it becomes 

P /1 = pp8 2/2 X y2~02 • (I) 
II 0 

If the time-varying field is perpendicu­
lar 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
duct~vity limit withy= 1, the power is 
g·iven by 

P~/1 e 4 u aH~p/2 X~0 
= ppB2/XlJ2 

0 0 

= 2 {P /1) • 
II 

{2) 

From Equations 1 and 2 we can obtain the 
power loss in the shiP.ld of a TF coil in a 
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sinusoidally-varying flux, if the high-con­
ductivity limit applies 

P = {pp/XlJ~) 1 (B~J.. + l/2 ~~ 11 ) d1 • (3) 

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

ClO 

B(t) = B """ a cos 2~ nt/T o~ n . 
n=O 

with , the period, and if X = on = (2p/ . 
~ w )1/ 2 =In o1 , then Equation 3 becomes 
on J , 

f> = {pp/6 1 1,J~) (B~.l. + l/2 8~ 11 ) 
00 

(4) 

d1 :L In a~ • 
n=l 

Since the three poloidal field wave 
forms are not alike, each individual wave 
form is expanded into a Fourier cosine 
series with coefficients evaluated sepa­
rately. The Fourier 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 Was the pP.rpendicular ffeld 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 l8°K. The shields 
will be bon~ed to a stainless steel backing 
of 1 cr.: in thickness. The total ac losses. 
of the l8°K shield is 8.531 kW per coil 
with 3.29!:i kW f1·om parallel fielrl i'lnrl 
5.236 kW from perpel"dicular field losses. · 

DC Field Soaking 
About 70% of thesuperimposing field is 

the de field component. The de field will 
soak through the aluminum shield in a time 

·. 
'· 
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FIGURE 4. AC losses Distribution Along the 
TF Coil. . 

constant of 6 minutes. The 6 minutes 
soaking time constant is considered ruther 
long compared with ~he current ramping t~me 
of 2 s. Once soak through is complete,· the 
de 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. 

Out-of-Plane L~ad in Shield 
The aluminum shield is now subject to 

the cyclic out-of-plane loads. If the 
superimposing fields had a time rl~pendence 
that was a pure sine wave with no de 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 ~bsence of the shield. 
Th~ 1oads on the shield are now due to thP 
forces exerted by the toroidal field on 
the eddy currents in the shield. The dis­
tribution of the out-of-plane load on the 
shield 1s very similar to that in Figure 3(e) 
(lo~d 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 "~nageable. 
Conductor Design and Coil Structure 

The full stability of the conductor ~ill 
be assured if the conductor has good 
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mechanical 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. These are as follows: (1) Out-of­
Plane load - Both the local moments and the 
over-turning moments are quite capable of 
generating shear stress between turns or 
between layers; (2) ~Cent~ring Force -
Conductors, insulators and structural 
materials in the TF straight segment at the 
inner lpg will experience a larg~ r~d1~1 
inward compression of about 8000 psi. This 
will likely generate layer-to-layer shear 
unless ,each layer is flat and firm enough 
to support its neighboring layer; (3) Gra 
vitational load - The fact that the TF ~- · 
ductor in each coil weighs about 208 tons· 
and is standing in a vertical plane could 
cause a problem in mechanical instability; 
(4) Other Bendin_g r1ome;nts - RPnrlin!J moments 
of a pure-tension TF coil .may still exi~t 
if the coil shape is distorted because of 
imperfection in coil w1nding ~nd the de­
flection of conductor and coil form due to 
g-load. Bending moments may _also be de­
veloped if there is an in-plane coil dis­
placement due to the imperfection of coil 
raLJI'It:at1on and assembly. 

Based on the preceding design consider­
ations, it 1s proposed that a ~ide sheet 
conductor, as shown in Figure 5, be used iri 
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 
handiing wide and thin metal sheet. A 

,. 
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-FIGURE 5. Reference Sheet Conductor (60 KA) 
for TF Coil and its Coil Cross Section 
(Jelly Roll Winding). 

current of 60 kA per turn was tentatively 
determined; typical dimensions forcopper 
sheet, stainless steel reinforced sheet and 
the proper superconductor cross section in 
each field region were chosen. The super­
conductor c1·oss 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. 
Substahtial· cost saving can be made if con­
ductor is graded in this manner. 

·rhe proposed sheet l.onductor is made of 
a copper sheet an·! many superconduct i ng com- · 
positP. 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 spiral wrapped 
around the sheet conductor covering 50% of 
the exposed surface. This will provide an 
exposed surface area of about 50 cm2 per em 
conductor length. The equivalent recovery 
heat flux per cm2 is about· 0. 3 ~!. The coil 
form is stainless steel and insulated with 
a micarta or G-10 sheet of 1 em thickness. 
These sheets are grooved to P\ovide vertical 
liquid helium channels for venting. 

A stainless steel sheet of,variable 
thickness is wrapped along the conductor. 
As far as hoop stress is concerned, the 
~ultilaye~ stainless steet se~ves as a 
multishell stainless steel pressure vessel. 
For the out-of-plane load, the stainless 

I 

steel sneet increases the rigidity of the 
coil form tremendously. Since the radius 
of curvatu1·e 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 1~all 

load of 0.5 MW/ml is used to compute the 
nuclear heating for both the ~ T and 10 T 
operation. As to the cryostat loss, the 
radiation loss between the 186 K field shield 
and the 3°K helium vessel is negligibly· 
small. The radiation heat load from the 
300°K vacuum wall to the l8°K~shield is 

64.5 W per TF coil or 1032 W !or all 16 
coils.provided that multiple ~ayer 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 l8°K normal metal 
shield is 137.5 kW for all 16 coils. If 
the TF coil is operated at B 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 l8°K aluminum shield will 
also be· reduced by a factor of 0.64. This 
is because- the ac loss mainly is pr·oduced 
~y the E~ coi I and the p1asma current. 
Therefore, at R T operation, the total 
iosses in the l8°K normal metal shield are 
88 kW for all 16 coils. These losses, as 
well as the ac·losses without field. arP. 
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 ~he 
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 bP. distorted uniformly above or 
be-low-the pur·e-tension shaPe by !i r.m; (?) 

The TF winding may be displaced radially or 
vertfr.a11y hy about 2 em· during assembly or 
cooldown; (3) The TF coil may be rotated 
by _about 0,5° in the toroidal direction 
dttring the 1~inding 1 coolJown or· assembly;· 
(4) The TF coil may be tilted about the 

TABLE 2. TF Coil Heat Dissipation Summary 

Heat Oisslpac ion 1 terns 

IJith Aluminum Field Shield 
(Shret CCinductor) 

8 T (4.2"K) 

Per CoJl 16 Coils 
'(ii) (kii) 

Withnnt. f icl~ Shic ld * 
(CAble GonJuctut· with ·(Ybt iug Rcver~al) 

8 T (4.2"K) 

Per Coil 16 Coils Per Coil 16 Coils 
'(ii) (kwf- --~w-,- (kW)-

--~-----+-------·- -~--··-,--+-------~-
:iuclc.nr llo:at:.fno 

3°K/4. 2°K AJ. ShiE-ld 
ac Lo$ses 

herm.1l Radiation Load on 
l8°K Shl~ld 

Thermal Radtai:ton l.n<~d on 
Helium Vessel From n•K 
shield 

Cryostat Heat ConduC'tor Loss 
on Hcl tum V~ssol 

Current Lcw.Js Loss 

P3r.allel Plcld Conductor 
l.Ofi~*" 

Perpl'ndicul.u Flr>l~ l'nn .. 
ductor Loss** 

AC Loss fn Coil Form 

Summation of Loss at l8°K 

Re( r lgt•rat I on rtlWl'l \ Co!il­

pr~tSor- lnput rcowcd 

299 

o:.oo 

10 

400 

856) 

1.) 

4.8 

136 

1.04 

n If) 

0.12 

b. 5 

137 

., 
191 

5500 

65 

10 

. 100 

5565 

. 
AC Loss tn ConduC"tor r~tnforclnF:. structural material h; not lnduded. 

1.5 

3.06 

88 

1.04 

u.la 

0.12 

4.8. 

89 

91 1.5 91 1.5 

10 o. J 6 10 0.16 

10 0.16 lU 0.16 

296 4. 7t. ~) 7 ]. s 

130 2.08 8'· 1.34 

6Jl 10.1 .:.o4 h.46 

llh8 ·1R. 7 Rlh JJ.j 

~~· ~· 

u Becau.se of complex nature of 8 in the plasma. rampln~ and EF Coil ramping, 2 s rtse'tlce is used in this calculation. The conductor ls 
a hypotho..'tical conductor used in the ac losses calculation. 
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FIGURE 6. Five Possible Fabrication Toler­
ances. 

horizontal ax1s by 0.5°; (5) The TF coil 
may be twisted about the vertical axis by 
0.5°. It 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 em from the final pure­
tension shape. The hoop stress analysis is 
shown in Figure 2. The coil displacement is 
done for one coil only. The result of these 
errors induce nonuniform hoop tension as 
shown in Figure 7. 
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l:!i 
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I~ 
I;! 
I 
I 
I 

>0' ... 90' 120' ""' ANGLE,8 

FIGURE 7. Tension Distortion of Coil Dis-
plac,ement and Coi 1 Shape Deflection. 
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If the fabrication error falls into the 
third, fourth and fifth categories, the 
dominant effect is the unbalahced intercoil 
force in the toroidal direction as shown in 
Figure B. It is seen that tilting and 
twisting by 0.5° will generate an additional 
attractive force on the order'of 1 x 10s 
kg/m while a rotation of 0.5°.produces an 
intercoil force of 4 x 10s kgim. 

-· -· 
t· 
~ -·~-----~-__. 

_, 

••o .• , 

ldl TNI5TITN15TING ANGLE•-o.~•l 

' ... ' '121 100 eo 
9 DEGREES 

' •• ' , . ' '" 

l 
FIGURE B. Out-of-Plane Load Due to Errors 
of Rotation, Twist and Tilt. ; 

Coil Protection and Magnet Safety Analysis 
Energy Release 
The stored energy is 30 GJ·in i6 coils at 

·' 
10 T. ThP. operational current is 60 kA and 
the total inductance is 16.7 H. This opera­
tfonal current is too large to allow one 
pair of leads out from each TF coil. In-, 
stead, only two leads, one from the number 
TF coil and the other from the number 16 
TF coil. ar~ allowed to feed through the 
cryostat. All other connections bet11cen 
adjacent coils arc done through intercoil 
tubing connecting the two adjacent cryostats. 
lherefore, for this design, the.energy 
dumping circuit is shown in Figure 9. The 
dump resistor must always be connected to 
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FIGURE 9. Dumping Circuit 

3· 

4 

thP r.oi 1. The eoil !.y~ Lem energy wi 11 be 
discharged through the dump resistor. The 
terminal voltage of the magnet will be no 
grP~ter than the volLaye across the·dump 
resistor. The discharge voltnge will be 
2000 V. The resistance of the dump re­
sistor will be 0.033 n 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 tile ground­
ing loop to the discharge resistor to ensure 
that no large grounding current shall flow 
if 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 provided in case interruption may 
occur in the discharge resistor. 
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Arcing 

. Arcing is always a serious threat to a 
large· superconducti.ng magnet, a large safety 
margin must be used in designing the coil in­
sulation and the current leads ~nsulation. 
For example, the 4000 V coil insulation must 
be provided in order to allow a 2000 V 
operating condition. In fact. the entire 
system should be tested with a high voltage 
and extreme low current out,put power supply 
to test the ins~lation strength of thP roil 
with respect to ground under the liquid 
helium environment, 

Coil Forces and Structure Stress 
The most critical hazards are those in· 

which the des iQn fnrc~;~' in the coiidut.:Lur 
and forces ·in supporting structures are ex­
ceeded. Therefore, strain gauges are used 
to monitor these situations. 

Cryostat Protection 
Each TF coil ct·.vostat shall be equipped 

with pressure rupturP di":& ·to guard dya1nst 
pressure buildup in the helium vessel •• The 
pressure rupture disc can also protect the 
magnet coil in ti1P. PVPnt that ln1·ge r·e~1st:1Ve 

heating occurs with rapid pressure rise. 
Then, at a preset pressure, the rupture disc 
bre~ks and the bulk of the liquid helium 
will be rapt c1ly transferred fr·om the dewar 
to an emergency dump tank. This will remove 
liquid helium quickly and the whole coil will 
become normal and l:Oil ene.rgy will be uni­
formly dissipated throughout the winding. 

Short 
Shor":ing frum turn-to-turn, from layer­

to-layer or from coil-to-ground is a very 
serious matter. The short will act as a 

discharge resistor. Should the coil energy 
be discharged, large amounts of energy 
deposition will occur at the short, and the 
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-l/2 

minutes, then the current leads must be 
designed to allow adiabatic heating in that 
time period without raising the lead tem­
perature dangerously high. The current leads 
are cooled by counter-flow helium gas. In­
line gas flowmeters must be installed to 
monitor the amount of counter-flow helium 
gas. Alternatively, voltage taps across the 
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 
systems. The magnetic field and forces .on 
the lead must be carefully evaluated, The 
leads must be firmly supported and must 
have sufficient insulation. 

Connectors and Conductor Joints 
Connectors and conductor joints are a­

noth~r.weak link 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 to monltur· po!13ible failurP.<>. A·ll 
forces exerted on the connectors and joints 
must be carefully computed. The mechanical 
strength of joints and connectors must be 
thoro~ghly tested. In some instan~es, a 
redundant path should be provided •. 

Bending Moments 
When two neighboring coils carry different 

currents, the unba 1 anced i nterco-il force i!; 
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. stl·es!lc5 will occur in the coil and 
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subsequent structure failure may occur. 
Therefore, it is exceedingly important to 

make sure the currents are the' same. This 
probably can be guaranteed only through 
series operation under all circumstarices. 

Eddy Current Interaction 
If the magnet is discharged in 8-l/2 

minutes, large eddy currents will be de­
veloped in each vacuum vessel and the field 
shield. The interaction betw~en the eddy 
currents and the decaying field may generate 
a large and complex force and ruin the 
field shield or radiation shields or struc~ 
tural members. 
SUPERCONDUCTING POLOIDAL COIL SYSTEMS 
Peloidal Field Coil Characteristics 

The peloidal field coils consist of the 
OH coils and the EF coils. The·oH coils 
and the EF coils are superconducting 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, rap~d 
cha~ging and discharging, and ring coil con­
figuration. For this reason, the·concep­
tual design of the eight pairs of EF coil3 
(coil numbers 1 to 8) and six pairs of OH 
coils (coil numbers 9 to 14) were carried 
out together. 

The des i !;:1 requirements for the OH and 
EF con 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 MHO equilibrium calcula­
tions2 were utilized in the design of an 
equilibrium field that would produce the 
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TABLE 3. OH Coil/EF Coil ~agnet Characteristics 

OH Coil EF Coil 
Superconductor/Stabilizer Nb-Ti/Cu 
Coil design Single layer 
Conductor design Fully-transposed 

cable 
Stability ·cryostatic 
Cooling Pool boiling 
Operating temperature (°K) 4.2 
Average current density (A/cm7 ) 

Magnetic field (T) 
in flux core 
at plasma center 

Ampere-turns (MAT) 
Total conductor length (MA meters) 
Maximum dB/dt in conductor (T/s) 
Stored energy in OH/EF/plasma.field 
Maximum operational current (kA)' 
Number of turns 
Self inductance (H) 
Mutual couplings 
P01~er supply voltage (kV) 
Volt~seconds to plasma (V-s) 
Coupling coefficient to plasma ring 

(MJ) 

2640 2946 

'" 5 
"' 0.46 

67 . ± 18.6 
847 996 
6.7 "' , 
2262 
80 80 
837 464 
0.48 0.52 

KOHEF .. 0.015 · 
48 21 
85 50 

KOHl-' ::: -0.2422 KEFP 
~ -U.2566 

circular plasma. Characteristics of the OH 
and EF coil! are yiven 1n Table 3. 
The Superconducting OH/EF Coil Design 

The peloidal coil design calculations 
were based on a desion,.,h<~~iE burn cycle ns 
shown in Fiqure 11. 

0,~- -~-- .? J -""J---5 -s--:;--A -9,-,.--J.,-~12 y 

Th~ total volt-second requirement for the 
reference design is 135. The OH coils are 
capable of reversing from -5 T to +5 T, 
supply 85 V-s, with an OH flux core radius 
Of 1.7 m; The EF coil will supply the re­
maining 50 V-s. 

TQIIUii >AL P a[)t<JS '.~S.!.E'< t 

FIGURE 10. Vertical Force per Length During 
Burn Phase. . 
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The OH coils are located outside the TF 
coil system so that the winding can be ar­
ranged to·minimize the ac superimposing 
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FIGURE ·n. Reference Cycles for OH Coils; 
EF Coils and Plasma. 

field on the TF coil. Since the OH coil is 
at full ne9ative 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 sh01~n in 
table 4, where R1 , R2 , Z1 and Z2 represent 

TABLE 4. Peloidal Coil 

Coil z (!, __ R 
~ & _lrl)~ 

. 3.25 3.584 12.0 

2 4.15 4.417 11.55 
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 7.571 2.10 
8 6.35 7,001 1. 95 
9 0 6.5 1.62 

10 6.50 5.9 1.70 

11 6.90 7.3 1.75 
. 12 7.30 7.6 1.80 

13 .. 7.80 8.6 3.80 

14 4.03 4.1 11.55 
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the inner radius, the outer radius, the 
initial axial coordinates and,the final 

axial coordinates, respectively. 
If the EF coils were placed inside the 

TF coils, there wouid be tremendous diffi­
culties in coil assembly, dis~ssembly, 5up­
port, repair and maintenance, as well as i_n 
the assembly, disassembly and:mainten~nce 

.. 
of the blanket and shield and the first wall. 
To avoid these problems, the ~F coils ~re 
iocated outside the TF coils. 

The OH coils would induce large voltages 
in the EF coils, if the EF coils were not 
decoupled from the OH coils. The decoupiing 
ampere-turns should be positioned so that 
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 peloidal coil system, since 
all of the fourteen peloidal coils and the· 
plasm~ ring contribute to the magnet field 

.at any peloidal coil winding, the axial 
force and pressure of each coil depends on 

Winding Configurations 

Coil Pair Coil Pair 
R NI Cond. Lgth. 
~ (MAT} ( 4o. kP.-r:L 
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 

?. • 10 - 6.46. 2055 

1.77 51.48 13707 

. 1.85 3.17 883 

1. 90 3.17 908 

1.95 2.38 700 

3.95 6.34 3857 

11.70 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 the vertical force 

per meter coil length durin~ the burn cycle 
with 7,58 MA plasma current, 5 1' central 

field in OH coils and full excitation in EF 

coil&. Note that some, ~oih an~ subjPctPd 

to repulsive forces while other coils are 

subjected to attractive forces. Note that 
some adjacent ring coils are subjected to 

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. Al~n investigated are 
the vertic~l forces on each coil when the 
plasma· current suddenly quenches, a highly 
probable case for an F.PH, Tt is intarG&ting 

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 dirPrtinn~. 

The vertical force on the long solenoid 
1~ d buuy fore~ ~no little structural sup­

port is needed. The vertical forces on coil 
numbers 6, 7, 8, 10, ~) and 12 will be· 
transferred to the TF coil support cylinder. 

with restraining rings for repulsive forces. 

Fortunately the remaining peloidal 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 
(lo3 kg/mr. 

parison with hoop stress, the axial pressure 

on the polnidnl r.oils m~y bo quite high bc­

~au~~.these ax1al torces result from many 
coil interactions. ComDutations of nxinl 
compressive pressure distributions for four 
typical poloidnl coils are shown in Figure 
13. It is seen that most poloid~l coils 

have small compressive pressures (less than 
~ luo kG/cm2 or 1420 psi) with the exception 

of coil numbers 7, 8 and 9. The maximum 
compr<!s.sive stress in coil numbers 7, R and 
9 are 240 kg/cm2, 301 kg/cm2 and 592 kg/cm2, 

respectively. These do not present mechani­

cal problems. 
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FIGURE 13. Axial Pressure, P (kg/cm2 ), and 
Vertical Force, F (tons). 

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
sultir..g from the other turns pushing on it. 

The exact solution is further complicated 
by the inhomogenous coil structure. Since 
the proposed peloidal 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 - j R 8 · r - avg z• 

where R is th~ mean radius of the turn and 
Bz 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 
layer::;, can e;;~c; i ., y be shown to be 

:r = javgt Bz• 

where t is the radial thickness of the turn. 
The computed ~t and ~r for the peloidal 

coils are tabulated in Table 5. It is in­
teresting to see that coil numbers 6, 7, 
10, 11 and 12 have hoop compression ~ather 
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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. The radial magnetic pres­
sures for all coils are not high and they 
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 kJI. cables with fully trans­
posed strands. The OH coils will have 837 
turns in each parallel path. 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 T to +5 T in 2 s. The EF coils will have 
464 turns in each parallel path. The charg­
ing voltage will be around 21 kV across the 
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. The breakdown 
electric field in a helium gas environment 
is about 200 V/mm. Therefore, minimum sepa­
ration beb1een t1~o adjacent turns in the 
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 
prPsents an a1~kward problem for coil de­
sign. It is especially true for the long 
coils such as the long solenoid of the OH 
coils. Although good dielectric materials 
such as G-10 fiberglass may be used to fill 
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. Hoop Stress and Radial Pressure 

Coil j t R 
Number (A/cm2) . l!!U_ .J.!!!L 

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 
10 2640 1.1. 15 1.70 

11 2640 0.15 1.83 
12 2640 0.15 1.88 
13 26<10 0.15 3.88 

14 2640 0.15 11.63 

conductor is 15 em. Based on the infor­
mation of axial compressive stress, this 
width will be adequate. 

lhe EF coils ana OH coils will be cooled 
by pool boiling at 4.2°K and 1 atm pressure. 
Pool ~uil1ng is simple, inexpensive, reliable 
and easy to contra 1. Above a 11, s i nee 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 l'ecognize 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 single-layer coil. 

The 40 kA cable can be achieved by 
cabling a basic strand of 0.3 nm diameter 
as shown in Figure 14. In the basic strand 
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FIGURE 14. 40 kA Cable for Peloidal Coils 

component, the copper to NbTi superconductor . 
ratio is 2 to 1, with the NbTi cross-sec­
tional area of 2.3 x 104 cm2, or 1171 fila­
ments with 5 m filament diameter. For a 
peloidal coil with a 5 T peak field, the 

conservative value of NbTi crit ical current 
density is about 117 kA/cm2. Therefore, 
the basic strand shall carry 27 A. As 
showri 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 low 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 (~ 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 
coupling eddy currents and ac losses will 
arise in the wide cable. Sinte 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 
huv~ no great ~ffrr.t 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 FigurL 15, the peloidal coil 
is wound with a •ingle layer wide cable of 
40 I<A. 

The spiral wr·apping fiberglass of ? 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 em and the wrapping pitch is 3 em so that 
the liquid helium channel of 1 em wide by 
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FIGURE 15. Poloidal Coil Structure and its 
Cryostat Configuration. 

0.2 em deep by 15 em 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 provi de 
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 ~ut 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 
required. The illustrated design uses 
glass-reinforced epoxy, with an 0.013 em 
layer of stainless steel for a helium per­
meation barrier. The construction technique 
con:;ists or rdu!'lcating the she1l hy fila­
ment winding or braiding around the coil. 
The stainless steel barrier is installed 
aftc1· e1'1uuyli 1 dyers 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. Multi1ayer insulation is us~d 
between lhe outer vacuum jacket and the 
uiLrogen shleld. The multilayer insulation 
is installed with the reflective coating in 
~egmcnts to dvuid format1on of eddy currents 
in the insu I at ion layers. 

The individual coils are supported in­
ternally as illustrated in Figure 15 with 
101~ thermal conductivity members. These 
supports arP. rJpc;igned to take loads i11 IJulh 
direction!:>. The hlgh loads per unit length 
of coil are distributed between supports by 
a stiff cryostat inner shell. 
Eruiljbrium FiPlrl Flux Penetration on the 
B anket and Shield 

The magnetic field from the EF coils must 
penetrate the blanket and shield to act on · 
the plasma. The blanket and shield contain 
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. Results are 
expressed as the ratio of th~ induced field 
to the applied field and as a phase and time · 
delay. 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 Bin/Bo </1 </1 

167%(a) 

8 42%(a) 

16 9.3% 10.5° 117 ms 
32 2.3% 2,6° 29 ms 

48 1.0% 1.1° 12 ms 

64 0.6% 0.7° 8 ms 
16(b) 36 1.5% 1.80 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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A primary enenJ.Y convers1on system designed for the ANL lokamak ·rxper'i­
mental Power Reactor consisting of, the first wall assembly, the blanket 
region, the magnet shield and the penetrations for plasma access are 
herein dcscr1bed. 

INTRODUCTION 
A scoping study1 and a conceptual 

design2 of a tokamak experimental pm~er 
reactor (TEPR) have been completed. The 
design objectives of the TEPR are to oper­
ate for 10 years at or near electrical 
po·.ver breokeven condi L i uns with a duty 
factor~ 50% and to demonstrate the teasl­
bil ity_ of tokamak fusion po~ter reactor 
technologies.. A primal'Y energy conversion 
system (PECS), capable ot meet1ng these 

objectives, is herein described. The PECS 
consists of: (Fiqure l and 2), the first 
wall assembly; the blanket reqion (a 28-cm 
zone imnediately back inC] the first wall); 
the primary coolant; the magnet sh1eld; 
and the penetrations which provide access 
for the vacuum system, neutral beam in­
jection, diagnostics, and experimental 
filC:il i tiP<.. 

Major efforts .-.ave been ur,del·taken at 
ANL 1 •2 and el sewhere3•4 to define the 
objectives of a Tokamuk Experimental Power 

Rcector (TEPR). The ul t ima te ~ oa l of these 
sludi~s has ·been to establish the scien­
tific and engineering basi s 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 is considered to include all com­
ponents that lie between the plasma and 
the toroidal field coils, e.g., the first 
wall, blanket, magnet shield, coolant, 
penetrations for vacuum interfacing, neu­
tral injection beam lines, diagnostics, 
and maintenance access. Previous re­
ports1•5 have described the underlying 
philosophy used in developing desig_n cri­
teria for a PECS that 1~oul d meet the needs 
of a TEPR. Reference 2 contains a de­
tailed description for the PECS design 
that has evolved 1n the ANL/I~PK studies. 
TI1is paper contains a summary of the de­
tails relating to both the PECS first wall 
and blank~t/shie1rl designs. Figures l and 
? shm~, 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 milny of the systems interfacing with the 
PECS are described in other papers pre­
sented at this meeting. 6- 10 

Work supported by the U.S. Energy ·Research ar.d Development Admini'stration. 
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FIRST WALL 

The first wall system (see Fig. 3) con­
sists of a vacuum wall and detachable 
coolant panel s . The free-standing vacuum 
vessel is constructed from 16 cylindrical 
segments of 2-cm thick stainless stee l 
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. ~. The 16 segments arc 
joined uy runnetl rings that are welded to 
the ends of each segment. A chemir~lly 
bonded Cr203 cuctling is applied to the 

joining 5Urfaces in tWO or these rinCJS 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. 

· -~· , '• r, I"-'"' 1 

-·· ' ·~ ,, 1 '· 

- ~ • , .. ~ I 
•. •' '-11 '>.'.V.il' 1 f 1 

~ ·.I ' '•J ~ 
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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 stee l. The substantial porosity 
(10-15%) and fine microstructure obtainable 
with the plasma spray-coating process 
facilitates gas re-emission, particularly 
helium, and minimizes blistP.ring ~rosion. 

WcttP.r i s supplied to thc5c coolant 
panel s by manifolds located in the connect­
ing rings that ,ioin Lhe fi rst-willl <;PIJmPnt~. 

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 I·Jall Vacuum Vessel Assembly 
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expansion of the vessel. The first wall 
design parameters are summarized in 

Table l. 

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 summariz.ed 
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 MW-yr/m2, 
maximum annual neutron fluence of 6 x 1025 
njm2 (2.8 dpa/year, 54. appm/year helium and 
133 appm/year hydrogen) and maximum wall 

· temperature of~ 500°C. For these conditions 
the predicted radiation swelling of< 4% is 
tolerable. The 1 imiting criterion .is loss 
of ductility caused by displacement damage 
and helium generation. For temperatures 
below 500°C, the r·esidual uniform e1onga­
ti0l1, \~hich is estimated to be~ 1% at the 
end of the 10 year life, is considered to 
be acceptable. The 1 ifetime of the low-Z 
coating is limited by erosion caused pri­
marily by 0-T physical sputtering. A de­

sign.life of 5 years for a 100 to 200-um 
thick beryllium coating appears feasible. 
Only limite~ data exist with which to esti­
mate the lifetime of the ceramic current 
brea~er; however, bulk radiation effects 
will._likely be the limiting criteria. 

in addition to the extensive rudiation 
d~maqe, the coolant panel will be sub­
jected to seve·re thermal. cycling produced 
by he~t rlr.position on the surface during 
the plasma burn. Temperature variations 
in the hottest coolant 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 6T during the cycle, and the 
strain range for the plant warm-up/cool-dO\~n 
operating cycle is·a function of the average 
6T 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 is 0.085% for the burn 
cycle and 0.14% for the warm-up/cool-down 
operating cycle. These values correspond 
to fatigue design lifetimes for the coolant· 
panels of 5 x lOG burn cycles and 1 x los 
operating cycles. Thus, thermal fatigue 
will limit the life of the coolant panel 

· to 5 years, which corresponds to "' 106 burn 
cycles, 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 systP.m consists of 
the blanket, the inner bulk s~ield, the 
outer bulk shield and the penetration 
shields. In order to insure penetration of 
the equilibrium field into the plasma re­
gion without intolerable dist9rtion or 
phase delay,. the blanket. and ~ulk shield 
are constructed of 688 electr{cally insu­
lated blocks, as illustrated in Fig. 5. 

lHe blanket is made u~ uf U.~U-M th1~k 
stainless steel blocks, as shown in Fig. 6. 
Each of the 16 segments of the vacuum 
chamber is cove1·ed by 17 blanket blocks. 
The blocks are cooled with pressurized 
water flowing in a network of.l-cm diameter 
drilled channels, with each block having 
an 1nde1Jeru.len L c.oo 1 i ng gy:; tcm. 
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FIGURE 5. Blanket/Shield Arrangement Circular Option. 
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TABLE 1. First-~Jall Design Parameters 

Design Description 

Free-standing, sta.inless steel vacuum wall with rib and spar reinforcing. 

Detachable, water-cooled stainless steel panels to shield vacuum wall 
from plasma. · 

Low-Z coating on plasma-exposed face of coolant panel for high-Z impurity 
· contra 1. 

Design Parameters 

Vacuum chamber 
Material 
Design stress (ksi) 
Major radius (m) 
Minor radius (m) 
Volume (m 3

) 

Wall area (m2 ) 

Wall thickness (em) 
Ring and spar (em) 

Width 
Depth 

Ports 
Vacuum (0.95 m diameter) 
Heating (0.75 m diameter) 
Experimenta·l ( 1. 5 m diameter) 
Total port area (m2 ) 

Current breaker 
Material 
Form 
P1·eparation 

Coolant panel 
Materia 1 
Number 
Area per p~nel (m 2 ) 

Length (m) 
Width (m) . 
Total panel thickness (em) 
Thickness front wall (em) 
low-Z coating 

11ateria 1 
Thickness (JJm) 
Pre1·1ration 

Coolant 
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316 ss 
10 

. 6. 25 
2.4 
7ll 
592 
2 

5 
11 

32 
16 
4 
31 

Cr203 
Coating 
Chemical bond 

316 ss 
352 
1-2 
1-? . 
"' 1 
"' 1 
0.5 

Beryllium 
100-200 
Plasma spray 

H20 



-. TABLE 2. * First-Wall Operating P.arameters and Design Limits 

Nominal Operating Conditions 
Capacity factor (%) 
Operating cycle (s) 

Startup 
Burn 
Shutdown 
Exhaust and replenishment 

Average power loading during burn (MW/m2) 
Neutron 
Radiation, conduction, convection 

Operating Para~eters 
Stainless steel vacuum wall 

Maximum temperature ( C) 
0 Minimum yield stress at 500 C (ksi) 

Maximum annual fluence (n/m2) 
Neutron dam.1gc (dpn/yr) 
H~llum gene~ation lappm/yr) 
Hydrogen generation ( appm/y_r) 

Stainless steel coolant panel 
Maximum temperatur·e (OC) 
Minimum yield stress at S00°C (ksi) 
Maximum annua 1 fl uence ( n/m2) 
Neutron damage (dpa/yr) 
Helium generation (appm/yr) 
Hydrogen generation (appm/yr) 
Maximum heat deposition (W/cm3) 
Maximum 6T across panel. surface (°C) 

·Maximum tlT through panel face .(OC) 
With Argon shutdown 
Without Argon shutdown 

Maximum t.T during bur'll cycle (°C) 
Maximum therma 1 strain range ( %) 

Operat1n9 cycle 
Burn cycle 

Beryllium coating 
Maximum sr.rrface tompcNture (°C) 
H"lhrm 3ongration (o~pru/.rr) 
Hy<lruyen generation (appm/yr) 
Maximum erosion rate (~m/yr) 

Water coolant 
Maximum pressure (psi) 
Velocity (m/s) 
Inlet temperature -- first panel (°C) 
Exit temperatvre -- eight.h panel (°C) 
Pumping pow~r (MWl 

Vacuum wnll 
Design life (yr) 
Integrated neutron wall loading (M\~-yrfm2) 
Yield slr~ngth -- 10 :rr (ksi) 
Uniform elongation -- 10 yr (X) 
Radiation swelling -- 10 yr (~) 
limiting criterion 

Coolant panel 
Oe&ign life (yr) 
Total burn cycles -- 5 yr 
Fatigue lifetime (yr) 
Radiation lifetime (yr) 
limiting criterion 

low-Z coating 
Design life (yr) 
Limiting critel"ion 

50 

5 
35 
5 
15 

0.5 
0.13 

< 500 
·17 
6 X 1Q25 
:?,0. 
54 
133 

380 
17 
6 X 1Q25 
2.8 
54 
133 
5 .• 5· 
20 

100 
75 
100 

0.14 
0.09 

407 
780 
13 
30 

2000 
1.6 
40 
310 
• 1 

10 
2,5 
75 
> 1· 
< 4 
Ductility 

5 
106 

5 
B 
Thermal fatigue 

3-5 
0-T sputtering 

* Based on a neutron wall load of 0.5 MW/m2 and a plant capacity factor of 50%. 
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FIGURE 6. Blanket Block 

The bulk shield surrounding each of the 
16 segments 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 B4C 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 
H20 at near atmospheric pressure. 

Neutral beam lines, vacuum ducts and 
other penetrations of the outer bl anket 

and bulk shield represent large (~ 0.6 to 
1.0 m2 cross section) streaming paths for 
neutrons and require ~IJecial 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% 
SS/50% B4 C, follm~ed hy ().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. l) . This shield plug con­
sists of two blocks. TI1e inner block is 
0.32-m thick and is fabricated of stainless 
steel and cooled in the same manner as a 
blanket block. ThP. outer block is 0.58-m 
thick with a material disposition (SS/B 4 C) 

similar to that of the inner shield. 

The blanket, shield and vacuum vessel 
assembly weighs over 2700 metric tons. 
Thi~ wPight is supported from beneath the 



reactor on 16 individual frames. The 

frames can move vertically approximately 
tl~o meters to facilitate rep 1 a cement 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 ~nner portions of the shield blocks on 
insulation roller pads to accolTlllodate the 
high temperature of the blanket and the 
accompanyiny thermal expansion. The 350 

metric ton vacuum vessel rests on the inner. 
sirlP nf thP lower blJnket blocks. 

Extensive analyses have been performP.rl 

to evaluate the performance of the blanket/ 
shield system. These analyses are based 
on a nominal neutral wall load of 0.5 MW/m 2 

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 ate!llic displacement are shown 
in Figs. 7 and D. 

The 4-cm first wall and the 28-cm blanket 
region receive ~ 90% of the gamma energy. 
For the most part, the pi" u>J~r· Lie:, dtid re­
quirements of the blanket material are the 
same as those of the first ~1all. The 
radiation damage level adjacent to the 
first wall is"' 1.7 dpa/year and drops by 
n fnrtor of two every "' 7 em going through 
the blanket. Operating temperatures in the 
load bearing portions of the blanket are, 

like the first 1~all temperatures, re­
stricted to~ 500°C, but may be allowed 
to rise above this level - in non-structural 
components. In 9eneral, the less severe 
radiation environment of the blankP.t will 

mean that property changes will be less 

than in the first wall. After 10 years at 

a wall loading of 0.5 ~~1m2 and a 50% 
capacity factor, the s1~ell ing in the blanket 
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adjacent to 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 em, and the tensile properties will 
approach those of unirradiated material 
(-v 22 % uniform elongation and · -v 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 
w11 I hOt undergo the larye thermal cycling 
of the first \~all. Helium production rates 
wiil still be high in the first few em, 
but the temperatur·e limit of soo9c shou"ld 
reduce the possibility of helium embrittle­
ment1 which is observed at temperatures 
above 550°C. 

The bulk shield will receive < 5% of 
the total radiation energy produced in the 
~PK. No degradation of the bulk proper­
ties of stainless steel is expected. The 
boron carbide located in the inner shiP.lrl 
1s a brittle material with moderate ten­
sile strength and high compressive strP.ngth. 
The major effect of radiation on boron 
carbide is the buildup of helium from (n,a) 
reactions t.hnt. rn n i nrl11rP ~~~P 11 i nCJ and 
crdc..:kiny if 1t is present in h1gh con­

centrations. Neutron i•·radintion can also 
substantially reduce the thermal and 
electrical conductivity. The degree to 
which rndintion 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 th~ inner shield will be 
the most seriously affected by the neutron 

irradiation. The first few em of boron 
carbide will produce"' 3500 appm of helium 



TABLE 3. Summary of Blanket Design Parameters 

Design basis operating life (yr) 
Noini na 1 power during burn (I•WI) 
Design basis neutron wall loading (MW/m 2

) 

Plant capacity factor ( %) · 

Blanket structure 
Thickness (m) 
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/cm 3

) 

· Maximum fluence at 2.5 ~lW-yr/m 2 (n/m 2
) 

Maximum dpa at 2.5 MH-yr/m2 (dpa) 
Maximum helium production at 2.5/MW-yr/m2 (appm)· 
Maximum hydrogen production 2.5/MH-yr/m2 (appm) · 

Mechanical parameters 
Design stress in support structure (ksi) 
Minimum material yield stress (ksi) 
Ductility at 2.5 MW-yr/m 2 (% uniform elongation) 
Swelling at 2.5 ~A-yr/m2 (%of initial volume) 
Maximum torque from pulsed fields (ft-lb) 

Coolant parameters 
Type 
Maximum pressure (psig) 
Pressure drop (psig) 
Maximum velocity (m/s) 
Pumping power (MW) 
Cool~nt inlPt temperature (°C) 
Maximum coolant exit temperature (0

C) 

.Residual activity from blanket/shield radiation waste 
after 2 yr operation (Ci/M\H) 

Immediately after shutdown 
1 yr after removal · 
10 yr after removal 
100 yr after removal 
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10 
400 
0.5 
50 

0.28 
. 316-SS/0. 9 
H20/~0.0S 

"'0.02 
"' 0.05 

500 
550 

3.5 
5 X 10 26 

17 
230 
600 

~ 10 
20 
~ 3 
~ 2 
125,000 

HzO 
2000 
< 15 
2.4 
< l 
40 
309 

3. 5 X l 0 6 

8.0 X l0 5 

7.0 X 1.04 

60 

'1 
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TABLE 4. Summary of Shield.Design Parameters 

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 $hield 
Outer· shield 
Beam duct shield 
Evacuation duct shield (movable plug) 
Biological 5hield 

Tempera tUl·e ( °C) 
Coolant 
Maximum torque from pulsed fields (ft-lb) 
Maximum nuclear heating in bulk shield (W/cm3) 
Fraction of fusion power ·deposited in shield 
Maximum energy current at outer surface 

of bulk shield (W/cm2 ) 

Neutrons 
Gammas 

10 

0.58 
0.97 
0.75 
0.90 
1.5 

304-SS/04C 
304-SS/P.u '"or·Ldr/C/A1 
304-SS/13 4 C/Pb/ A l 
304-SS/B4C 
Concrete 
.:!. l00°C. 

H20 
253,000 

0.3 
< 0.05 

"' 2 X lQ- 4 

"-' 5 X 10-5 
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FIGURE 7. Neutron Heating in the Water Cool­
ant as a Function of Depth in the Blanket/ 
Shield for Three Locations with Respect to 
the Neutral Beam Duct: (a) at the 1·1all of the 
beam duct, (b) at 10 em from the l'lall of the 
beam duct and (c) at 30 em from the wall of 
the beam duct. · 

FIGURE 8. Atomic Displacement in Stainless 
Steel as a Function of Depth in the Blanket/ 
Shield for Three Locations with Respect to 
the fleutral Beam Duct: (a) at the wall of the 
beam duct, (b) at 10 em from the l'lall of the 
beam duct and (c) at 30 em from the wall of 
the beam duct. 
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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
pecte~ to induce significant swelling or 
cracking· if a sufficient porosHy exists 
to accommodate the gas. Helium escaping 
from the boron carbide must be vented to 
prevent buildup of gas pressure within the 
shield. For the conditions expected in the 
EPR, the graphite in the outer bulk shiel~ 
will densify rather than S1·1ell. 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 
preseht a problem. Helium production in 
the first fe~/ em 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 
jnto the shield design to accommodate the 
helium. The materials lying 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 t~e bulk properties should.not be ad­
versely affected. The lead mortar and 
aluminum in the outer shield will operate 
at temperatures be 1 ow l00°C, which is we 11 
below~the ~ 150°C at which the lead mortar 
will begin to break down. 

The radioactive inventory as a function 
of time for the EPR is shown in Figure 9. 

The level of neutron induced activation 
after 1 t1~o years operation is 3.5 x 106 
Ci/MW~ and decreases by a factor of 4 one 
year after shutdow-. and more rapi diy for 
longer times. The curies per thermal mega­
watt are fairly independent of neutron 1~all 

loadi~g for the range of 0.1 to-5 MW/m2. 
At _shutdown, the decay heat is 2.5% of 

operating power and only drops about 20% 
during the first few minutes af~er shutdown, 
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FIGURE 9. Radioactivity and Biological Ha'­
zard Potential as a Function of Time after · 
Shutd()Wn Following T~1o Years of Operation. 

which is the period of time that is very 
crucial to emergem;y cooling. 

During o~eration, the biological dose in 
regions external to the TF coils is about 
106 mrem/hr, which is too high to permit 
access to the insidP of the reactor building 
for any reasonable length of time. Out­
side the 1.5-m thick concrete building 
wall, the dose is about 1 mrem/hr. The 
biological dose in the vacuum chamber in-

. ' side the first wall is G x 109 nwem/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 th~ reactor at the location 
of the TF coils and 2 mrem/hr outside the 
·11' coils. The ldLLer· n::sult 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-



trations 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 lo~1er 

EF a~d OH coils. Smaller components like 
the blanket and shield blocks will be re­
paired ~n the hot cells. Special in-

. vessel remotely operated equipment ~1i 11 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 full-scale, 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 pra~ti~n runs, 
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* IMPURITY CONTROL I.N 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-~putter:· 
material are examined. A review of the sputtering data and an assessmen~ 
of the technological feasibility of various wall modification schemes are 
presented. The power performance of a near-term tokamak reactor is simu­
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 •. 

obtained in an EPR by suitahle modification 
of the first-wall surface. Of t~e wa 11 
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 

! 

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 rear.tors, in qenera 1, 
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 coatinn 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 conditi;ons can be 

are solved. Neutral beam and fusion-alpha 
heatin~ a~d 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 multireqime (pseudo-classical, 
neoclassical, trapped-particle-mOde) model 
dependin~ upon the value of the collision 
frequency. 

* Work.supported by the U. S. Energy Research 
and Development Administration. 
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The plasma-wall interaction model is 
depicted schematically. in Fig. 1. Charged 
(D+, T+, He++, ·impurity) and neutral (D 0 , 

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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FIGURE 1. Plasma~Wall Interaction Model 

to particle removal (e.g. by a divertor). A 
fraction of these particles are reflected, 
predominantly as neutrals from the wall with 

* reflection coefficient R, The imp1ng1ng 
particles produce wall erosion by sputtering 
with coefficient S. The returning particles 
nrP. either ionized in the plasma or may ini~ 

tiate e series of charge~exchange interac­
tions leading to the re~emergence.of a 0° or 
To from the plasma with a probability A 

. ex 
which depends upon the relative charge-
exchange and ionization cross sections and 

* R includes backscattering and re-emission. 
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upon neutral transport. 
Ener~-dependent physical sp1•tterin!J coef­

ficients for the incident particles. v1z., 
+ + H . 

0 • T • H@ • and impurity 1ons. on candidate 
first-wall materials are used for the calcu­
lation. Since 1nsuff1cient experimental 
sputterir1~ ucstcs are available for the range 
of parameters of interest (1-5 are general 
references that g1ve a good indication of 

the state of technology). the sputtering 
coefficients used for the calculatiun have 
been developed from both theoretical and 
empirical considerations. The shapes of the 
energy-dependent sputtering curves are 



developed primarily from Si_gmund's theory(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 liQht ion sputtering at low 
energies, energy-dependent sputtering yield 
curves for lig_ht ions (deuter.ium, tritium, 
and heliulli) have been obtafne"d by_ combinin!l 
the theoretical curve at hfgher energies 
with an· empirical relation for the lower 
ion energies. (7) The empirical curve a~sumes 
a direct enerQY dependence·of the sputtering 
yi_eld, which ·is in general agreement with 
reported helium sputtering.data for a number 
of target materials. (S) 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. (g) The threshold energies for sput­
tering have been determined by the method 
of Hotston. (lO) 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-· 
n i tu.de and those for he 1 i um have been reduced 
by a factor of five. Figure 2 presents the 

FIGURE 2. Energy-Dependent Physical 
Sputter1ng Yields of Potential First­
Wall Materials Irradiated with Mono­
Enerqetic 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 1Energy­
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 Ion Sputtering 
Curves for Niobium Showing Comparison 
with Available Experimental Data 

for niobium are in fairly good agreement with 
similar curves proposed by B.ehrisch(ll) for . 
the same target material. In general, the 
present development gives sputter coeffi­
cients that are slightly higher than t.he cor­
responding experimental data for low-z' wall 
materials, and coefficients that are slightly 
lower than the corresponding experimental 



data for the higher-Z wall materials. 
Sputtering by the neutral 0° and T0 parti­
cles are assumed to be identical to those 
for o• and T+ ions, respectively. 

In the present study three of the first­
wall materials of interest are compounds, 
viz., BeO, s~c. and SiC. Since sputtering 
data for these compounds are very limited, 
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, (1 2) whir.h inr1ir;~t.~ th.,.t 

sputter yields produced by 10-keV Kr.vpton (ln 
a number of stable oxides are within a factor 
of Z-3 of thP. cnrrPspondin9 metals. The 
yields for these compounds are assumed to 
correspond to their stoichiometry, e.g., 
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. Therefore, the 
self-sputter coefficients used for the cal­
culations are derived from the Sigmund 
theory with sliQht modifications ~t low ener­
gies to compensate for electronic losses. (7) 
At the lower energies the curves are adjusted 
to approach a slope of unfty on the .logS . 
Vfr'SI,I~ log E plot. Figure !'i shows t~e enorsY·· 
dependent self-ion sputter coefficients for 
beryllium, niobium, and tungsten. 

FIGURE 5. Energy-Dependent Self-Ion 
Sputter Coefficients for Beryllium, 
Niobium, and Tungsten 
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Large variations in the 14-MeV neutron 
sputter yields have been reported in the 
literature for various·transition metals. 
(l-5,l 3-18 ) These differences are due pri­

marily to chunk-type deposits that have been 
observed by some investigators. (l 3-l 4) 

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- 4 

(13) . 
atoms/neutron. Single-atom sputtering 
yields in the range 10-1 to 5 x 10- 4 have 
beon ~ported, (l 3-l8) A total ylt!hl uf 1o··'• 
;~t:nms/nPIJt:ron is considered reasonable fo1· 
the present analysis. Since the contribu­
tion of neut1·on :oputter"'ny to the tota I 
sputtering yield turns out to be very small 
for near-term reactors, the results are not 
very sensitive to· variations or uncertain­
ties in the neutron sputtering coefficient. 

Ch~ical interaction between the incident 
particle and the target material can influ­
ence sputtering rates because of the effect 
of compound formation on lattice.displace­
mcnt enci"Qies, on sputtering nlt!t:hitnfsms, and 
on the nature of the sputtered products. (l 9) 
Although this so-called chemical sputtering 
. occurs in a number of sys terns, it is most 
conrnonly ossocfated w1th the formation of 
hydrocarbons upon bombardment of carbon or 
graphite by the hydrogen isotopes. (l9-27 ) 

In line with the chemical interaction ener­
gies, the chemical sputtering coefficients, 
in contrast to the physical sputtering coef­
ficients, are sensitive to the target or 
wall temperature •. For example, 9reatly 
enhanced (approximately lOX) chemical sput­
tering leading to CH4 formation has been 
observed for H+ ion bombardment of rraphite 
at temperatures of 400-700°C. <20- 25 Sput­
tering yields of nearly 0.1 atom/ion are 
repor'ted 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 • 
_21 •28 ) and hydrides of the structural metal.s 

are not stable under anticipated wall condi­
tions., Therefore, chemica 1 sputtering has 
been considered in the present analysis only 
for the case of carbon or graphite. 

The "re.flection" coefficient, R, used in 
the pl~sma-wall interaction model includes 
both backscattering and re-emission. The 
backscattered particles are the. incident 
particles that return from the wall via 
elastic and inelastic collisions (<<1 s) 
whereas the re-emitted particles are those 
which have pene~rated 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 experiments conducted to in-' 
terpret the backscattering and re-emission 
of light ions (H+ and He++) from several 
materials. (29- 38 ) The backscattering coef­
ficients for the light ions typically in­
crease with a decrea.se in incident ion energy 
be 1 ow 1 keV, and the va 1 ues 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 reg1ons bufhl 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 
percentage• of 11ght ions injected into a 
varfety of target materials are re-emitted 
after fluences of the order ot '10 17 1on;cm2. 
(30-38 ) This re-emission ·~S further enhanced 
by the elevated wall temperatur~s. For pur­
poses 6f 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 light particl~s. 

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 back~c~ttered component. 
Therefore, a near-zero reflection coefficient 
can be assumed for self ions. 

These surface data were incorporated into 
the calculational model as follows. The 
mono-energetic sputtering coefficients were 
averaged over Maxwellian distributions of ,· 
incident particle energies, with the 
Maxwellian being characterized by. the plasma­
edge temperature. These results are given 
in Table 1. A neutron sputtering coeffi­
cient S = 0.0005 was used for all materials, 

n 
and a chemical sputtering coefficient S

0
T = 

0.07 was used for carbon. Particle reflec­
tion coefficients ~T = Ra = 0.98 were used 
in the calculations to represent unity 
reflection probability 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
bility was computed from 

ov ex A ·= ex 

Where OV and oVi are averages Of the ex on 
charge exchange (D+, r+·++ oo,TO) 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 ~t Te~l'ge = 100 eV, A ·= 0.56 at ex . U _ c:x 
Tedge = 200 eV and A =· 0.73 at'TedgP = 

llT ' ex DT 
1 keV. The factor y represents the probij-
bility that a primary charge-exchange event 
for an incident neutral will result in the 
re-emergence of a neutral (either ·directly 
or as the result of subsequent secondary 



TABLE 1. Maxwellian-Averaged Physical Sputtering Coefficients 

Plasma 
Edge 

Temperature 
Material (eV) 

Be 60 
200 

1000 

BeO 60 
200 

1000 

c 60 
200 

1000 

B,,c 60 
200 

1000 

SiC 60 
200 

-1000 

fe 60 
200 

1000 

Nb 60 
200 

1000 

w 60 
200 

1000 

(a) 5uT 
= .!. S + l s

1
. 

2 D 2 

(b) Self-sputtering, 

charg~-t!xchange events) from the plasma. 
y = 0.75 is used in this work. 

The wall-sputtered impurities entering the 
plasma affect the energy balance both through 
the transport loss, which goes as zetf for 
pseudoclassical and neoclassical scaling and 
as z;}f for trapped-ion-mode scaling,. and 
through the rt~diative power loss. The radi­
ation model is a modification of a model pro­
posed by Hopkins, (4S) which is based on the 
results of calculations using coronal equili~ 

brium models. (46-49 ) The results of the 
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Sputtering Coefficient 
(atoms/part) 

(a) (b) 
SOT ·s sz 0. 

0.016 0.017 0.26 
0.028 0.070 0.35 
0.018 o. 115 0.36 

0.016 0.017 0.26 
0.028 0.070 0.35 
0.018 0.115 0.36. 

0.007 0.018 0.26 
0.015 0.050 0.35 
0.012 0.07.9 0.36 

0.011 0.017 0.26 
0.022 0.060 0.35 
0.016 0.098 0,3G 

0,0055 I 0.015 0.26 
0.016 0.04R 0.47 
0.033. 0.160 0:64 

0.0015 0.0046 0.27 
0.005 0.015 0.59 
0.016 0.067 1.49 

0.006 0.001~ 0.29 
0.002 0.005 0.83 
0.009 0.023 2.62 

0,0001 0.0004 0.11 
0.0003 0.0012 0.35 
0.0016 0.0061 1.61 

coronal equilibrium calculations have been 
boon !;hol·m to be goul.l a~~r-ux lmati ons ·under 
.reactor conditions by comparison with the 
results of a more ~eneral radiative-
co 11 ; s ion a 1 nudt! 1 • 50 ' 51 ) 

The model may be summarized as follows: 
When T > T , 

e - z 

Pz = n n (K Z 2~ + K Z 4T-~ + K Z6r- 312
) 

rad c c I ~ 2 e J e • 

where P d is the radiated power per cuhic rn 
meter 1n W/m,, ne is the electron density 



and nz is the ion density of the z-th ionic 
species, T is the electron temperature in 

e 
keV, and Tz is the ionization potential, in 
keV, for the beryllium~like ion sequence. 
K1 = ~.8 ~ 10- 37 , K7 = 1.82 x l0- 38 , and 
K1 = 4.13 y lo- 4o, when T is in keV and n in 

m-3. When T < T , we insure P d ~ 0 as e- z ra 
Te ~ 0 by using, 

pz n n · (K Z2"fi + K Z4T-~ + K Z6T- 3/ 2
) 

rad e z I e 2 z 3 z 

. 2 

(T/T z) 
Tz is given by(8) 

T (keV) = [1.033 x 1Q- 7 (Z - 3)3 + 3.4266 
z 

x lo-3(z - 3) 2 + 5.5574 
X ]Q-3(z - 3) + 0,529' X ]Q-3] 

The total radiated power is thus given by 

p = ~ pZ 
rad ~ rad ' 

z 

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 operating 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, Ionization potentials for various 
ions up to Z = 103 have been tabulated. (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 = 6.25 m, A = 2.98, I = 6.4 MA, q(a) = 2.5, 
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B = 4.4 T. The confinement times were scaled 
t 

up from the theoretical prediction by a factor 

CVfiM = 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 rat B = 

p 
2.25 is PT = 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 ~ > 0. Deuterium and tritium ion 
densities were maintained at their maximum 
allowable value by refueling, subject to the 
constraint that 8 (t) • Bmax ~ 2.25. Wall-

P - P . 
sputtered impurity ions were assumed to be 
able 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 loss as described in the pre­
vious section, modify the particle and energy 

confinement times (T a Zeff for TIM scaling) 
and reduce the allowable D-T ion density for 
a fixed amax. Supplemental neutral beam 
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 
averaged over the burn pulse, 

luT,T - UB - liREF - U~p - Ul1 
[ ~T 

p 
nt!t 



where 

UT 

UB 

UREF 

UPUMP 

u:l 

UPS 

l'lT 

l'lB 

11PS 

llt 
burn 

·-

-

-

-

-

-

plasma thermal energy to wall 
during burn pulse 
beam heating energy during 
burn pulse 
refrigeration energy during 
burn pulse 
coolant and vacuum pumping 
energy during burn pulse 
plasma ohmic heating energy 
dissipated during burn pulse 
energy transferred by plasma 
driving system during burn 
pulse. 

Iallt IPI dt 

thermal-to-electrical conver­
sion efficiency = 30% 

neutral beam power efficiency 
= 35% 

energy transfer efficiency 
= 95% 

length of the burn pulse. 

The compressive refrigeration power for the 
superconducting toroidal field coils was 
UREF = 660 MJ, the coolant and vacuum pump­
ing energy was UPUMP = 0.02 UT, and the 
energy transferred by the plasma driving 
sys tern was UPS ~; 2400 MJ. 

. ThE! quantity P 1s plotted in Fig. 6 as 
net 

--r-r--r-T-~·-l·--·~ 

hO 'li'UTHR1NO --..... -------- ____ .... , 
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FIGURE 6. Effect of First-Wall Surface 
Material on Power Performance 

a function of th~ length of the burn pul5c 
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 pulse for which P > 0 is 20 s, in-

net 
c 1 udi ng "-4 s for startup. In this case, the 
burn pulse is ultimately (~157 s) quenched 
by the accumulation of helium, and the maxi-
mum value of P is 66.5 MW. net 

Wall-sputtered impurities from a stainless 
stee 1 (represented by iron) or refractory 
metal (niobium) first-wall surface have a 
devastating effect. A substantial supple­
mental beam heating is required to maintain 
thP. plasmil rtt thP.rmonu~lP.~r t.f"mp~>.r~hrre~. 

resulting in a negative Pnet' on the order 
of -200 MWc. ne moximum l!ngth of the burn 
pulse could. be extended beyond ~20 s by in­
creasing the beam heating power PR > 80 ~~. 

but this would result in an even more nega-
tive P Initially, the 0- T sputtering 

net 
is the main contributor to plasma contami-
nation, but as the impurity concentrati.on 
builds up to on the order of 1%, self-ion 
sputtering becomes a major contributor, as 
~Y be inferred from Table 1. The situation 
is somewhat improved if·the plasma edge 
temperature is less than the 200 eV used in 
tMse t.a 1 till llti Oris; however, even for T d 

e ge 
= 60 eV, P ;:: ··100 M\-IP. nnd t.nP. mAximum 

net . 
burn pulse is ~20 s. Thus, it appears 
extremely unlikely that a reactor of this 
type will he ahle to operate with a stain­
lf!SS stee'J· or refractory metal wall without 
some form of impurity control. 

One fonn uf impur·:i ty ~.:ontr-ol 1!> sugg!!sted 
by Fig. 6, namely to interpose between the 
PIC!SI'M.arid the structural first wal'l a low-Z 
material, either 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), B~C. which result in P about one-

net 
half bf 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 
maximum P of ··,35 MWe can be achieved with net 
a beryllium surface. If a carbon surface 
operates in the temperature range ~400-700°C, 
then chemical sputtering precludes P > 0, _net 
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
lium oxide, PB ~ 28 MW was adequate to off­
set radiative losses, but the accumulation 
of oxygen in the s·-limited plasma forced a 

p 
reduction in the 0-T density which eventually 
quenched the plasma. For the beryllium sur­
face, the self-sputtering rate is about half 
the 0-T sputtering rate, the alpha-sputtering 
rate is about 5% of the 0-T sputtering rate, 
and the neutron-sputtering rate is negligible. 

Another. possibility for reducing plasma 
contamination is to use a low-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 i~ much more sen~it.ivP. to variations 
in the sputtering coefficients for a high-Z 
materia 1 than for a 1 ow-Z rna teri a 1. 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 upon a plasma-edge temperat.urP. of 200 
eV, which corresponds to the maximum· in the 

beryllium sputtering yield curves. Reduced 
sputtering, hence improved performance, 
occurs if the plasma-edge temperature is 
higher or lower for beryllium, as shown in 

81 

Fig. 7.· At an edge temperature o~ 60 eV, a 

burn pulse of 102 s w.ith 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 f1rst-wall surface and vari-
ous values of the charged-particle removal 
efficiency are shown in Fig. 8. For a very 
low plasma-edge temperature (60 eV) and a 
very efficient charged particle removal 
mechanism (n = 0.9), tolerable equilibrium 
iron (0:03%) and helium (1.5%) concentrations 
are maintained and the burn pulse is virtu­
ally unlimited. For a more realistic value 
of n = 0.5, the performance is marginal and 
P > 0 requires a low plasma-edge tempera-net 
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 

= 0.9) and some supplemental beam heating 
(P = 15 MW) are required to achieve P > 

B net 
0. Thus, it appears that the success of a 
di vertor or other impurity control mecha­
nisms based upon charged particle removal 
depends cridcally upon the achievement of 
high particle removal efficiency and upon 
the operation of the plasma with a low edge 
tP.mperature. 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 removal 
efficiency. Performance obtai nab 1 e w1 th 
beryllium and silicon-carbide surfaces -are· 
shown in Fig. 9, for a range of charged 
particle removal efficiencies.· With a 
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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 vari ou·s 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 
properties, and economic impact, fusion reac­
tor first walls constructed of transition 
metal alloys such as stainless steel are 
favored. {SJ) However, as indicated by the 
previous calculations, satisfactory plasma 
performance can only be attained with very 
low incident particle energies and an effi­
cient divertor and/or suppfementa.l heating. 
The unacceptable plasma performances were· 
caused primarily by the high radiative losses 
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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 
b . . h {1-5,54-58) . l1ster1ng p enomenon. For antl-
cipated condit1~ns, erosion rates of struc­
tural materials such as niobium or stainless 
steel by blistering are greater than those 
by physical sputtering. {54- 58 ) These erosion 
rates are temperature-dependent and peak at 
the temperature ranges of interest, viz., 
400-500°C for stainless steel. {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 sputter1ng at 
the low energies (<100 eV) and approaches 

.· . + + the sputter1ng y1elds of 0 and T at low 
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 
oonolithic low-Z material liner; (3) a car­
bon cloth liner1 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 (stainl~ss stee.l) substrate for 
structural support and the low-Z coating to 
protect the plasma from the high-Z transition 
mP.tal 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. (59 ) Much 

of this technology has been obtained recently 
under space and fission reactor programs. 
Although plasma spraying, chemical vapor 
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deposition, chemical bonding, and sputterin~ 
can all be used to coat most of the materials 
considered,( 59 l the plasma spray process 
appears .to be the most appropriate for the 
present applicatior.. Deposition rates neces­
sary to obtain the desired coating thicknesses 
( .... 100 urn) can be achieved. The porosity and 
grain size can easily be varied in the plasma· 
spray process to obtain optimum microstruc­
tures. (59-61 1 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 optimize selected proper­
ties for the present application. Since the 
coatHig Ynateric'i 1 1s not required to serve as 
a structural member, a wider variety of mate­
rials may be feasible.· Materials requirements 
arc minimized, since only thin coatings are 
being considered. As a result, materials 
cost and availability of more exotic mate­
riais are less restrictive for coatings than 
for low-Z monolithic structures. 

The possibility of in situ coating may 
provide additional benefits for fabrication 
and repair of first-wall systems: Remote 
coating preparation by plasma spray, chemical 
vapor d~posillun, chemical bonding, and sput­
ter·ing are all considered feasible, since the­
required environments (;~n be attained in the 
vacuum chambers. However, further development 
work. is required to develop an in situ coating 

tP.chnolO!lY· 
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 erosion rates from a blistering 
phenomenon can occur under certain condi­
tions. In some cases the blistering yields 



. h . l . (54- 58) exceed those· from p ys1ca sputter1ng. 
However, the blistering phenomenon is 
strongly affected by the microstructure of 
the target material. (62 •63 ) Erosion rates 
produced by helium bombardment are much less 
for sintered material, both beryllium and 
.aluminum, than for cast or sheet material. 
Microstructures similar to those of sintered 
products can be obtained by selected coating. 
procedures, e.g., 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 parameters.· 

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 separated 
liner concepts. Also, more refractory-type 
low-Z materials such as B4C 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) 
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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 af: elevated temperatures 
to form a very stable compound. At elevated 
temperatures selected coating materials will 
chemically react with the 1rpurities, 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. (64 ) High helium genera­
tion rates are typical of low-Z materials. 
Since steady-state release rates are reached 
i·n rather short times, this produces another 
impurity source. This effect is not signifi­
cant for thin coatings, however, as di scuss.ed'. 
below, it may be significant for thick low-Z 
liners. 

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 structiJra 1 sup­
port. As a result, micro-cracking of the· 
coating caused by swelling, gas production, 
or differential thermal expansiontmay not 
seriously degrade 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 accbmmodate 
these effects. For proposed coating thick­
nesses of a few hundred micrometers, life­
times of three to five years are predicted· 
on the basis of sputtering erosion rates in 



the EPR. However, evidence exists that a 
significant fraction of sputtered first-wall 
material is redeposited on the wall. 

The failure mechanism of most concern for 
the coatings is flaking or loss of adherency 
over significant areas. Excessive flaking or 
spalling of the coating is not tolerable, 
since exposure of more than a few percent of 
a high-Z substrate surface, e.g., stainless 
steel, would probably be unacceptable. 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
tir:ulate material collected at the bottom of 
the vacuum vessel would likely revaporize 
during each cycle because of the lack oi 
heat removal capability. This problem may 
be alleviated if the flakes a.re vaporized 
and subsequently vapor-deposited on the wall 
at the end of a burn cycle. In either case, 
a capabil i.tY 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-l separated liner has fllUch in 
.common with the low-Z coating discussed above. 
The ma.jor differences relate to the techno­
logical aspects of .fabricability ·and mechani­
cal integrity. Therefore only the significant 
advantages and disadvantages of the separated 
liner 1n comparison with the coating will be 
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 
low-Z materials are used. Since a separated 
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liner must provide a degree of its own 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 
opera t i'on wi 11 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 
reflection 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
-off liner than for the coat~ng because of 
the inherently higher operating temperature 
of the radiatively cooled liner. Decreases 
in thermal conductivity of the liner mate­
rial as a result of thermally induced or 
radiation-induced micro-cracking will lead 
to higher surface temper·atures that may 

subsequently cause excessive thermal 
vaporization. Lower thermal conductivities 
characteristic of materials with substantial 
porosity, which is required to facilitate 
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( 6B) could exceed the helium generation 
rate from the fusion reaction. However, this 
is not expeCted to be excessive for liners 
less than 1 em thick. 

The fusion reactor vacuum requirements 
will be qreater 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 premature failure. Ac·celerated 
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 lifetime of the 
liner. 

The failure mechanisms associated with 
the monolithic separated liners ~ppear 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 
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separated liner plates would probably be more 
difficult than in situ recoatjng. 
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
tain will be discussed. The fabrication con-
siderations with respect to technQlogical 
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 sputterinq, 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 obse\ved.( 20- 25 •69 l 

Thermal vaporization of graphite may be 
critical for this concept because of thermal 
conductivity effects related to. the geometric. 
considerations. Low thermal conductivity 
t'hrough 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 
vaporization. 

Vacuum properties of the graphite cloth 
will require additional pumping capability 
relative to a metal or low-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. AJthough substan­
tial variation in the degradation of graphite 
cloth from neutron and ion bombardment has 
been reported in the literature, severe 
deqradation of the cloth has been reported 
for several conditions.( 21 •25 •69 l · It ·is 

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



of structure. The structure of the graphite 
filaments is similar to structures in which· 
radiation-induced swellin9 and dama9e 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 
result 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 liner 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 part1cle ener­
gies than do the other materials. Tungsten 
also has a.relatively high threshold energy, 
e.g., 217 eV for a+, (lO) 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 l 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
less steel substrate. This approach minimizes 
the quqntity 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 
applying tungsten coatings. (Sg) As in the 
case of the low-Z coatings, the plasma spray 
or detonation gun processes( 59 •60 ) are pre­
ferred in order to obtain appropriate micro-

. . . bl' t . (62,63) structures to m1n1m1ze 1s er1ng. 
Most of the other technical considerations 
and the failure mechanism~ 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 
limitations 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 increase in incident ion 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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Tokamak Engineering Techno 1 ogy Faci 1 ity ( TETF) 1 is a neutra 1 beam 
D- T machine with a major radius (R) of 3m and a plasma current (I ) . p 
1-tA based on the counters treami ng- ion- torus r.1ode of operation. It 

can be used to demonstrate fusion reactor technology required for the 
Experimen~a 1 Power RP.actor2 and to serve as a radiation test faci 1 ity. 

PLAS~'\A PHYSICS MD REACTOR PERFOR~~ANCE 

7he TETF plasma will be fueled and heated 
by p and 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 ions, 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 fur rather· modest injection 
energies, becau,e of nearly head-on nucleat· 

co 11 is ions bett~een D and T ions. This mode 
of operation offers the most powerful mean_s 

of generating ~ largP. ft~ion-neutron flux in 
a small-sized tokamak with modest confine­
ment parameters. 

Ideal CIT operation is attainable only 

if the im~ard diffusion of lol'l-energy neu­
trals and ions to the reacting region is 

91 

small compared l'lith the rate of energetic 
particle injection by the neutral beams. 3 

With an increasing population of lol'l-
energy ions, the reactor perforrna11ce is 
degrad~d; in the limiting case, the plasma_ 
must operate in the TCT (two component 
torus) mode, fueled and he a ted by D and T 
injection. For injection energ~es ~ 60 keV,. 
the ideal CIT has a Q (fusion pdwer/in­
jection p01'1er) about six times that of the 
TCT. The key to achieving optimal reactor 
performance ;s adequate purnping of the neu­
tral g~~ in the sc~ape-off channel outside 
the discharge, in order to minimize the in­

f1llx of rcr.yclcd pl<!s:nr:l. 
The present desi(ln specifies plasma 

operation in the transition regime between 
the ideal CIT and TCT modes. Injection of 

15 t·n·l of 60 keV 0° beams and 15 NW of 90 
keV T0 beams maintains a plasma' of <n > e 



-. 
4 x 10 13 cm-3 and T = 4.5 keV with energy e 
confinement of n<E = 2.6 x 1012 sec/cm3. 
The Q value is 0. 70, or 45% of the ideal 
CIT value. Other important plasma param­
eters are Bt = 4.0 T, vertical elongation 

~. 1. 5 and Ip 1.4 MA. The 14 MeV neutron 
production rate during the burn is 7.3 x lOla· 
sec- 1 , which leads to a peak neutron current 
of 7.1 x 10 12 n/cm2/s. Plasma performance 
parameters are summarized in Table 1 for 
operation in the CIT mode. 

· TABLE l. TETF Plasma Performance Parameters· 

A~pec.L r·dLiu, A- R/d 5.45 

Safety factor, q(a) 3.0 

sp (excluding alphas) 
!oldyrrdil. fl~lu urr dXI~, Bt 
Plasma current, Jp 

Energy confinement, ~ne> TE 
Electron density, <ne> 
Electron temperatur~, <Te> 
Q 

Beam Pm·1er 
60 keV D0 

90 keV T0 

TllPnrrill PnwPr· 
14 MeV neutron p01~er flow to \~all 
14 MeV peak reutron current 

• A'l'l fueling is carried out by the in-
jected beams, and the flux ~wing of the 
ohmic current transformer allows a burn 
time of~ l min, with a duty cycle of 
-v· 75%. The nominal burn cycle is given 
in Tttble ?.. Even lon~!l!r bum tilllP.s a1·e 
possible when a significant portion of the 
plasma current is driven by the stl·eanring 
ions. 
REACTOR Ll\ YOUT 

The reactor, 1~hich lteighs 2000 tons, is 
assembled insid.: the TETr facility. f1 cross 
section of the torus is shown in Figure· 1 

and principle geometrical parameters are 
given in Table 3. The elliptical/oval­
shaped plasma has a nftnor radius of 0.55 m 
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3.6 
11.0 T 

1.4 MA 
2.6 x 10 17 sec/em~ 

4.0 x 1013 cm3 

4.5 keV 
0.7 

·15 MH 
15 f'i\~ 

51 MW 

0.130 MH/m2 

7,1 x 10 12 n/cm2 /sec 

and an elongation ratio of~ 1.5. 
Surrounding the plasma is a type 316 

stainless steel first-wall vacuum vessel 

consisting of twenty-four oval-sh~ped 
toroidal segments 2.2 m high by 1.7 m wide. 
These twenty- four segments are fl angcd and 
bolted together to form an irregular torus 
whose major diamet.er is 6 rn. The inner 
surl'aL<?'ot the vessel is coated with a low-
Z material. An experimental volume,~ 0.20 m 
wide by 0.8 m high, has been provided within· 

the vessel in.the c~ter wall region: First 
wall v~ssel segments have been designed to 
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 -v 500 kA 

Begin injection, raise Ip to 1400 kA, 
attain equilibrium plasma 

Burn (continuous injection) 

Shut-off beams and ramp-down plasma 
current 

Exhaust torus to 10-r, torr and charge 
OH transformer prirnctry 

"'t.Ul UAl I~ t.M 
~I IVf' l:'ll- .. 

l.FP( R V.l.(liUM 
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FIGURE l. TETF Cross Section 
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-. TABLE 3. Geometrical Parameters 

Major radius, R0 
Plas ma 

radius, a 
e 1 onga ti on 
scrape-off region 
volume 

Vacuum chamber 

nominal dimensions (oval) 
nominal 1·1all area 
test region on outside 
nomi nal volume 

Magnet shield thickness 

inside 
outs i de 
tor C~nd bottom 

Toro idal- fie l d coil s (1 2) 

bo·re (pure-tension "D") 
thickness (including cryostat ) 

Support cylinder thickness 

Central core radius , rv 

air core 
includ ing Cu OH coils 

a test facility. All surfaces of the ve ssel 

are water cooled . 

Shie l d blocks , ~ 1 m thick, surround the 

first wa ll vessel . Th e blocks are of a 

slab- type geomett·y . Ten pieces are used to 

shield t1~0 adjacent f i rst wall segments for 

a total of 120 major blocks for the ent ire 

reac tor. Inner and oute1· shield bl ock 

arrangements are different. The i nner 

blocks located tJe t1·1een tile t11·st ~'a II and 

the cente1· core of the rea ctor m·e rnude 

of alternate l ayers of sta inl ess steel and 

B,,C to give high radiation attP.nunt.inn in 

th e limited space . The outer s hi e ld blocks 

a re dominant ly leild mo1· tar and are 1'1ate1· 

coo l ed using a separate cooling system . Re ­

IIIOVdl of Lh e shi e ld blocks has bee n s irnp l i­

fied to accommoclilte exper iments illld first 

wall replacement . The outer shielding 
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3.0 m 

0.55 m 
.:£. l. 5 
0.2 m 
30.7 m3 

l. 5 m x 2 .2 5 m 
131 m2 

~ 0.2 m x 0.8 m 
58.5 m3 

0. 9 m 
1. 05 m 
> 1 m 

3,65 m x 6.0 m 
0.55 m 
0.17 m 

0.48 m 
.0.63 m 

blocks can be modified to house many types 

of experiments with a mini mum cost. 

TO ROIDAL FIELD COILS 

Toroida l-fi eld coi l s surround the rf'a c­

tor first wall and shie ld block assemb ly . 

Each coil is approximate ly 7 m high by 

4.7 m wide and ~ 0.6 m thick, weighing 

~ 35 tons. Th e TF coil s are supported by 

an inner cryogenically-cooled cylindrical 

support spindle conmon to all Tr coils 

(lnrl a lower s upport l eg extendin(J do1vn 

and outward •o the reactor building floor. 

The TF co i 1 system inc 1 udes 1 oad dump re­

s i s t ors . torque support frame , cryogenic 

and power supp ly sys t ems . Supercon d u ct in ~1 

toroidal field coi 1 parilmeters are shown 

in Table 4. 

POLOIDAL FIELD COILS 

The ohmic heating (OH) coil system con­

sists of twelve ring coils and a central 



TABLE~. TETF Superconducting Toroidal-Field Coil Parameters 

r~aterials. 

superconductor 
stabilizer · 
insulator 
support 

Coil dimension 

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

Number of coils 
Field ripple, maximum· 

Access between coils, maximum 
Operating temperature 
Peak field 
Superimposed ac field 
Operational current (10 T) 
Average current density (10 T) 
Ampere-turns 

total 
per coil 

Stored energy 
total 
per coi 1 

solenoid. All 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 
th1n rluy 1..uils nn: lucJtcd above unrl fnur 
coils belm~ the central coil. Two sets 
of larger ring coils circumscribe the 
reactor TF coils from above anQ below the 
midpl.ane~ the largest being 11m in diameter. 
The outer OH coils <n·e supported and re­
strained in the magnet support/torque frame, 

which is attached to the .reactor ·floor. The 
inner co i1 s are supported th ruuyli u·,e ccn-. 

tra~ pedestal foundation. 
Twelve equilibrium~field (EF) coils com­

plete the magnet coil system. E.ight coils 
are clustered adjacent to the inner OH coil 
set~! four above anc:i fnur below the reactor, 
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NbTi 
Cu 
fiberglass epoxy· 
316 stainless steel 

3.65. m x 6.0 m 
0.55 m 
12 

0.99% 
2 m 
3°K/4. 2°K 
10 T/8 T 

0.2 - 0.4 T 
10,000 A 
2650 A/cm2 

59.5 f-\A- tu1·ns 
4.96 l•lA-turns 

3100 t·1J 
258 MJ 

while four larger ring coils are distributed 
synnnetrically around the oute1· extremities 
of the TF coils. Thi largest reactor coil 
is the outer EF coil whose diameter is·l3 m 

~nrl whose weight is 58 tons, The EF.coils, 
like the OH coils, are of water-coolerl 
copper design and arc supported and re­
strained by the same ma9·net support/torque 
structure. Ancillary systems include the 
pm~er supp.IJ, switch gear·, p01·1er leads ancf 
water ~oolant system. Water-cooled copper 

peloidal field coil parameters are shmm 
in Table 5. 

VAC UU1·1 PUi·1P I NG 
A large vacuum system is required to 

limit plasma recycling. T1·1enty-four 0._75 m 
diameter ports are located syrnnetrically 
around the first wall between TF coils both 



TABLE 5. TETF Water-Cooled Copper Poloidal-Field Coil Parameters 

Equilibrium-field Coils 

Conductor 
material 
volume 
current density 

Power dissipation 
instantaneous 
cycle-averaged 

JrH.luct'ive stored energy 
Opirational current 
Operational voltage 
Aur!Jer·e-llle Lers 

Volt-sec to pla5ma 
Field at plasma 
Number of coils 

Cu 
20.4 m3 

1500 - 750 A/cm2 

21.5 t1H 
15 t1H · 

68 MJ 

30 RA 

5 kV 

153 X 10 6 

7.8 volt-sec 
0.28 T 
12 

Ohmic-heating Coils 

Conductor 
material 
volume 
current cfpnsity 

Maximum peak field 
Power dissipation 

beginning of cycle 
end of cycle 

Inductive stored energy 
Operational current 
Operational voltage 
Ampere-meter~ 

Volt-sec tu plctSIIIa 

startup 
burn 

Number of coils 

above and bel01~ the reactor centerline. 
Each of the ports extends outward into an 
annular shield plug volume containing a 
quick-closing valve in its oui.er extremity. 
Trapped gases ~ill flow through the 
annulus provided around the centered shield 
plug and out into a removable Y-shaped ex­
tension duct to two 25,000 liter/sec .or 
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Cu 
6.3 m3 

2534 A/cm2 

6.37 T 

54 MH 
77 ~1W 

116 M,J 

30 kA 
5 kV 
321 X ]Q6 

4.2 volt-sec 
5.0 volt-sec 
12.plus solenoid 

lurger cryosorption pumps. The pumps are 
operated one at a time allowing for on­
line. regeneration of the off-cycle unit. 
Isolation valves are provided to allow for 
this regeneration purpose. In addition to 
the cryosorption pumps, a series of blowers 
and diffusion pumps are supplied for ini­
tiating the purnpdown in the first-wall 



torus from atmospheric conditions. The de­
sign provides a method to accwnulate fuel 

from itl components including any leakage 
of fuel from the vacuum system during any 

of the operational procedures. Mainte­
nance and repair of a 11 vacuum components 
is accomplished through isolation, removal 
and .replacement using special remote­
operated flange connections, valves and 
lifting dollies. 

All.major vacuum·equipment will be lo­
cated within the reactor containment shell, 
with the exception of the helium com­
presso·rs. This is a safety measure to 

.minimize hazards. 
NEUTRAL BEAMS 

Eight neutral beam injector units, each 
contai'ning two ion sources, ring the 
reactor. The beams are aimed tangentially 
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, 1 grazing 
the i~side plasma toroidal centerline. 
The injector duct is shielded a~ it leaves 
the reactor. Each injector is attached 
to the reactor with ~n isolation valve. 

Each beam line consists of a source, 
accelerator, separator, neutralizer and· 
anci 11 ary vacuum and energy t·ecovery 

. equipment. Two 1 ines at-e stacked in each 
injector and they aim into thr. torus from 6° 
above and 6° bel011 the median plane. The 
beam length to the reactor first wall is 
~ 7 m. Ti!ble 6 shows neutral beam in­
jection system parameters. 
POI~ER SUPPLIES 

l·laj or p011e r s urr 1 y equipment~ is 1 oca ted 
in the adjacent building. Howe~er, hookup 
is made with special lead lines and step-up 
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trans former units r 1 aced at the base of 

the injector units. A neutral-beam test 

faci 1 i ty is located on the rccJctor floor 

within the reactor containment shell. This 
area, enclosed by radiation shielding, 
contains remote maintenance and hookup 
equipment and a permanent p01·1er supply. 

The po~1er 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 pow.er 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 
char~ed to 30,000 A. in one direction prior 
to heating and discharged to zero in two 
seconds for heating. After crossing zero 
field, the coil current is increased slowly 
to maintain the plasma current. A full 

5.0 V-s .requirement during burn requires 
a coil current of 35,700 A. Resistive 
pm1er loss in the coil reaches 53.9 W~ at 
30,000 A. The coil time constant is 3.35 s. 

The power supply envisioned to meet these 

requirements is a phase-controlled, poly­
phase SCR rectifier driven .direc'ly off 

Lhe p011e1: line. The main con~t.itur.nts of 
the power supply are the polyphase trcJns­
former, the SCR rectifier banks, the SCR 
reversing switches and an option a 1 filter. 

The EF coil is designed to opc·rate at .. 
30,000 A and store 68 MJ of energy. Tite 
peak n~sistive pov1er loss in the coil is 
21.5 MH, but because the magnet must 
be able to reach 30,000 A in 2 s, the 
possibility exists for d1·a~ling as much as 
79.3 t-111 from the line. llm·1ever, the time 
for which EF coil power is increasing 

roughly corresponds to the time that the 



-. TABLE 6. TETF Neutral Beam Injection System 

Neutral beam power (f·lH) 

Neutral beam energy (keV) 

Number of injectors 

Number of ion sources per 
injector 

Ion beam current per source (A) 
. . (X+/X+ + Beam compos1t1on z/X3) 

Pl il <;rna prui s s ion cur-rent de n::li ty 
(A/crn2 ) 

Type of grid 

Tritium to tot·us (qrn/111") 

Gas efficiency 

Pulse length 

Overall neutral injector 
efficiency 

OH coil is feeding energy. back into the 

line. The system is designed to take 

advantage of the energy bnl<.nce to reduce 

the peak po~1er rlPmnnrl r.1~trin'3 thi!:; 2 3 

period. 

After the EF coil reaches full rrrrr~?nt, 

the coil voltagr ~nn be reduced to just 

satisfy resistive power requirements. 

Again, the power supply would be a phase­

cantrall ed, SCR rectifier type l·li thout the 

reversing circuits. The peak charginy 

vo I tuge requil·ed by the EF r.ni l pow~r 

supply i5 2650 volts. 

The Tl- coil pow.:~r supply t·epresents 

no major design difficulty. Its size is 

entirely dependent on how rapidly the 

coil i~ Lu be ChJrged. A 70 KW supply 

will charge the coil in twenty-four hours 

and the 425 KW· supply 1~i ll charge the 

coil in four hours. 

The neuLr·dl-beam pm·1er supply must pro­

vide approximately 22.5 ~1W at 60 kV for 

the D beams and 22.5 f·1W at 90 kV for the 

T beams. The power is taken off the 
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Do To 

15 15 

fiO 90 

4 4 

2 2 

69 46 

0.75/0.18/0.07 0. 75/0.18/0.07 

0.300 O,i'45 

.multi -aperture multi -aperture 
'u ](j 

0.45 0.4.5 

de de 

0.5G - 0.59 0,56 - 0.59 

electrical grid. Polyphase SCR rectifiers 

are the most likely choice for developing 

these voltages. Spark protection .probably 

t:an be prov1 ded by vacuum switch tubes for 

these vo) tage ranges. A high frequency 

polyphase 5CR r~cLtf1er With a saturnted 

Llrne delay transformer (STDT) ·could be 

considered as an alternative to the ~bove 

sys tern. 

Characteristics of these power·supplies 

are sum~arilr.rl in Tnhlp. 7. 

TRI TI Uf·l IWIDLI NG 

. Essentially all of the tri t;i u111 entering 

the tbrus during operation of the TETF is 

delivered by the T0 neutral injectors. 

Maintaining il fPr>rl rate to the tot'US nf 

-v 15 gram/hour requires that "'. 120. 

gram/hour be supplied to the T0 neutt-a l 

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 

tri ti tun inventory for the TETF of -v 650 



TABLE 7. TETF Pov1er Supply Parameters 

Power pulsed directly off-line 

power 
voltage 

OH coil system (copper coils) 

type 

peak vo 1 tage 
EF coil system (copper coils) 

type 

peak voltage 

TF coil system 

100 M.~ 
132 kV 

polyphase SCR 
rectifier 

2150 VOlt 

polyphase SCR 
rectifier 

2650 volt 
70 kW 

Neutral beam injection system accelerators 

type polyphase SCR 
rectifier 

22.5 I.,H D injection (60 kV) 
T injection (90 kV) 

grams. TETF fuel recycle and processing 
is based on four T0 neutral injectors, each 
equipped with two i nte1·changeab 1 e gas 
pumping systems that are turned over for 
regeneration on an hourly basis. The 
triti 1!m inventory within each fnjector is 
cleaned up t1~i ce a day by one of three 
parallel exhaust processing systems. 
Pumping and processing for the fou1· 0° 
neutral injectors is carried but in 
ess~>ntially the same manner as described 

auove for the T0 injection systems. The 
plasma exhaust is processed by ~ separate 
system and is turned around once a day. 
Each of the three process i WJ sys toms (for 
the T0 irijccto1·s, 0° injectors ,1nd the 

plasma exhaust) contains: a p~rification 
train to remove non-hydrng(~ncoliS irnpul'i ties 
and a cryogenic distillation cascade to 
carry out the r·equi red hydrogen isotope 
separations. Characteristics of the 
tritium 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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22.5 t·IW 

of twenty-four oval cross section toroidal 
segments, 2.2 m high and 1.7 m ~~ide. The 
twenty-four segments are flanged together 
to form an irregular torus 1~i th a major 
diameter of 6 m. The wa 11 s of the chamber 
are formed from two parallel layers of 
integrated cooling panel (overall thickness 
~ 2 em/panel) that are weld.ed to the mating 

end flanges of each segment and cross braced 
with lateral spars for additional support. 
The surface of the inner cooling panel 
facing the plasma is coated 11ith a l01·1-Z 
material to minimize deg1·adation of plasma 
performance by sputtered high-Z materials. 
Both of the first··l~all panel laye1·s are 
cooled 1·1i th water and the maxi mum t.r.mrera­
ture reached at any point in the vacuum· 
vessel is < 400°C. Even in the regions 
of highest flux the strength properties 
of the 31G stainless steel st.ructu1·e .wi 11 

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 blocks (betv1een 



TABLE 8. TETF Tritium System Characteristics 

Injection system requirements 
T0 injection l'ate to p.lasma 
T0 input rate to injectors 
Tritium inventory per injector 

Inventory disposition 
Injector systems (4) 
Processors for injector recycle (3) 
Plasma exhaust and processing system (2) 
Contingency reserve storage ( 1) 

. To ta 1 

Tritium corisumption rate 

15 gm/hr 
120 gm/hr 
15 gm 

120 gm 
45 gm 

360 gm 
120 gm 

"' 650 gm 

880 gm/yr 

Tritium accumulation in first wall H~O coolont 
aftor 1 yco1· c.r UIJ~r·dLiun 103 - 104 Ci 

the vacuum vessel and interior stroight 

section or Lhe D-shaped Tr coil) are com­
posed of stratified layers of stainless 
steel and B4 C in a configuration designed 
to maxir.11ze the radiation attenuation 

in an 0.9 m thick zone. The upper, 
lower and outer shield blocks ~rr 

composed of a l.OS m Lhi~k zone of stain­
less· steel, lead mortar and a limited 

amol.Jnt of B4C. 
Characteristics of the fi~st wall and 

magnet shield are summa.rized in Table 9. 

The nuclear· performance is summarized in 
Taule 10. 

TABLE 9. TETF First wall and Ma~net Shield Pnrameters 

Fir:;~ .. !·/a 11 

11ateri a 1 
.Thickness 
Construction 

Coolant 
t~mporaturc (inl~t/~xlt) 
pres~ UI'C 

Maximum temperature in SS 
l·laximum /l.l through coolant panel 
l~aximum AT during burn cycle 
11aximum therma 1 strain va ri n ti on 

fully l'es trained 
restr~ined aya1nst bending 

Maqnet Shield 

1•1ateri a 1 
Thickness 

insid~ 
outside 
top and bottom 

Cool;mt 
Maximwn structural temperature 

100 

low-Z coated 316 SS 
4 em 
2 layers of integrated 

coolant panel 
H20 

38ur:; < 1 oo6c 
< 2000 psi 

290°C 
150°C 
i40°C 

0.35% 
0.15% 

SS/B4C/Pb-mortar 

0.9 Ill 

1.05 m 
1.05· m 

H20 
< 200°C· 



TABLE 10. Summary of the Nuclear Performance of the TETF First 
Wall and Shield 

Average neutron wall loading 
·Assumed duty factor 

Firsn·Jall 
Average fusion neutron current to wall 
Maximum neutron fluence (0-15 MeV) 
Maximum gamma-ray f1 uence ( 0-15 t~eV) 

Surface heating (p.lasma and beam ions, 
neutrons and radiation) 

Maximum nuclear heating 
Atomic displacement 
Helium production 
Hydrogen production. 
Specific radioactivity (curies/cm3 

after 5 years of operation) 

Maximum Values in TF Coil 
Neutron fl uence 
Garrma ··ray fl uence 
Radiation-induced resistivity in Cu 

stabilizer (1 11\·l-yr/m2) 
Dose to mylar (1 MV1-yr/m2) 
Nuclear energy deposition per coil 
Total nuclear energy deposition (12 coils) 
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1. IL t~. Stacey, Jr .. , etal., Tokamak 

£ngineering Technology Facility Sr.oping 
. Study, ANL/CTR-76-1, Argonne National 
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2. W. ~1. Stacey, Jr., et al., "Tokamak 
Experimental Power Reactor Conceptu~l 
Design, ANL/CTR-76-3, Argonne National 
Laboratory, (August, 1976). 

3. D. L. Jassby, Nuclear Fusion, 16 
(1976), p. 15. 

101 

0.2 MW/m 2 

. 50% 

8.86 x 1012 n/cm2/s 
2.25 x 1021 n/cm2/yr 
4.94 x 1020 photon/cm2/yr 

25 W/cm2 

2.1 W/cm 3 

1.1 dpa/yr 
21 appm/yr 
52 appm/yr 

20 

2.1 x 1016 n/cm~/yr 
2.9 x 101 5 photon/cm2/yr 

6.6 x 10- 9 n-cm 
1.0 x lQB rad 

11 ~tatt 

132 watt 
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REVIEW OF THE ANL PROGRAM ON LIQUID LITHIUM 
PROCESSING AND TRITIUM CONTROL TECHNOLOGY* 

W. F. Calaway, E. H. VanDeventer, B. Misra, 
C~ J. Wierdak** and V. A: Maroni 

ARGONNE NATIONAL LABORATORY 

Bench-scale ~xperiments are currently in progress at ANL to remove 
tritium and other nonmetallic elements (H, D, C, N, and 0) f1·om molten 
s~lts. Rpsults are reported for S!Jar-ylnq exoerimPnts in whh;h protium 
and deuterium at concentrations of 2 to 10 wppm have been recovered from 
liCl-KCl and liF-LiCl-LiBr solutions using HCl as the spargP. gas. These 
rP.sult& give fi1·m ~vii.lt!llt;l:! that t1 iiiolten sa1t extraction process has the 
potential to maintain tritium levels in liquid lithium fusion reactor 
blankets at or below 1 wppm. Initial experimental tests on electrochem­
ical evolution of protium and deuterium using specially prepared porous 
graphite electrodes are also presented. A lithium processing test loop 
(lPTL) is described which ~1ill 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 thro11gh selected materials are continuing 
in an effort to develop balTiE:rs to tritium intgration. Results are pre­
sented for experiments performed on metallurgically bonded aluminum 
bronze/304-SS multiplexes and on Haynes alloy 188 in the temperature 
ranqe 200 to 700°C and with hydrogen (pr·ullum) driving pressures of 
from 0.3 to 200 Torr. A lliyh res1Stance to permeation has been observed 
for aluminum bronze which is attributed to impurity coatings on the 
metal surface. The ·hydrogen permeability 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. 

. . 

INTRODUCTION formation will be demonstration of technol~gy 
As demon!:trat·ion of ·ustained D-T fusion 

approaches, it i~ t>ecoming incredsingly more 
imperative .to develop the support technology 
required to transform proof-of-theory plasma 
experiments into practical power generating 
devices. An important a!;pect of this tr·dus-

. to contain and control tritium in fusion re­
actor systems. From an.economic .viewpoint, 
it is essential to minimize costly tritium 
inven~ories. This will rPquire 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 Illinois Institute of Technology 
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0-T fusion power reactors to become the clean 
and safe energy source which has been envi­
sioned, the tritium 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 
prog~ess 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 low 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 liquid 
lithium. This has proveu to be 11 formidable 
task since lithium has great tenacity for 
hydrogen isotopes(l) and since it will prob­
ably be necessary to maintain tritium levels 
in the lithium blanket at Sl ppm.( 2,J) A 

method under developmer;~ at ANL·which ·stiows 
promise in achievi'lg thl:! i'equin'!cl low tri­
tium level is the molten salt extraction 
process.( 4,S) Besides being well suited for 

tritium control, this process has the addi­
tional advantage of simultaneously removing 
other nonmetallic impurities (e.g., H, 0, C, 
N, and 0) from the lithium blanket, thus min-

1m1z1ny tin.-! c.or·rosivc effects of lithium. 
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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.( 4) Based on 
this study, a processing scheme was proposed 
whereby tritium could be removed from a 
liquid lithium fusion reactor blanket by 
(1) contacting a portion of the lithium.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 evaluat~ 
gas sparging and electrochemical techniques 
as possible methods for removing deuterium 
and protium (used as substitutes for tritium) 
from molten salts.(S) In addition, an en­
gineering scale lithium 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 HCl as the reactive gas 
and either LiCl-KCl or LiF-LiCl-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 
simulate the anticipated condition of the 
salt when it returns from the lithium con­
tactina opP.ration in an actual processing 
system. A quantity of HCl equimolar to the 
Li plus LiD present in the salt is bubbled 
through the molten solution in a closed 
loop producing the reactions, 

LiD+ HCl + LiCl + HD (1) 



li + HCl. ~ liCl + 1/2 H2. (2) 
Since hydrogen is practically insoluble in 
the molten salts under study, it enters the 
vapor 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 mass spectrometer. De­
tails. of the experi menta 1 procedure are 
given elsewhere. (S, 6) 

Initial experin1ents examinP.d recovery 
of deutel"iUJll frum L1t:J-KC1 eutectic as a 

function of such parameters as (1) the con­
centration of LiD, (2) thP. concentration of 

U, (3) the amount of HC.l, and (4) the salt 
temperature. Results which typify this 
series of experiments are given 1n Fig. 1, 
where the concentration of HD above the salt 
(as determined mass spectroscopically) is 
recorded with time. As seen in Fig. 1 and 
as found in all experiments with LiCl-KCl, 
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 AD is generated as HCl is ~dded to 

MOLTEN SALT -liCI/KCI EUTECTIC 
. SALT TEMPERATURE~500°C 

QUANTITY OF SALT-1,000g(l8moles) 

125 Torr-1 HCI (6.8 m mole)' .. , 
. . . ~, 

17.5 mq i iD W:lrn mule)} 
+33mgli(4.7mmole) \. 

I 

the system. Once the reactions have reached 
completion, the gas stream is directed 
through a hot titanium bed which getters out 
the· hydr.ogen isotopes as shown in Fig. 1 by 
the return of the HD signa 1 to its ori gina 1 

·base'line. The spontaneous generation of 
HD is unexpect~d and was at first attributed 
to residual acidity or impurities in the 
system. (S). However, when exr.P.ss metallic 

lithium, which should tie up impurities Rnrl 

chlO~,dP, is added to the ~a1t, a~ in Fig. 
l, the spontaneous generation of HD.persists. 
In fact, no amount of li or LiD appe(lrs tn 

alter this spontaneous conversion .. Also 
typical· of these sparging experiments is a · 
low HD recovery efficiency. Generally, less 
than 50% of the deuterium added to the salt 
is recoverPd as HD. For the experiment in 
Fig. 1·, 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 HCl. Results from 
these experiments revealed the following: 
(1) recovery nf H2 was significantly hnproved 

t 
{I~SE~T TITANIUM BED ~ 

·1 (:>5Q Cl . . :€ 
I­
z 

0·---=~----~2~--~3~1~4~J_~6~~~8~~~10~ 
RELATIVE TIME, hours 

FIGURE 1. Results of a Typical Gas Sparging Experiment to Recover 
Deuteri~m from a Solution of LiD in LiCl-KCl Eutettic 
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(compared to the HD recoveries)· being in the 
range of 70 to 100%; and (2) the amount of 
H2 spontaneously 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 o2 was formed in the LiD experiments 
and t~at 'the observed HD concentration was 
controlled by the amount of H2 available 
for the exchange reaction 

02 + H2 t 2HO. (3) 
The reason for the ~pontaneous generation . 

of o2 and H2 is believed to be associated 
with the molten salt which was selected. 
It has.previously been recognized that me­
tallic lithium can reduce the potassium 
cation in LiCl-KCl. <7•8) It also appears 

MOLTEN SALT-LiF/LiCI/·LiBr 
SALT TEMPERATURE- 500"C 
QUANTITY OF SALT - 900 g 

(15moles) 

200 Torr- J. HCI ( I0.9m moles)~ 

.. 15.5mg Li H (1.95m mo.lesJ 

59.9mg U (8.6m m?: ( 

0 

that lithium hydride can reduce potassium 
·cations by the reaction 

LiH.+ KCl t LiCl + K + 1/2 H2. (4) 
The potassium generated by the above reac­
tion vaporizes; thus, the salt is a sink 
for iithium and any hydride in the salt 
will decompose. The implications of the 
above reaction do not favor the use of 
LiCl-KCl eutectic in any large•scale ex­
traction process since significant amounts 

. of potassium metal would dissolve· 'in the 
liquid lithium.stream returning to the 
reactor blanket. 

Experiments were, therefore, initiated 
on a molten salt which contains no potassium. 
An a11-lithium halide solid solution (9.5 
w/o LiF, 22.1 w/o LiCl, and 68.4 w/o LiBr) 
was prepared and experiments to recover LiH 
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FIGURE 2. Results of a Typical Gas Sparging Experiment to Recover 
Protium from a Solution of LiH in LiCl-KCl Eutectic 
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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 HCl. 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. 
ABo notP. that the proti urn came out of thB 
salt an order of magnitude faster than when 
using LiCl-KCl. This very rapid extraction 

·is consistent with the recovery rate expected 
for the sparging reactions [eqs. (1) and (2)]. 
In the LiCl-KCl experiment, the rate of 
spontaneous generation of hydrogen isotopes 
probably represents the rate of vaporization 
of potassium after its reduction. (8) The 
secondary rise upon addition of HCl in the 
LiCl-KCl experiments is controlled by the 
rate of isotopic exchange of the hydrogen 
isotopes [eq. (3)]. 

Using the all-lithium salt~ extraction· 
of LiD was also examined. In these e~peri­
ments, the three mass peaks of interest (H2, 
HD, and D2) 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-i of. D2 added to the 
cover gas was reacted with i ithi um added to 
the salt (not shown in Fig. 3). The first 
lithium additions did not lower the D2 cover 
gas concentration presumably due to the 
lithium reacting with HCl or impurities in 
the salt. Further additions of lithium re­
duced the D2 concentrations to background 
levels. (An experiment such as this was un­
successful when LiCl-KCl 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-1 
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90 

FIGURE 3. ~ecovery of 0.1 g LiD from 900 g 
.LiF-LiCl-LiBr at 500°C. At time, t = 15 
min, :400 Torr-1 of HCl was added to the 
sparge stream, and at t = 50 min, the gas 
stream was directed through a hot. titanium 
bed. · 

of HCl. As is seen, H2, HU, and 0~ are all 
generated from the spargi ng reactions. , .. he 
relativeheights of the three molecular iso­
topes confirm that they are equilibrated 
via eq. (3): The ainount of deuterium ex­
tracted either as HD or 02 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 
mOltNt salt (L1F-L 1C1-L1Br) by spargfntJ hcts · 
been successfully demonstrated as described 
above. ·Removal appears to be complete with­
out adding excess HCl. The complication of 
having the salt saturated with metallic. 
lithium does not interfere with the recovery 
process beyond requiring additional amounts 
of HCl 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 1 eve 1 . l~ith 

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 lithium circuits. 
Electrochemical Studies 

Experiments are presently under way to 
develop the methodoloqy for electrochemical 
extraction·of hydrogen isotopes from hydride 
solutions in molten 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 HCl. The experimental apparatus 
used for these studies is essentially the 
same.as for the sparging experiments. Argon 
is circulated in a closed loop through the 
molten· salt while deuterium concentrations 
in the argon stream are monitored with a 
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mass spectrometer. A hollow porous electrode 
is used both as the gas bubbler and the anode 

of the cell so that the o2 generated by elec­
trolysir is swept out of the salt by the cir­
culating argon before the lithium which sat­
urates the salt can back react with the o2. 
The cathode is a stainless steel rod. Exper­
iments are performed by applying· a constant· 
voltage across the cell and then adding 5 ~o 
10 mg of LiD to LiF-LiCl-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! 9) 
and (3) a porous metal electrode made of 
sintered 316L stainless steel. To date, both 
types of graphite electrode have been exam­
ined. Typical results for the uncoated and 
coated electrodes are given in Figs. 4 and 
5, respectively. 

MOLTEN SALT-LiF/LiCI/ Li Br 
SALT TEMPERATURE- 500°C 
QUANTITY OF SALT- 900g 
ELECTRODE VOLTAGE- 0.9V 

2 3 ' 

RELATIVE TIME, hours 

FIGURE 4. Results of a Typical Electrochemical Experiment to Evolve 
Deuterium using a Graphite Electrode 

107 



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 th~ 
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 D2 concentration in­
crease, as shown in Fig. 4. Note that the 
shape of both curves are consistent with· 
what is expected for thP. ~l~(trochcmical 
evolution process. The current increases 
sharply when the LiD is added and then de­
creases as the deuteride ion is depleted 
from the salt. The D2 gas concentration 
grows in more slowly and levels off as the 
electro lys ·j s progresses. Recovery effi cien­
cies (as D2 and HD) are typically 25 to 50% 
for these experiments. No buildup of L i 0 

is occurring in the salt, which implies that 
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 
poteullal 1ncr~a.ses. Two rossiblo mcch<:mi:~m:~ 
for the loss of o2 are {l) decomposition of 
the salt allowing the o2 to react to form 
DBr, and (2) interaction of D2 with the 
graphite electrode to ·produce hydrocarbons 
(e.g., co4 or c2o2). 

Wh~n using a ceramic-coated graphite 
electrode, o2 is generated only above 2.5 
volts, but the o2 recovery efficiency is 
greatly improved. For the particular exper­
iment shown in Fig. 5, 93% of the deuterium 
was recovered as o2 .. This high recovery 
efficiency is typical of extraction experi­
ments carried out down to l wppm deuterium. 

In compar.ing the experimental results for 
the two electrodes, an obvious feature is 
the different rates at which o2 is generated. 
The coated electrode generates o2 much faster 
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MOLTEN SALT- UF/Li CI/Li Br 

SALT TEMPERATURE·500"C 

QUANTITY OF SALT· 900g 

ELECTRODE VOLTAGE-2.5V 

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

than thP. uncoated, possibly becaus~ the 
ceramic layer inhibits back rP.ar:Hon of the 
o2 with Li in the salt. However, the ceramic 
mo~t likely stabilizes a polarizati~n layer 
around the electrode which accounts for the 
much higher potential required to liberate 
the o2 compared t.o the uncoated electrode. 

It is apparent from·the electrochemical 
experiments which have been completed to 
date that back reaction of o2 with the· lith­

ium which satur·ates. the molten salt can be. 
successfully prevented using a sparged elec­
trode. Recovery of hydrogen isotopes down 
to 1 wppm 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
ized, electrochemical evolution will, in 
all probability, be the preferred method 
for recovery of hydrogen i.sotopes 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) h~s been designed which will (1) test 
the effectiveness of semi-continuous molten 
salt extraction using one vessel that acts 
as a p~eudo mixer-settler; (2) evaluate the 

efficiency of an elevated temperature getter 
trap (probably containing zirconium) and a 
therm~lly 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 lithium 
loop systems. Provisions are made in the 
design for attachment of additional experi­
mental test sections, e.g., monitoring de­
vices, other types of gettering materials, 
and heat-exchanger mock-ups. A simplified 
schematic drawing of the processing loop is 
shown in Fig. 6. The facility is being fdh­

ricated from 304L stainless steol 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. 
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FIGURE 6. A Schematic Diagram of the Lith­
ium 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 isotopes 
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-

"b d . . bl. t" (lO,ll) sen e 1n prev1ous pu 1ca 1ons. 
A major finding of the studies;carried out 
to date has been that a 1 umi num bronze ( 10 w/o 
Al, 4 w/o Fe, Bal. Cu), a convnercially 
available high~strength corrosion-resistant 
copper alloy, develops appreciable resis-
. . . . 

tance to hydrogen permeation on standing in 
relatively cl~~n environments at elevated 
temperature.(lO) Because of the substantial 

technology ba~e that exi~ts 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 

inh1bitor 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
lurgical multiplexes, a 304-SS/alunrinum 

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 all-metal high-vacuum 
system described in ref~rence·ll. The hy­

qrogen permeahility of both samples was 

found to drop from a value near that expected 

for a comparably tt'li~k Ph.:ce uf purp, <;tain~ 

less steel to a value some 30 times lm~er 

o~er a period of a few weeks. Examination 
of the 304-SS/aluminum bronze/304-SS multi­

plex after permeation experiments showed 

that the sample had delaminated at ·both in­

terfaces and that, in spite of the comp 1 ete 1 y 

weld-enclosed nature of the interface regions 

(see reference 10 or 11 for sample conf1gura­
.tion), both surfaces of the bronz~ inner 

layer were visably oxidized. A similar de­

lamination of the 304-SS/al.uminum bronze du­
plex is suspected to have occurred; however,. 

~t the timft of writing thP f.ampl~ hi.ld not 
been dismantled fur 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 s1de of the permeation appi.lr·<~tus 

(an extremely clean environment in our sys­

tem), but after nearly two months of study, 

the sample was re-er·sed su that the bronze 

layer faced the upstream side. Little change 

in penneation rate was observed for the re­

versed sample when results werp compared to 

the lowest curve in rig. 7. 
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 

niea5urements was assumed tu IJe associated 
with the delamination and subsequent sur­

face oxirlilt.ion of the bronze. The cause 
of the delamination was attributed to (1) 
1nnd~<)Uille sUI·face c1edu1ny prior tO' the 

bonding step and/or (2) ~erluction in metal­
lurgical 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 la_yers -- probably aluminum oxide 
or a tet·nary oxide. Current efforts in 

this phase of the ·barrier development stud­

ies 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 



t9 measure the magnitude of thermal contact 
resistance effects in mechanical and metal­
lurgical multiplexes. A thermal conductivity 
apparatus based on the guard-heater principle 
was assembled and studies of (1) a mechani­
cally bonded 304-SS/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
tivity of 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-SS/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 
over a period of about two week?· This drop 
in thermal conductivity has beeh tentatively 
attributed to the buildup of oxide layers 
(at higher temperatures) at the two mechanical 
interfaces of the multiplex tube. Efforts 
to find solutions for potential interface 
heat transfer resistance problems in multi­
plex configurations are presently under way. 
Cladding Concepts for Advanced Refractory 
Alloys 

Because vanadium-base alloys are leading 
candidates as liquid lithium·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 alloys (for the exterior 
surfa~es of vanadium structures~ that are 

' I 

air-stable at' elevated temperatures (600 to 
lOoouc). The Hayn.::s series of alloys offer 
one potentially useful class of materials 
for this application because their upper 
opera~ing temperature limit in ~ir is in 
e·xcess of 1000°C. Assuming that the hydro­
gen permeability of vanadium in a Haynes 
alloy/vanadium/liquid lithium configuration 
would. remain relatively high(ll) over 
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Selected Haynes Alloys 

extended operating times, the question of, 
further tritium permeation through the 
cladding alloy becomes significant. Figure 
8 shows that results of a hydro~en permea­
tion study carried out in our laboratory 
(during the first quarter of calendar 1976) 
for Haynes 188 (38 w/o Co, 22 w/o Cr, 22 w/o 
Ni, 14.5 w/o W, 3w/o Fe, 0.15 w/o C, 0.15 w/o 
La). The results were obtained for upstream 
hydr·ogen pressures in the range from 0. 3 to 
180 Torr and temperature~ in the range from 
200 to 720nc. Over thi~ 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(l 2) is also included in Fig. 8 for com­

parison purposes: The hydrogen permeabili­
ties of these alloys are in the same ·range 
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), 
eel STP) -mm/cm2 ."hr- atm 112 

~ (Haynes 25) = 327 exp{-15,100/RT), 
cc (STP) -rrun/cm2 ·.hr· a tm 112 

Depending on the actual permeability of 
vanadium in the clad configuration discussed 
above, the rate of hydrogen pP.rmP<l ti on through 
a Haynes 188 or 25 clad could approach that 
wl.idr wuu1tl uht<~itl 'it the vanadium were not 
even present. At temperatures above 500°C, 
the need for addition~l permeation barriers 
in Hdyr~s c1ad 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 leatl to increased permeation resistance 
if, for example, stable oxide layers can be 
made to persist. 
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TRITilir~ PROCESSING AND CONTAINMENT TECHNOLOGY 
FOR FUSIOU REACTORS: PERSPECTIVE AND STATUS* 

Victor A. Maroni 

ARGONNE NATIONAL LABORATORY· 

This paper reviews the status of selected tritium processing ancl contain­
ment technologies that wi11,1:>e required to support the development of.the · 
fusion energy program. Considered in order are the fuel conditioning and 
recycle systen1s, the containment ancl <:1 eanup systems, the b lilnket proce!l!! i ng 
systems, and two unique problems relating to .tritium interactions in neutral 
beam injectors and first wall coolant circuits. The ma.jor tPr.hnical prob­
lem lll'!!ll., app~ar· tu 1 le 1n tn~ development of (1) high-capacity, rapid recycle 
plasma chamber evacuation sy.s.~'ems; (2) larg~-capacity {!::100,000 cfm} air 
handling and processing system·s for atmospheric detritiation; (3} tritium 
recovery. technology for liquid lit hi urn blanket concepts; ( 4} tri ti urn com­
patible neutral injector systems; and (5} an overall approach to tritium 
handling and containment that guarantees near zero relea~e to the environment 

·at a bearable cost. 

lNTROpuc:p ON 
The tritium handling and containment re­

quirements of .both near- term and 1 onger­
range fusion devices hilVP h~;>en under e:tudy 
for nearly a decade. Although still in its 
infancy, the tritium technology program 
that is evolving in support of the develop­
ment of fusion power is beginning to make 
substantial progress in tenns uf (1) defin­
ing the criteria for fusion reactor t.r·itium 
facil ily operations and (2) identifying 
tractible design solutions in a number of· 
eminent problem areas. By coupling this 
progress with the r·r~t.her· s 1 zeab 1 e tritium 
technology base that already exists as a 
result of other tritium related programs at 
Savannah River laboratory, Mound Laboratory, 
Lawrence Livermore Labor·d lory; Los A 1 amos 

Scientific Laboratory and other research 

and lh:!velu!Jment centers, it is now possible 
to define in broacl terms the scope of much 
of the work thot will b~ r·e4ulred to full­

fill the lrH 1 urn hand 1 i ng a·nd containment 
requirements for the first generation of 
OT burning fusion devices and for those 
that lie beyond. 

The purpose of this paper is threefold: 
( 1 ) to pro vi de· 30mP. pt!l'~l'"''.-1' ·; v"' •Jn t h11 
nature of the tritium processing and con­
tainment pr·oblems ·currently envisioned for 
DT burning fusion devices, (2} to identify 

the areas where major resear<:h and develop-
-ment rfforts 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 conjectural 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's 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
cus~ions following this introduction con­
tain summaries of the technological require­
ments associated with (1) the mainstream 
fuel cycle (with emphasis on OT burning de­
vices), (2) containment and cleanup system~. 
{3) blanket processing systems, and (4) sev­
eral unique problem areas associated with 
systems that interface with the triti urn 
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 tritium 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 OT 
burning fu&ion r~actors. Because only a 
few percent of the fuel del.ivered to the 
plasma chamber is uctually 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~ the un­
burned fuel in an easily recycleable form; 
(2) to reduce particulate debris (from 
plasma w~ll interactions) and non-hydrogenous 

impurity element concentrations in the fuel 
to levels that are acceptable for refueling 
purposes; (3) to remove protium (1H) from 
the 0-T mixture and to adjust the 0/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(l-5) have provided 
sonie perspective on the evacuation l'equire­
ments for experimental tokamak reactors. 
Clearly, there will be need to handle larg~ 
gas loads (on the order of 5 Torr-liters per 
thermal M~) in short time periods and to do 
so repetitively with little or no interrup­
tion. The pumping equipment must be reliable 
and maintainable, must operate in a hiqh 
radiation environment, must be capable of 
pumping all 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 reason­
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. 

Th1·ee bu"ic types of high-speed, lnrge­
capaci':.Y pumping niethods have been consid­
ered for use in near-term experimental reac­
tors<1·2·4): (l) 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, rapid recycle evacu-

ation methods. 
2. Verify compatibility with tri-

tium and adequacy of tritium 

contfl i nment. 

3. Establish interface-technology 

with plasma chamber and with re~ 

B. 

c. 

generaL i tm sys tP.ms. 

4. Determine consequences of radi-
ation effects and maintenance 
rPquir~ments. 

Impurity Removal and Honitoring. 
1. Analyze debris transport mech-

anisms and determine conse-
quences. 

2. Develop debris separation and 

handling technology. 
3. Develop nonmetallic element 

removal methodology. 

4, Deve 1 op he 1'i um remova 1 1Hethod-
ology. 

5. Establish impurity monitoring 

methods. 

Hydrogen Isotope Enrichment 

1. Define separations and enrich-

ment needs. 
2. Identify usable enrichment tP.ch­

nology. 
. 3. Detennine optimum processing 

i11Vl1P.s ( IJa tch vs. con t i nuuus). 
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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II. 

assemblies. 

D.; Hardware Development 

1. Establish criteria for hardware 

performance. 

2. Identify hardware development 
needs (e.g., valves, compressors, 
pumps, traps). 

3. Verify compatibility with tri­

tium and adequacy ·of 'tri ti urn 

containment. 

E. Integrated Syste~s l~sts (Fuel Cycle 
Simulat,ion) 
1. Verify identification of all 

pro~~ssing itQP'· 
2. Optimize processing sequence. 
3. Determine hardware and component 

interfacing requirements. 
4. Conduct fuel cycle simulation 

studies. 
Containment and Cleanup Systems 

A. Primary Containment 

1. Estal.Jlish optimum structural 
mal'.er·iillt: (e.!].·. pt?rm~ation rem 

sistant, nonem~rittling}. 

2. Develop leak-free assembly tech­
nology for permanent ~nd tempo­

rary connections. 

3. Develop permeation barrier 

methods (e.g., coatings, com­

posites} for both ambient and 

elevated temperature oPeration. 
4. Investigate permeation rates and. 

medtanisms at low drivin~J JJres­

sure. 
B. Scc~ndary Containment 

1. Jdentffy secondary conta1nment 

requirements. 
2. D~velop and test peripheral 

jacketing methods. 

J. Determine optimum flow patterns 

and geometries. 

4. Establish access ~nd mainten­
ance requiren~nts. 



TABLE 1 (Cont'd.) 
5. Analyze· features of permanent 

and portable enclosures (e.g., 
gloveboxes, fumehoods). 

6. Develop purge processing tech­
nology. 

C. Tertiary Containment 
1. Develop and test high-veiocity 

air circulation and processing 
systems. 

2. Ide.ntify, characterize, and op­
timize oxidation catalysts, ad­
sorber beds, therm~l economizers, 
and regeneration procedures for 
air detritiation systems. 

3. Determine effects of major var­
iables (e.g., temperature, humid­
ity, flow pattern, air mixing). 

4. Develop methods to minimize re-. 
sidual contamination and out­
gassing following releases (e.g., 
short cleanup times, hydrophobic 
coatings). 

5. Investigate kinetics of reactions 
inv·olving tritiated species in 
ambient atmospheres. 

6. Establish cost/benefit factors 
for· alternative cle.anup str.ate­

gies. 
~. Wast~ n;~pn~al TP.chnolo~v 

1. Develop strategies and method­
ology for maximum tritium rP.cycle. 

2. Establish technology for safe, 
compact, low long-tenn release 
tritiated ·.1aste disposal. 

E. Integrat~~ Systems Tests 
1. Verify integrated operation of 

the three levels of containment 
(primary, secondary, and terti­
ary). 

2. Carry out realistic deliberate­
release experiments. 

Ill. Storage, Shipping, and Safeguards 
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A. Storage 

1. Develop and test fuel storage 
concepts .. 

2. Establish criteria for storage 
vault integrity. 

B. Shipping 
1.. Establish standards for shipping 

and verify compliance with fed­
eral regulations. 

2. Verify production capabilities. 
3. Examine anticipated product 

and shipping costs. 
4. Determine production scheduling 

requiremcnts_and concomitant 
programmatic impacts. 

C. Safeguards 
1. Establish safeguards implica­

tions for facility and shipping 
operations. 

2. Determine reactor surveillance 
and site protection criteria. 

3. Prepare safeguards 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. 

2. Identify and develop blanket 
processing methodology. 

3. Verify mai ntai nabil ity and re­
liahility of blanket pt·ocessing 
systems. 

B. Solid Blanket Concepts 
1. Verify adequacy of.tritium re­

lease rates from solid blanket 

mat~rials. 

2. Establish long-term performance 
of solid blanket materials in 
anticipated radiation environ­
ments.-

3. Develop and test tritium 
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recovery methods. 

C. Molten Salt Blanket Concepts 
1. Determine chemical effects of 

transmutation reactions that 
produce tritium. 

2. Develop and test tritium recov­
ery methods. 

3. Verify maintainability and reli­
ability of blanket processing 
systems. 

V. Selected Additional Topics 
A. Instrumentation and Control Systems 

1. Develop fuel cycle diagnostic 
systems. 

2. Develop breeder blanket diag­
nostic systems. 

3. Establish integrated tritium 
facility maintenance, control, 
and response strategies and 
develop systems. 

4. Verify performance of monitoring 
and diagnostic methods in antic­
ipated power reactor radiation 
environments. 

B. Neutral Beam Injector Interfacing 
1. Identify important tritium inter­

actions in neutral injector 
systems. 

2. Establish ·tritium containment 
criteria and develop containment 
methods. 

3. Determine impact of tl'i ti um con­
tainment on injector maintenance. 

C. Coolant/Tritium Interactions 
1. Identify and characterize mode:;; 

of tritium insertion into cool­
ant systems. 

2. Establish tritium buildup rates 
for hyrlrogenous coolant concepts. 

3. Develop methods for removal of 
tritium from nonhydrogenous 
coolants. 

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. 

generally require 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 cryogenic methods are committed to re­
generative operation; hence, where continu­
ous on-line pumping is necessary there would 
undoubtedly be need for Pi'! ra 11 e 1 i ng redun­
qant 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 
r~actors and in related devices with sim­
ilar evacuation needs. This contention is 
generally well supported by the recent 

'studies of Watson and Fisher( 9,iO) and by 
the earlier work of Stern et al.(ll,l 2l 
Impurity Remova 1 

The principal impurities identified thus 
far that w111 in all l-ikelihood be present 
in the plasma exhaust of magnetic-confine­
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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TABLE 2. Summary of Selected Tritium Research and Development" 
Activities in Support of the Fusion Energy Program . 

Research and 
Development 

Area 
Mainstream Fuel 
Cycle 

Laboratory and 
Cognizant 
Personnel 

ORNL (J. S. Watson, 
P. W. Fischer, S. 
D. Clinton et ·al.) 
LLL (R. G. Hickman, 
T. R. Galloway, V. 
P. Gede et a 1.) 

ML (L. J. Witten­
berg, W. R. Wilke's 
et al.) 

ANL (V. A. Maroni, 
B. Misra et al.) 
LASL (J. L. Ander­
son, R.·H. Sherman 
et al.) 

Containment and LLL (T. R. Galle­
Cleanup Systems way, A. E. Sher­

wood, M. F. 
Singleton et al.) 

Blanket Chem­
istry and 
Blanket Pro­
cessing Tech- · 
no logy 

ML (W. R. Wilkes, 
L. J. Wittenberg, 
E. A. Mershad, J. 
Kershner et a 1..) 

LASL (J. L. Ander­
son, D. Carstens 
et al.) 
ORNL (J. S. Wat­
son, J. B. Talbot, 
J. T. Be 11 , F . J . 
Smith, G. M. Begun 
et a 1.) 

BNL (J. R. Po~ell, 
R. H. Wiswall et 
al.) 
ANL (W. F. Calaway, 
E. V~leckis, V. A. 
Maroni et al.) 

Uni v. of Wi sco'ns in 
(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 Hardv1are Assessments 
Surveys of Existing Technology 
Hydrogen Isotope Separations 
Metal Tritide Technology 
Analysis of Fuel Cycle Strategies 
Analysis of Enrichment.Strategies 
Fuel Cycle Strategies for a-Pinches 
Fuel Recycle in the INS 

Analysis of Cleanup and Containment 
Strategies 

Tritium Oxidation, Adsorption, and 
Gettering 

Tritium Containment io 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 /\lloys 

Analysis of Breeder Blanket Strategies 
Experimental Studies with Solid Blanket 

Materials 
Studies of Molten Salt Extraction 

Concepts fo1· Td t i um Rt:mova 1 from 
Liquid Lithium 

Thermodynamic Studies of Hydrogen 
Isotopt~ Solutions in Lithium and 
Lithium A 11 oys 

Development of Lithium Processing 
Technology 

Development of Liquid and Solid Blanket 
Design Concepts 
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Research and 
Development 

Area 
Hydrogen Iso­
tope Permea­
tion and Other 
Phys i cochemi ca 1 
Studies 

Laboratory and 
Cognizant 
Personnel 

LLL (P. C. Souers, 
J. W. Pyper, R. G. 
Hickman et al.) 

Nature of Work 
Physicochemical Studies of Deuterium 

References 

7' 49' 50 
Tritide (DT) 

Tritium Implantation Effects 
Princeton Univ. 
(R. C. Axtman, 

Hydrogen Permeation at Low Pressures 
Tritium Holdup Due to Coatings 

21' 22' 43 

E. F. Johnson, 
H. K. Pe.rkins 

Chemical Engineering Analyses of Tritium 
in Molten Salts 

et a l.) 

ANL (E. Van 
Devculer, V. A. 
Maroni, R. Misra 
l:!l d l.) 

Development of Permeation Barriers 23, 38 
usfng Multiplex Materials 

K1netics of Reactions Involving 
Tr1t1ated Spec1es 

ORNL (J. T. Bell, 
S. D. Clinton; 

Tritium Permeation throuqh Steam Generator 20, 35 
Material~ · · 

J. D. Redman, F. 
J. Smith et al.) 

Oxidation of Permeatino Tritium 
Sorption Pumping by Deep Beds 

Sandia Livermore 
(W. A. Swansiger 
et a l.) 

Hydrogen Isotope Permeation through Metals 25 

N. C. State Univ. 
(T. S. Elleman 
et a l.) 

Tritium Diffusion in Metals and Ceramics 24 

out or reattach itself to the first wall, 
plans .must be made to accommodate the migra­
tion of some particulate material into the 
vacuum pumps and beyond them. Because the 
first wa11 wi11 become highly radioilctive 
after only a few days of operation even at 
modest wall loadings (0.2 to 1.0 MW/m2), 
the debris will also be highly rildioactive 
and maintenance of the vacuum pumps and 
ihe equipment imned1ately downstream ot them 
will be subject to increased complexity. 
Large quantitie~ of dehris 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 ·,r,.:.ore 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 or the 
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debris that entered the pumps during the 
torus pumping cycle. (Hopefully, most of 
the debris will indeed carry through the 
vacuum pumps so that pump lifetimes can be 
extended.) Removal of this debris from 
the fuel recycle stream can probably be done 
with some combination of electrostatic pre­
cipitators or millipore filters. If possi­
ble, the debris scpilration system should be 
located immediately downstream of the cryo­
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
stream of reactor fuel cycles. 

The perpetual presence of helium, 



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 fonn 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 re 1 at i ve 1 y 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-
1 i um present in the cryopump exhaust ei the1· 
could be allowed to CCJT"I'Y over into the 
enrichment system and be removed therefrom 
as an 1 nert/nonco .. Lll:!ll~ i IJ 1 ~ ~·ho:~e (pro vi ding 
this can·yover does not compromise the en­
richment operation) or could be ·separated 
from the hydrogen isotopes in ,,dvance 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 remain 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 fueling 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 {sotopic 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 diffusion), the match­
ing of mP.thod with application will undoubt­
edly depend on economy and re 1 i abi 1 ity. Con­
sirlerino thP l~rgc spent fuel flow rate for 
even experimental scale reactors (e.g., 
severa1 klluylali'IS pe1· dily of DT for to!r.ilmilk 
experimenta 1 power reactors ( 1 •4 )) , cryogenic 
distillation appears to be the most practical, 

reliable, and economic method for mainstream 
enrichment. 

A number of recent studies have addressed 

~ ' .. 



the question of hydrogen isotope enrichment 
for near-term fusion devices(l,4,15,16). 

The general conclusions of these studies 
have been that cryogenic distillation meth­
ods would permit the required enrichments 
to be made for most currently conceived de­
vices, including totally driven DT reactors 
where a nearly complete separation of the 
deuterium 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 .c:~tob 1 i.~h ur a ll~r· Lire 1 sotopomerl c 
equilibria among the six isotopomeric forms 
of hydrogen (H2, o2, T2, 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 recirculating 
power (i.e., ~~1%). 
Fuel Storage 

The identification of fail-3ofe fuel 
5torage methodoluyy will be essent1a I 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 bas·is 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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hydri
1
de beds, and ( 3) cryos tated 1 iqui d 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 requirements: (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
li very sys terns. References 1 throt.Jgh 7, 13, 
14, and 17 discuss some str~teoies and meth­
ods for fuel storage that would be applicable 
to mo~t 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 generations of fusion de­
vices. included in this phase of the program 
would be-consideration of (l) structural 
n~ter1als used in transfer linPs, v~lves, 
pumps, compressors, vessels, secondary con­
tainment systems, and related hardware; (2) 
elastomers, gasket and sealing materials, 
lubricants, coating substances paints, and 
nthPr 1Jl<lt9riali; r.mployed in non:Jtt·uctul'nl 
applications; and (3) the general hardware 
m~thodol 0qy to br. appliPrt in triti11m tr~n~­
fer and compression operations. 

For applications at ambient tempernture, 
the 18-8 stainle~5 steels nr~ regnrded(18) 

as being qualified for use in a high level 
tritium environment. Welding is the pre­
ferred joining method, !Jut junctions emp'loy­
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 f 



minimum and be restricted to low level tri­
tium environments( 3•18). Threaded seals 

are not considered to be suitable for tri­
tium service and should be avoided. 

It appears advisable 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. All hardware items that are 
not fully 1~elded will probably require a 
secondary containment shell with a P,roces­
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-
1 ated hardware items needs to be examined 
under the conditions of radiation environ­
ment, magnetic field, and temperature that 
are anticipated for their u5e in fusion de­
vices. References 3, 13, 18, and 19 con­
·tain discussions of criteria for materials 
a.nd 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 
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for future fusion power p 1 ants and, in the 
light 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, secondary, 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 syste~s. 
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 
with minimum maintenance, and (3} adequate 
containment without an excessive cost burden. 
Among the materials selection criteria would 
be the requirement that primary ~aterials 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. 
Th{s 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( 20-25 ) that provide some 

perspective as to the general scope and 
direction of currently ongoing programs is 
included in the references to this paper. 

I 
f 
f 
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Secondary Containment 
The secondary containment sys terns ~1i 11 

consist of integral jackets and other close 
fitting enclosures around transfer lines, 
valves, and other fuel cycle hardware. 
Gloveboxes, fumehoods, and portable en­
closures would also be utilized to house 
entire tritium facility systems that re­
quire hands-on operation or maintenance at 
regular intervals. In particular, portable 
enclosurpr; would he emrloyod during all 

routine and off-normal maintenance opera­
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 monit.ored .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 contuin some general infor111ation on 
the scope of and experience with secondary 
r.ont~inment system&. 
Tcrtiury Containment 

Tertiary containment applies to the air 
handling and detritiation systems servicing 
the reactor hall andother facility rooms 
where potential for either .entry or egress 
of tritium exists. Preliminur.v ilssessments 
have shown that the requirements imposed 
by the need to provide large-scale aLIIIu­
spheric detritiatiun in even exp2rimental 
scale reactor buildings are a major concern 
from the standpoint of (1) maintenance ac­
cess during reactor down periods, {2) com­
pactness of tritium handling equipment, {3) 
limitations to the spread of tritiwn contam­
ination, and (4) overall tritium facility 
costs. During the past year, several stud­
ies(1·3·27·29) 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 
remova·l is given by 

dN _ ~o:.V.N err ·· v~0·;. · ( 1) 

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' V ln -a= £ -- t 
N VTOT 

Values of V·for selected values of N'/N°, 
£, and t are given in Table 3 for a room 
with VTOT "' 107 cu. ft. (,;_ F.PR size)(l) . 

According to EngelhQrd Industries( 26 ) 

(2) 

the largest unit they have evaluated to date 
culled for 6 x 103 cfm at a cost of ~106 $ 
for the equipment illone. Because tha 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 capahil ity for cleanir1g up 
spills within hour·s dfter a relea~P. If, 
for example, the limit is set at ~5 hours, 
then the V r·equirements would be "-'lO times 
those for the two-day case in Table 3 and 
would I.Je 100 times greater than the maximum 
size un1t upon ~hich fngelhard has made a 
quote. 

A second approach to the rnassive release 
problem might be rapid cyclic flushing of 
the reactor- hall uy alternately compressing 
its cont~nts (reducing room pressure by a 
factor nl and backfilling with clean air or 
an alternative cover gas. If the compressed 



TABLE 3. Analysis of Recycle Flow Scenario 

V, cfm 

Amount (~~)(a) 1 n(~~) t = 2 days t = 14 d~ 
Released 0.5 = £ = 0.9 0.5 = £ = 0.9 
1 gm 104 9.2 6.4 X 104 3.5 X 104 9.1 X 103 5.0 X 103 

100 gm 106 13.8 9.6 X 104 5.3 X 104 1.4 X 104 7.6 X 103 

10,000 gm 108 18.4 1.3 X 105 7.1 x 1 o4 1.8 X 104 1.0 x ·1 o4 

() . 3 7 53 a Assuming No = 5 ~C1/m and VTOT = 10 cu. ft. = 2.8 x 10 m . 

TABLE 4 .. Analysis of Cyclic Flushing Scenario 

V' in. cfm (for pumpout time= t 0 /2)(b) 

Amount (~~)(a) 1 n(~~) t = 2 days t = 14 days 
Released 0.8 - n = 0.99 0.8 = n = 0.99 
1 gm 104 9.2 8.0 X 104 6.3 X 104 1.1 X 104 9.0 X 10 3 

100 gm· 106 13.8 1.2x 105 9.7 X 104 1.7 X 104 1.4 X 104 

10,000 gm 108 18.4 1.6 X 105 1.4 X 105 2.2 X 104 1.8 X 104 

(a) Assuming N° = 5 ~Ci/m3 and VTOT 

(b) t 0 = 4 hours. 

7 5 3 10 cu. ft. = 2.8 x 10 m . 

gas could be stored at 14,000 psi in tanks 
whose tota 1 vo 1 ume 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 press w-e and backfi 11 ed every t 0 

hours, one obtains Eq. (3). 

dN n 
dt = ¥ N (3) 

Integrating Eq. (3) for th~ cases that 
were considered in Table 3 gives 

N' n 
lnNo.=tot (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 0 /2.) 
In order to keep compressor requirements 
within reasonable limits, it is necessary 
that t

0 
be on the order of a few n0urs. 

A value of t
0 

= 4 hours was selected for 
the study shown in Table 4. (This is coro­
side,ed 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 appnJdt:h 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 

r 



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 al. {2?) In their study, they 

consider the question of large-scale cleanup 
from the standpoint of catalyst pP.rfnrmilnre 
and cost. 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 perfomance. This ap­
proach permits the evaluation of both perfor­
mance 'and cost simultaneously.· The method 
described by Galloway et a l . ( 27) was used 
in one EPR study{l) to determine air cleanup 
requirements and c:osts. "The conclusions 
were"that cleilnup of a 100 gm tritium release 
to the atmosphere in a reactor hall having 
a volume of 1b7 cu. ft. could be made in 
ai.Juy~ two days with a 105 cfm air h.:mdling 
system having a capital cost of from 20 to 
30 million dollars. Overviews of atmosph~ric 
cleanup requirements .and prospective strate­
gies for fusion devices are given in refer­
ences 1, 3, 6, 7, 8. 27, ilnrl ?4, The statu~ 

of, and recent progress in, development work 
on ambient and inert atmosphere c1eanup.sys­

tems is discussed in references 30 throu9h 33. 
BLANkET PROCESSING 

The capabil1ty 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 conc~pl uf 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 currentl~ 
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conceived DT fusion reactors. The principal 
materials options considered to date have 
been liquid lithium, lithium-containing al­
loys (e.g., L i-Pb, L i-Al, L i-Si) and ceram­
ics (e.g., Li-Al-O,·Li-Be-0, Li-Si-0, Li 20), 
and molten salts (e.g., LiF, Li-Be-F). Com­
parisons(34) of the different tritium breed­

ing concepts have been made with respect to 
(l) required construction materials, (2) 
breeding ratio, (3) blanket tritium inventory, 
(4) prospects for adequate tritium recovery, 
and (S) cusc of conta·i,uuenl ur tritium Within 
the confines of the blanket structure. These 

' 
comparisons generally indicate that ceramics 
and molten salts currently offer the I.Jest 
prospects for meeting anticipated blanket 
handling and processing requirements and 
that less development will, in illl 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 
t~rms of inventory and recovery character­
istics. Although some encouraging progress 
hus been made ·in recent years, the devP.1nn­
ment of practi ca 1 s teady-s tate tri.ti urn­
recovery techniql'es for low concentrations 
remains a major technical uncet·ta inty for 
liquid-lithium blankets. Also, the magneto­
hydrodynami <;: conn~a t i hil it.y nf 1 i rpli rf 1 i thi urn 
with magnetic•cunrinement conc(!pts (1nsotar 
a~ pumping power requirements and perturhil­
tions to plasma confinement are concerned) 

.must still be VP.rifiPd. NnnAth~lQ~,. in 
terms of breeding pnt.ent. i !11, t1e<1t tranE fer 
characteristics, lithium enrichment, and 
augmentation of neturon production, liquid 
lithium still possesses a number of advan­
tages over the other breeder material con­
cepts. 

The remainder of this section contains 
a su~ary of the status of blanket process­
ing technology for the breeding concepts 
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outlined above. This summary was abstracted 
from reference 34, and is representative of 
the opinions delivered at a recent work­
shop(34) on the subject of fusion reactor 

blanket technology. 
Methods for Processing Liguid-Li'thium Blankets 

Methods for processing liquid-lithium 
blan!ets have received a great deal of at­
tention. The most promising methods cur­
rently bci ng considered are: ( ,.) 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 LiCl-LiF or LiF-L1Cl-LiBr). 
Methods employing cold trapping( 3l) or batch 
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 behavi9r of solutions of hydrogen 
isotopes in liquid lithium have been sum­
marized in several recent publications( 36•37). 

Exothermic getters. Thermodynamic data 
indicate that solid hydride formers like 

. yttrium and zirconium· should be capable of 
reducing tritium concentrations in liquid 

·lithium to 1 wppm or less. Although limited 
bench-scale data on extraction of tritium 
from liquid alkali metals have not been en­
couraging,(35) further experiments under 

carefully controlled conditions are recom­
mended. Major technical urH.:ertainties that 
need near-term exploration are potential 
passifying effects of impurities (includiny 
principally the nonmetallic elements 0, 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 liquid lithium. 
Calculations 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 v1ppm can be maintained with 
large but reasonable window areas. ~1ajor 

technical uncerta_inties 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) "f'ogging" 
effects on the downstream side of the win­
dow, and (3) fundamental limitations asso­
ciated with surface kinetics. The possible 
use of downstream recove1·y methods emp 1 oyi ng 
either liquid getters or protective coatings 
coupled with gaseous getters should eventu­
ally come under study. Limitations imposed 
by temperature effects on windm~ integrity 
will eventually need study as well. 

Liquid alloy getters. Recent work at 
LASL( 3g) 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 lithium. In principle, these liquid 
alloys would be capable of.maintaining tri­
tium concentrations in lithium blankets 
we 11 be 1 01~ 1 wppm. Current uncertainties 
in this technique include mut,ual solubili­
ties of the getter alloy and lithium and 
the difficulty in recovering tritium from 
the getter alloy. Compatibility of the 
getters with stainless steel needs to be 
investiQated. Because of the potential 
pronrlse of th~~~ l1quid getters, near-term 
efforts should include examination of the 
above-mentioned problems. Identification 
of other low melting compositions {possibly 
ternary and higher-order mixtur:es) is rec­
ommended. 

MoZten-saZt extraction. Work currently 
under vtay at ANL ( 37 • 38 ) indicates that mo Hen­
salt extraction may be a suitable means of 
recovering tritium fro~ liquid lith~um. 
Results to date show 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 rP.r.ovPry 
of t~1t1um from thP ~~It are beina investi­
gated. This technique may permit the main­
tenance of tritium levels as low as 1 wppm 
in liquid lithium. Areas requiring study in 
the near future include (1) effects of mutual 
solubilities on both neutronics and s~lt pro­
cessing, (2) compatibility of materials, (3) 

~urvey ot' su·i table minimum-entrainn1ent con­
tacting and separating methods, and {4) denr­
onstration of suitable means for recovering 
ll'i tl um from the sa 1t. ( 38 ) 

Triti urn Recover}' .. ...f:to!.fl So 1 i d Breede_!'.J3l 51nket~ 
AnalyticaJ14°• 451 and experimental\40) 

work on solid blankets has been restricted 
mainly lu performance characteristics that 
might influence .trit i urn recovery, inventory, 
and containment. Results achieved in the 
BNL program( 40) on ceramic breeding materials 

have been reasonably encouraging with re­
spect ·to steady-state recovery under minimum 
inventory conditions (<<l wppm). Similar 
re~ults for solid Li-alloys are less under­
stood, but efficient recovery at low inven­
tory is indicated. Important near-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
ir'<t1 S•tabil ity t01vard the :9weep ga5, (Z) 

investigation of the dependence of perfor­
mance characteristics on morphology (particle 
size, size distribution, pore structure, 
etc.); and {3) compatibility with contain­
ment materials and with other companion sub­
stances, including moderators (8 and C) and 
neutron multipliers (Be and Pb). Effects of 
chemisorption, implantation, or chemical 
fixation of tritium on interior blanket 
structures should be examined in the context 
of the "hands-on" maintenance expectations 
for minimum-activation designs: Eventually, 
in-reactor testing of candidate solid 
breeder materials under realistic conditions 
(including simultaneous breedir~y and.tr1t1um 
extraction) should be made. Design optimiza­
tion of sweep gas processing methods must 
ultimately be completed. 

:rr·i tium Recovery fron!.J:!().l_!.e_r:l.::-Salt Blankets 
Recovor.v of tritium from molten-sillt 

blankets appears to be reasonably straight­
forward,(42-44) and inventories well·below 

1 wppm should be achieveable. Past analyses 
of sparged and uns~arged desorbers have in-· 

· dicate.: that efficient removal of tritium 
from the salt is readily attainable in forms 
well suited for efficieut regeneration. 
These analyses requ~re experimental 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, 
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and (3) the influence of magnetic 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 
contair1ed 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 en.ter the neutra 1 beam pumping sys terns 
and the neutralizer vapor circulation sys­
tem, ~nd 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 evqlve 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-Wall Cooling 
Water 

The migration of tritium in and through 
the thermally hot structures surrounding 
the plasma of a DT burning reactor should 
be the subject of a whole paper in itself, 
since this migration will probably turn out 
to be the major contributor to tritium 
losses fr.om any fusion power plant. In 
this section, however, the only case that 
wili 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 the first wall 
structure and into the coolant channels. 
Although a variety of coo 1 ant fluids and 
structural materials could be considered 
in the context of this discussion, only 
helium and water contained in stainless 
steel first wall assemblies will be addressed 
here for purposes of illustration. 

The selection of water as a coolant for 
the first wall blanket and shield of any 
fusion device raises concern re~arding the 
consequences of tritiwn migration into ar~ 
through the ~.:ooling circuits. The problem 
of trit1um permeation t~rough austenitic 
construction materials has long been recog­
nized as a major area of concern for fusion 
power plants. AlthouQh 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 
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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 t·rans fer 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(l)). The 

total volume of the first wall cooling water 
circuit was assumed to be 105 liters and the 
tritium partial pre~~ure in the pla~ma cham 
ber was estimated at.lO-q Torr. Existing 

hydrogen permeation data for Type 316-SS 
(data from reference 23 were used in this 
case) were divided by 13 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 (020) circuit 
of typical experimental heavy water reac­
tors(46-48) after a period of about two 

year~. It i~, therefore, rea~onable to 
assu~e that the inventory of triti~m 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 (105 liters) every 
two to three years should pose no ins[mnount­
able problems, and is probably preferable 
(from an economic viewpoint) to installing 
a tritium extract~Jn plant( 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 H20 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 ~s 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 grams/year. 

.OPERATING TIME, HOURS 

FIGURE 1. Tritium Accumulation in the First 
Wall Cooling Water Circuit. Material g 

316-ss·, Wall Area = 6 x lOG. cm2 , l~all Thick­
ness = 5 mm, Coolant Volume = 105 liters, 
Tritium (T 2 ) Pressure = 10-~ Torr. 
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ISOTOPIC ENRICHMENT OF PLASMA EXHAUSTS FROM CONTROLLED 
THERt-'ONUCLEAR REACTORS BY CRYOGEN! C DI STI LLATI ON* 

Balabhadra Misra and Victor A. Maroni 

Chemical Engineering Divisio~ 
Argonne National Laboratory: 
Argonne, Illinois 60439 : 

. . . 
The feasibility of recycling the spent fuels from presently conceived 

tokiunak-type pm~er reactors via cryogenic distillation has been analyzed. 
As an essential step in analyzing complex mixtures consisting of the six 
isotopomeric forms of molecular hydrogen in widely varyinq r~nqcs of 
concentrations, computer simulation of·multicomponent· distillation was 
carried out using an exact method of solution of the governing equations. 
Two distinct fuel injection schemes were analyzed using a six-column 
distillation cascade and a fiv~-column distillatio~ cascade, respectively; 
The two systems are: (1) 90% cold fuel injection with T/D ratio~ 1.1 
and neutral beam injection of deuterons (0°) comprising 10% of the de­
livered fuel, and (2) .injection of equal atomic fractions of neutral 
tritons (T0

) and neutral deuterons (D0
). ·The re.sult~ 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 
columns, appropriately interspersed with chemical equilibrators. 

INTRODUCTION fuel could hA ~ccompli~hed w1th existing 
or reasonably !!xtrapolated technology. 
Although the aforementioned conviction 

Since the mid-1960's. interest in the 
technological implications of energy pro­
duction from controlled thermonuclear reac-

' tions has escalated rapidly. Although the 
scientific and engineering aspects of the 
handling and recovery of tritium in D-T 
{deuterium-tritium) fusion reactor breeder 
blankets have received considerable atten­
tion in recent years, little concentrated 
effort has been focused on the technical 
features of the mainstream fuel processing 
and recycle systems. This neglect has 
stenrned, at least in part, from a conviction 
that the purification, circulation, con­
ditioning, storage, and delivery of the 

may turn out to be largely correct,· there 

are several technical areas whr.re much 
more detailed analysis remains to be per­

formed. One of these arr~11s -- thr. qur.st.inn 
of meeting hydrogen isotope enrichment re­
quirements -- is the s.ubj ect of this paper. 

lhe est~m.1ted fuel burn-up l'ate dul'ing 
a typical burn cycle for most presently 
conceived magnetically confined D-T fueled 
fusion power reactors is on the order of 
a few percent of the inserted fuel; hence, 
based on economic considerations alone, it 
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 pro~uce 4He, (2) 
the side reactions (mostly D-D) which pro­
duce 1H 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 t·eac­
tions, (7) out-gassing of the structure, 
and (8) probably some other less well de­
fined phenomena, the gases remaining in 
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 exhnust 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 c~cles of near-term conceptual 
fusion power reactors, and a number of 
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these are reported in the literature. 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
scriptions of fusion reactor fuel recycle 
requirements and proposed methods. For 
the purposes of the ensuing discussions, 
the assumption is made that at some point 
in the fuel cycle, all of the impurities 
except protium ( 1H) 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 fyel 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. 
~ESCRIPTION OF THE CALCULATIONAL METHOD 

A variety of analytical techni-~-~;s 6 --8 

have been used in the design of multi­
component distillation columns. ~ihile most 
of these methods at·e adequate to fulfill 
the needs of the chemical process industries, 
the exact method of so·l uti on by matr1 x al­
gorithm appears to be most suitable for 
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, ~t 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 limited only 
by the accuracy of ~he 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 
at any stage (or plate). Development of 
the computer simulation for a single dis­
tillation column was based on the general 
fea tun:~s shown in Figure 1. Once the 
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FIGURE 1. Schematic Drawing of a Complex 
Distilliltion Column. (See Nomenclature 
for det1nition of symbols.) 

basic computer program that contained-the 
essent)al 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 
energy were utilized to nP.sr.rihe the 
functional relations among t.hP. vi'lriol!S 
components. These assumptions mav be 
stated bl"iefly as follows: (1) The pressure 
drop ilcro~s· the column is 1"1~yl iyilJl~ ~u 

that the ·co.lumn may be assumed to operate 
at a constant pressure. (2) Heat loss~~ 
are sn~ll so that the column may be assumed 
to be operating adiabatically. (3) The 
molar heat of vaporization of all compo­
nents is the same so th~t constant molar 

. vapor flow may be assumed. (This is not 
a very rest.rir.t.ive i'lssumption because the 
differences among the molar heats of vapori-
7ilt.ion of the six isotopic species of 
hydrogen ar·e 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
pecially at. low pl'I!:SSiHI!S. Alw, llli~ 

assumption assures the validity of t.he 
laws uf Raoult and Dalton; thus, the 
equilibrium relat.ionship between the vapor 
mole fraction and liqutd mole fraction 
may be represented by: 

y
1
• = k.x. 

1 1 

- pi 
k; - p 

( 1} 

(2) 

where 
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Y; = mole fraction of component in 
vapor phase 



x1 = mole fraction of component 
liquid phase 

in 

=equilibrium constant for component 
i between the two phases 

p1 = partial pressure of component 
P = total pressure of the system 

The composition of the feeds and the 
rates of the feeds, the distillates, and 
the ~ide streams are assumed to be known. 
For a given number of equilibrium plates 
(NP), assumed feedplate (NF 1 , NF 2 ; 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 pha$e 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: 

= b . 2,1 

(3-1) 

( 3-2) 

+ ••• = b3, 1 ( 3-3) 

0 + 0 + •·· + aNP,NP-1 xNF-l,i 

where 
a .. 
J ,1 

(3-NP) 

are coefficients of xj,i' which 
are functions of the distribution 
constants and all internal and ex- . 
ternal flow rates of vapor and 
liquid, and 
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b. 1 are the constants of the linear 
. J. . 

equations, which are functions of 
rate of feed and feed composition. 

The above set of NP equations 111ay be 
expressed in matrix algebra as follows: 

AX = B 

where 
A = NP x NP coefficient matrix 
X = NP x 1 solution vector 
B = NP x 1 column vector 

(4) 

The nature of the physical problem is such 
that it leads directly to the triqiagonal 
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) qf 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 

(5) 

where A-1 is the inverse of matrix A. 
Hence, the solution of equation (4) re­
sults in NP values of component ·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 other com­
ponents in the liquid mixture. Thus, the 
mole fractions of all components at each 
equilibrium ·s ta9e are determined s i multan­
eously. 

The correct solution is obtained when 
the following criterion is satisfied (with 
an acceptable degree of tolerance) 
simultaneously at each stage. 

NC 
L yi = 
1 

NC 
= E k.x

1
• 

1 1 
{6) 



From this brief discussfon, it is 
apparent that successful solution of 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 equil ibri urn constant is de­
pendent on temperature only. Existing 
.vapor pressure data9 for the six isoto­
pomeric molecular forms of hydrogen (H 2 , 

HD, D?, DT. HT. T2 ) WPrP usPrl to calculate 
the equil i bri urn constants. For a typi ca 1 

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 

. th represented by ann degree polynomial: 

2 k. = c1 . + c2 . T. + c
3 

. T . + ... 
1 ,1 ,1J ,1J 

. + C .T~ n,1 J { 7) 

where c1 ,i' c2,i• etc., are constants, and 
T. 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 suhrnutine 

was written to obtain the polynomial fitting 
coefficients for each component by least 
squares methods. A typi ca 1 set of fitti'ng 
coefficients used in this study is given in 
Table 1 {f?r P = 1000 Torr). 

Before proceeding with the calculations, 
initial values for the end temperaturei of 
the column were assumed, guided by the 
saturation temperature corresponding to 
the composition of the feed mi~ture~ Addi­
tionally, the temperature drop across the 
column was assumed to be a linear function 
of the number of th~cwelit:al ~taqes so 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 typical component involves very large 
numbers. For example, the determinant of 
a 30 x 30 square matrix for most of the 
hydrogen isotopes represented by P.q ua ti on 
(4) is of the order of 1Q33. To reduce 
the round-off errors, the main program, as 
well as all of the subroutines •. were 
written in double precision. Thus~ the 

propagation of round~off error·s Uia l are 

TABLE 1. Fitting Coefficients for Distribution Constants at P = 1000 Torr 

.------- -.-...... _._.,....,.., ....... _~-----~-· .... -~--·---
------ ________ _.!:itti}~Cocffl.cicnts 

Species Value of i c1,i c2,1 c~.l c4,i r.:l,i 

"2 1 1.t.5%17f>-Ola -6. 0))1)7o-02 -4.640048()-04 -5.739917u-OS l.l018J5u-o:> 

flO 2 -3.3486120 00 5.975073D-01 -3.7473180-02 7.9098610-04 2.7635350-06 

HT 3 -8.3682020-01 1.9271160-01 -1. 25905/,p,-O?. l. 0583040-01. 9.1321070-06 

n7 4 6.)509510-01 -7.0909020-02 5.1947610-03 -4 .188036()-04 1.4104130-05 

OT s -2.2107390 00 3.766744()-01 -2.0123630-02 2.0025740-04 8.0596310-06 

T2 6 -6. 3981380 00 1.0307100 00 -5.7783160-02 1.1569920-03 -1:4926150-06 

a -1 
D-01 corresponds to X10 . 
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1erent 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 computational techniques could 
be found. 

A detailed description of.the·main 
computer code, including FORTRAN listings, 
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) .1 •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 failUl·e 
to converge. Some of these •·esults are 
sunmarized in Table 2. 
Effect of Nwnber of Theoreticnl 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 
,. .. ages is increased from 15 to 30, the 

139 

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 employed. 
Feed Plate Location 

The effect of the feed p 1 ate 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 s~ctions, 
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
tics of the distillation column. As the 
number of theoretical stages and reflux 
ratio are increased, the degree of separa­
tion of the more volatile fraction from 
the l~ss volatile fraction increases. In 
many situations, however, the eff~cts of 
these tw(l val'iahles do not significantly 
change the degree of separation. :Also, 
increase in the number of equilibrium 
stages, a~ 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. ·surrunary of Operating Parameters and Analytical 
Results for a Single Cryogeni_c Column 

Parameter 
Column No. of Feed Plate Reflux Atom 7. To? Product Atom 7. Bottom Product 

Pressure Plates Location Rntio !I D T H D T 

1000 Torr 30 15 5 6.8 n.4 20.8 o.os 38.9 61.0 

Effect of j 
10 7.0 80;0 13.0 0-.02 35.5 64.3 

-Reflux 15 7.0 83.2 9.8 '1.0 34.t. 65.6 
Ratio 20 7.0 84.7 8.3 '1.0 33.8 66.2 

.. 25 7.0 85.5 7.5 '1.0 33.4 66.6 

Effect of 10 15 7.0 81.7 11.3 '1.0 35.0 65.0 
Feed 15 7.0 83.2 9.8 '1.0 34.7 65.J 
Plate 

r· 
20 7.0 83.0 10.0 0.02 34.4 65.5 

ECf.,ct of 
?5 12 7.0 Sl.l ll.~ 0,01 3~.~ 64.0 

No. of 20 10 6.9 78.7 14,4 0.02 36.2 1\1.8 
!'lates 15 8 5.9 75.4 17.7 0.06 37.6 62.3 

...... - ......... --
5uu torr :JU 15 15 7.0 86.2 ?.8 "-0 32.6 67.4 

1000 Torr 

j j j 
7.0 83.2 9.8 '1.0 34.4 65.6 

Effect of 
Pressure 1500 Torr 7 .o . 81.0 12.0 '1.0,01 35;3 64.7 

2000 Torr 7.0 79.4 13.6 . '1.0.02 36.0 64,0 

2SOO Torr 6.9 78.1 15.0 '1.(),03 36.5 63.4 

alnput Composition= 2.10 at. % 8 : H, 4_.95 at. % D, 48.95 at. % T. 

operating pressure, which is conceptually 
much simpler. 

To study the effect of pressure, a single 
distillation column was used for simplicity. 
The results for a typi ca 1 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 
significant effect of pressure seems to be 
on the atom fraction of tritium in the dis­
Lilldte. lhe tritium fraction increases 
from 7% to 15% \~hen the pressure is in­
creased from 500 Torr to 2500 Torr. The 
pressure has lesser effect on the other two 
hyd1·ogen isotopes. As the a tom percent of 
hyd1~gen in the bottom fraction is essen­
tially zero for all c~ses, the operating 
pressure should have no effect on protium 
fraction. The atom fraction of deuterium 
in the distillate decreases from 86% to 78% 
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as the .pressure is increased from 500 Torr 
to 2500 Jorr. 
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 rei n.i ectab 1 e 
fuels must be established. The,following 
con~osition of the spent gases may be con-
s i Jt!r·I:!J d~ Tepresenta t1 ve ot a typi ca I ex­
perirnental power 1·eactor such as the 
ANL/EPR1•2: 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 he<~VY 

fractions: (1) The· lightest fraction should 
cont~in al) of the protium atoms with as 
little tritium as possible so that it can 



lif 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
mat~y·l.l so that the fuel composition 
resulting from cold fuel and neutral in­
jection has T/D ~ 1.0. An examination of 
the feed composition and reinjection require­
ments as listed above indicated that 
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 aryd the Figure 2 represents an 
adequate, but not necessarily an optimum, 
separation scheme. 

A second computer algorithm was de­
veloped and add~d 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 

FIGURE 2. Cryogenic Enrichment Scenario for 
the ANL/EPR. 
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avoid this difficulty, feed No .. 3 (bottom 
product from column No. 5) to column No. 1 

was fixed after establishing its approxi­
mate composition during initial iterative 
calculations. This speeded up the con­
vergence, although it was not possible to 
exactly match the composition of these two 
liquid 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 o{ the 
operating parameters on column No. 6 was 
minimal. Parametric investigations of the 
effects of the. operating variable~ 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 No. 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 operatinq p1·essure. The tritium 
content could not be reduced to acceptable 
levels because of (1) the pr·esence of some 
tritium at HT and (2) carryover· of a portion 
of the DT into the distillate (because DT 
is more volatile than T2 ). Hence, all of 
the protium atoms cannot be removed easily 
by distillation alone without carryover. of 
some tritium atoms. An examination of the 



TABLE. 3. Summary of Operating Parameters for tge 
TEPR Cryogenic Distillation Cascade 

Colu:mb 
Nc:::l>cr 

1 

2 

3 

Feed 
Plate 

10 

15 

~0 

15 

20 

10 

15 

20 

Total 
Feed 

(r.:oles) 

100 

23 

23 

Feed Composition (at ~) 
H D T 

4.12 49.57 46.31 

17.35 70.57 12.08 

38.51 34.86 26.63 

Total 
Holes 

18 

13 

8 

Teo Prcduct 
Ato~ic rcrccztt3ge~ 

H ' D T 

21.9 63.0 15.1 

30.3 50.0 19.7 

50.9 31.1 18.0 

Total 
Moles 

82 

10 

15 

Bottom Product 
Ator.tic Pcrccn~ 

H D ! 

0.2 53.2 

0.5 97.3 2.2 

31.9 36.9 31.2 

4 15 8 50.9 31.1 18.0 3 53.0 45.9 1.1 5 49.7 22.3 28.0 

.15 15 31.9 36.9 '31.2 5 48.7 4.~ 46.7 10 ~).) 5),0 23,5 

6 lJ lJ O.J 97.3 21.7 1.0 97.9 1.1 0 96.7 3.3 

~4~c----~15~---8~--~s~o~.ti~--~29~-~2--~2~o~.o~--~--~9~6~.1~---4~.~s ____ ~o~----~---2~~'·-~ ____ 44 ·8 32.7 

d30 Theoretical stages per column; column pressure 1000 Torr, except for column No. 1 operating at 500 Torr. 

bSee Fi~. 2 for location in cascade .. 

cAft<-r chemical equihration at )00 K. 

equilibrium relationship among the six 
species of hydrogen isotcpes shows that it 
is. feasible to separate the protium atoms 

without carryover of tritium atoms by 
means of a chemical equilibration followed 
by cryogenic distillation as described 
below. 

ThP. 1sotopomP.rir. r.nmpn~itinn nf thP 

equilibrium feed mixture that di·stills 
from the top of column No. 3.can be altered 
by shifting the equilibria among the 
various molecular hydrogen species. In 
the liquid state, the chemical equ1 libria 
among the six species are essentiall.Y 
frozen. By 1·1armi ng up the mixture to room. 
temperature in a chemical equilibrator, 
especially in the presence of a catalyst 
(e.g., palladium on asbestos), new equi­
li~ria among the six species can be es­
tablished, as described by the following 
equations. 

H2 + 02 :t 2HD 
H2 + T 2 ~ 2HT 
02 + T2 ~ 2DT 

(8) 

(9) 

(10) 
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H2 + DT ~ HT + HD 
02 + HT ~ DT + HD · 
T2 + HD ~ HT + DT 

( 11) 

( 12) 

( 13) 

Equatiqn (10) shows that DT can be split in­
to T~ and 02 ,· and equation (12) shows that 
by adding 02 to HT, a more vo 1 at il e compo­
nent, liD, ; s produced which can be separated 
from less volatile DT. Thus, chemical equi­
libration followed by cryogenic distillation 
can 1 ead to remova 1 of essentially a~ 1 pro­
tium atoms without siqnificant loss of 
tritium atoms. 

Although there are six chemical equations 
d:.. :.. huw11 dlJUVI:!, Lher·l:! d 1'1:! u11ly Lhr'l:!l:! i mle­

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. 
composition of the feed mixture. The 
analytical 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 

0-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. In order to extend the cryogenic 
distillation analyses to a machine with 

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 1 ogy Facility 11 ( 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 separ?ted energetic neutral 
particle beams. The exhaust str,eam compo­
sition was taken to be 0.2 at. % H2, 0.8 

at. % HD, 0.8 at. % HT, 27.! at. % D2 ~ 

42.8 at. % DT, and 27.7 at. % T2. 
Since the r. 2 and T2fractions 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 witho~t carryover o:· significant 

quantities of tritium atoms. To fulfill 
the above reinjection requirements (i.e., 

separate streams of> 95% D2 and> 95~ T2), 
one can qualitatively visualize the 
following steps: (1) Separate the heaviest 

component (T2) as the 'bottom product con­

taining a T2 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 

with one or more distillation steps.) (2) 

Remove a lighter product containing most 

of the D2 molecules and the protium atoms. 

(3) Distill this product further to 

separate D2 from protium- and tritium­
bearing compounds. (4) Subject the 
protium-bearing compounds to a chemical 
equilibration follm<~ed by additional 

cryogenic distillation to remove most 
of the protium fraction with very little 

carryover of tritium atoms. 
Carrying out the above steps will auto­

matically lead to liquid fractions that 

are rich in DT, with lesser amounts of T2 
and D2; hence, a second type of equilibra­

tion is now required to break up the DT 
fraction as follows: 

2Dt ~ D2 + T2 

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 

~ppropriate 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): 

02 ::-: 25% 

T2 = 25% 

OT = 50% 

It may be observed that the composition 
of the above mixture 1s very s1m11ar Lu 
that of the original feed and,, hence, may 

be returned to the first distillation 
column. 

Figu~e 3 represents a schematic of the 
separation scheme derived for the TETF 
type device. A fairly comprehensive 



D CRYOGENIC 
sDISTILLATION 

COLUMN 

0 = ISOTOPOMERIC 
-EQUILIBRATOR 

FEED ..---
T + D ~ 98 
H<2 
(D-"' T) 

COL I 
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1000 
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1000 
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1000 
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H << I 
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P= 
500 
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RETURN TO D• 
INJECTOR SYSTEM 

RETURN TO T• 
T..._2:_9_7 __ INJECTOR SYSTEM 

H <<I 

-FIGURE 3. Cryoqenic Enrichment $cl;!nario 
for ANL/TETF 

paran~tric investiqation 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 
Figure J are surrunarized in Table 4. An 

examination of the composition of the bottom 
product from column No. 4 ~lill show that 

tritium-rich and deuterium-l'·ich 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%. 
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ESTIMATES OF REFRIGERATION PQI.~ER 
REQUI RU1ENTS 

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 d1·llwn by the equil i ur·d Lt.~r· feed i ny 
.into column No, 1 in Figure 3 wa3 made bo3ed 

on the assumption that this equilibrator 
is opera.ti 119 between 360 K and 20 K and 
handles a total flow of 22 moles/hour of 

an equirnolar mixture of deuterium and 
tr·itium. The heat capacity and latent 
heat of vaporization of the DT mixture 
were taken to be 29.1 joules/mole·K and 

1385 joules/mole, ~esp~ctively. For the 

case of an ideal, thermodynamically re­
versible liquefication process, tM 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 

and 13 reported by Scott 13 for the 1 ;que­

faction of air and helium. respectively. 
The overall power input to the cryogenic 
enrichment·equipment for a fusion power 

plant is unlikel; to exceed 10 kilowatts 

and, hence, ·t~ill be a very small fraction 

of the plant's total recirculating power 

based on current estimates. 2 

CON CL US I OtiS 

Mathenutical ~imulation of multicompo­

nent distillation and computer solution of 

the resultant equations were carried out. 



TABLE 4. Si.munary of Operating Parameters for !he 
TETF Cryogenic D.istillation Cascade 

Tot3l Top Product Rottoi.t Product 
·Cr-h'r.:n Feed Feed Feed Co~eosltion (at 7.) Tot~l Ator.1~c l'crrt.·IIC·"lgus Total _,!,to~ic I'C"rccn~.,g~~ 

Nu::~be~b Plate (m~les) H D T Moles II D T !-!olcs H ll T 

1 15 100 0.49 49.64 49.87 50 1.0 74.9 24.1 50 0 24.4 7~. 

20 

2 15 50 0 24.4 75.6 27 0 42.5 57.5 23 0 3.2 06. 

3 15 50 1.0 74.9 24.1 2) 2.0 93.9 4.1 25 0 55.9 ,k. 
4 15 28 1. 77 94.51 3. 72 5 9.4 87.1 3.5 23 0.1 9o.l J. 

20 

5 l3 5 9.4 87.0 3.6 2 23.1 68.5 8.4 3 0.2 99.4 o. 
sc 15 . 5.5 8.6 88.2 3.2 2.5 18.8 80.6 0.6 3 0 94.6 5 •. 

830 Theoretical stages per column; pressure for columns 1, 2, 3 equal to 1000 Torr, pressure for columns 4 and 5 equal 
to 500 Torr. 

b . 
See 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. 
Although 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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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· consisting 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 meeting fuel 
injection requirements, separation of the 
isotopomeric species of hydrogen can be 
carried out to any degree of purity ·'Jy 
judicious selection of (1) the design and 
operating parameters (e.g., number of 
theoretical stages, reflux ratio, operating 
pressure, etc.) and ( 2) the n·umber of dis­
tillation columns, appropriately inter­
spersed with chemical equilibrators. 
Generally speaking, most of these con­
clusions are in accord with an earlier. 

"12 study by Hi 1 kes. 
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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 streamin~ of nuclear radiation. Multi­
dimenional neutronics calculations are used to examine the qros~ effects of 
major penetrations and their special shieldinq requireMents. The study 
shows that it is feasible to shield aqainst the effects of pPnetrations. 
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 si!lnificant cost item. 

I. INTRODUCTION 
The blanket/shield·system in a Tokamak 

Experimental Power Reactor(l-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 be(lm 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 of the neutral 
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 pr1mary (bulk) sh1e.hl •. 
Thus the additional special penetration 
shield will have to provide roughly four 
orders of magnitude of attenua.tion for neu­
trons streaming in the presence of penetra­
tions. Therefore, the special shields for 
penetrations represent a very s1gn1ficant 
part of the shielding system in EPR and are 
expected to remain equally important in 
future tokamak reactors. The design of a 
penetrati?n shield is more difficult, how­
ever, than the design of the primary bulk 
shield in two respects: (1) treatment of 
penetrations requires three-dimensional neu­
tronics analysis; and (2) the geometry of 
the reactor imposes severe restrictions on 
the availability of space for penetration 
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shields, above anc beyond the space restric­
tions on the bulk shield. Moreover, as will 
be 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 penetrations in a tokamak reactor can 
be classified, in general, into two types: 
(l) 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 ~hould be anticipated qualitatively in 
the early stages of the design, their 
detailed design and analysis can be deferred 
untn later stages of the overall reactor 
des '1 gn process without much pena 1 ty. On the 
othr~r hand, the effects of the major pene­
trations and their special shields on many 
of the reactor components is so great that 
these effects must be factored into the 
design as early as possibie. By treating 
the major penetrations 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 
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design. This pnper presents so~e results of· 
a neutronics study on the effects of major 

penetrntions in toknmaks and analysis of 

their special shield requirements. More 
detail~d information i.s qiven·in Refs. 3 and 

4. 

II. 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 seeping 
study. This reference design has a major 
radius, R, of 625 em and a circular plasma 
cross section with a minor radius, a, of 210 
am. 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 (B4C). A small se~ment 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 toka~ak reactor, the inner segment 
of the blanket/shield cannot be utilized for 
placement of any major penetrations. These 
are generally accoiTITlodated on the top, bot­
tom, and outer stde 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 du.cts in the design,· and each 
is cylindrical with an 0.85.m diameter. Two 
vacuum ducts are located at the top and bot7 

tom of the torus, equally spaced between 
each pair of the TF ma!'mets. A cylindricai 
neutral beam duct with an 0.85 m diameter is 
located between each pair of TF magnets, 

r.. . ~~~;, , .. 



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 
VIM(S) and nuclear data from ENDF/8-IV. (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 costly. There­
fore, a somewhat simplified three-dimen­
sional 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 
vacuum ducts and their shields. If the 
toroidal magnetic axis is assumed to be a 
straight line, then Fig. 1 represents a cross 
section in the ·x-z plane where the i-axis is 
taken along the toro1dal magnetic axis and 
the x-ax1s 1S parallel to the poloidal axis 
and passes through the plasma centerline. 
The system is symmetric around the midplane. 

A cross-sect,on v1ew 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 cyl indri ca I vacuum duct: gt the too and 
another Jt the bottom. J7igure 2 Sl1uw~ d 

schematic of the geometric representation for 
the analysis of the neutral beam ducts and 
their shields. A set of orthogonal coordi­
nate systems (x,y,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 they-axis is parallel to the poloidal 
axis. The axis of the beam duct is in the 
m1dplane (x-z plane) and makes an angle eh 

with the x-axis. Note that in both Fi~s. 1 
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FIGURE 1. Schematic of Geometrical Rerre­
sentation for Analysis of Vacuum Ducts and 
Their Shields · 

and 2 the minor radius, r, for a point, is 
simply r = /x 2 + y2 • 

In Figs. 1 and 2 some sratial zones are 
inrlPntifil!d by m1mbers that will be u!;cful 
1n "later 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 em 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 
rortion of the rluct w~ll is Zone 21. Th~ 
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FIGURE 2. Schematic of Geometry Representation for Analysis 
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 th~ 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, 
ion source, and accelerator. An evacuation 
duct leads to a vacuum pump. An evacuation 
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. In order to quantify the lew~l of 
radiation streaming into the beam injectors 
and vacuum pumps, a 5 em thick stainless 
steel disc was placed as an "end cap" on the 
penetration duct and is shown as Zone 25 in 
Fi9s. 1 and 2. The TF coils composition is 
homogenized as 50% SS + 50% Cu. These coils 

are divided into poloidal concentric rings, 
each 5 em 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 em ring con­
sists of Zones 18 and 28 and the second 5 em 
rinq consists of Zones 19 and 29 with Zones 
18 and 19 as the regions closer to the pene­

tration duct. 
III. 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. 
Thi s 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 i s 
useful in providing insight int~ 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, 
i.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 em for cases 
1, 2, and 3, respectivel y. The blanket and 

bulk shield composition for case 1 is thut 
shown in Fig. 1. Cases 2 and 3 are obtained 
by eliminating outer parts of the shield 
with the appropriate thickness. The inner­
most rad ius of the TF coils in all cases is 
430 em. Table 1 shows the total neutron 
fluxes (normalized to 1 MW/m 2 neutral wall 
l oading) at several key locations and the 
neutron leakage per DT neutron. In Tdble 1 

and other tables in this paper, the percen­

tage va lues 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 em 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
duct inq magnet to function properly without 
excessive radiation damage and nuclear 
energy deposition. The magnet protect1on 
criteria depend on the des i qn of the magnet 
and the specific superconducting and stabi­
lizing 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 

IAHU:. I. . Neutron ~luxes Normalized to a Neutron Wall Loading 
of 1 MW/m 2 for Design Set A 

Case No,: 2 J 

Thickness of Bulk Shield, em 131 111 91 
U1ameter of Penetration Duct none none none 
No. of Histories 20,000 16,000 16,000 

he 9.93(6) (±18%) 1.85(8) (±14%) 3.19(9) (±13%) 

IP19 I.~H(b) (±18%) 1.23(8) (±15%) 2.20(9) (±14%) 

4>28 9.93(6) (±1 8%) 1.85(8) (±14%) 3. 19(9) (±13%) 

4>29 7 .28(6) (± 18%) 1.23(8) (±15%) 2.20(9) ( ± 14%) 

hs 9. 90(6) (±18%) 1.85(8) (±14%) 3.20(9) (±13%) 
Neu tron Lcukuge per DT Neutron 1.16(-7)( ±14%) 1.91 (-6)( ±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 spatial 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 region 18, 

~16• to that in region 28, ~ 28 , 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 
inagn itude. 

(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 numbe·r 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 
neutron1 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 10- 7 for the 1.31 m bulk shield to 
3 x l0- 5 for the 0.91 m bulk shield. 

(6) The neutron flux at the end cap, Zone 
25, is ~1.2 x 1013 n/cm2 sec. (For compari­
son, the neutron f1 ux at the first wa 11 is 
7.6 x 10 1'•.) This means that auxiliary sys­
tems located at the end of the penetration 
duct receive a significantly hf~h dose of 
radiation. 

The large-size penetrations enable a lar~e 
number of neutrons-and photons to reach mag­
nets in two ways: (1) by creating possible 
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direct line-of-si~ht from the plasma region 
to the magnets; and (2) i~creas~ng the popu­
lation of the neutrons and photons in the 

blanket/shield regions in the vicinity of 
the voirl penetration where they c~n travel. 
into the magnets through short paths in the 

blanket/shield. This second effect, gener­
ally called penetration-ass.isted radiation 
streaming, becomes more dominant as the size 
of the void penetration is decreased and the 
line-of-sipht streaming is reduced. Both 
direct and assisted streaming are sensitive 
to the size of penetration for a given reac­
tor confi~uration, as shown next. 

Table 3 shows the neutron fluxes and 
leaka~e for cases 7 and 8 compared with case 
4 discussed above. The diameter of the 
cylindrical penetration is varied from 0.85 
min case 4 to 0.42 min 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 voirl pene­
tration is rerlucerl by a factor of 4. From 
the very. limiterl number of casP.s in Table 3, 

it can be tentatively concluderl tnat the 
total neutron flux at the TF coils is 
roughiy 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 d4 , ·where dis 
the characteristic dimension of the penetra- · 
tion cross section (e.~. d is the ·diameter 
of a circular cross section or the sirle 
length of a square cross section). These 
correlations are brought up here only to 
demonstrate qualitatively the great depen­
dence of radiation streaminq on the size of 
penetra t f ons. fhe geometry of the sys tern · 
and the shape of the penetration are also 
important. For example, a penetration with 
a rectangular cross ·section with one sirle 

much larger than the 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· Hall Loading 
of 1 MW/m2 for Design Set B · 

Case No.: 4 5 6 

Thickness of Bulk Shield, em 131 111 91 

Diameter of Penetration Duct, em 85 .85 85 

Orientation of Penetration perpendicular(a) perpenr!icular perpendicular 
Penetration Shield Composition none none none 
No. of.Histories 20,000 10,000 10,000 

•ha 4.08(12) (±9%) 6. 19(12) (±17%) 1. 03 ( 13) (±9%) 

<I>J9 2.67(12) ( ± 11 %) 4.13(12) (±19%) 7. 77(12) (±8%) 

<~>zs 3.42(11) (±7%) 7.11(11) (±8%) 1. 14(12) (±14%) 

<PzCJ 1.90(11) (± 11%) 4.00(11) (±13%) 6.84(11) (±16%) 

<l>zJ 1.59(14) (i3%) 4.59(14) (±4%) 1.50(14) (±6%) 

<I>~J 2.22(13) ( ~6%) 2.16(13) (;!:11%) 2.37(13) (±8%) 

<1>23 1. 48 ( 14) (:!.3%) 1. 50 ( 14) (±4%) 1. 27 (14) (±5%) 

'~2'• 1.63(13) (.!.8%) 1.47(13) ( :tl 0%) 1. 83( 13) ( .t9%) 

1tl/ 1
1 

1.19(13) (' 10%) 1.14 ( 13) ( •.17%) 1.83(13) ( •12X) 

Neutron Leakage per DT Neutron 1.97(-2) ( •6%) ~.54(-2) ( •8'1.) 3.lll(-2) ( •8'1.) 

(a) Axis of duct is perpendicular to the toroidal axis as shown in Fig. 1. 

TABLE 3. Total Neutron Fluxes Normalized to a Neutron Wall Loading 
of 1 MW/m2 for·Design Set C. 

case NO.! 4 7 8 

Thickness of Bulk Shield, em 131 131 131 

D1ameter of Penetrat1on Duct. em 85 42 20 
Penetration Shield Compo~ition none none none 
No. of Histories 20,000 20,000 50,000 

¢18 4.08(12) (o:9%) 3.51(11) (±18%) 1. 10(10) (±56%) 

<i'J9 2.67(12) ( 4 11%) 1.85(11) (±25%) 8.04(9) ( •JO%) 

'l>zs 3. 42 ( 11 ) (:• 7%) 2.56(10) (:<-34%) 2.50(9) (±65%) 

~~-;.: ') l. 90 (1 i) ( .', i %) 1.86(10) (:t-32%) 2.03(9) (:•.79%) 

lj; /1 1. sa(H) ( •3%) L:!n(H) ( '6'1.) 11.65{1:1) (! 7\Y.) 

·~ /. /. 2.22(13) {:16%) 6.18(12) ( •24%) 7. 62( 11) (•65%) 

ljlz3 1.48(14) (+3%) 1.14(14) (±7'%) 8.65(13) (±7~) 

1~24 l. 63 ( 13) (:t8%) 3.61 (12) (!27%) 5,16(11) (:!:6'1%) 

$25 1.19(13) (:tlO%) 4.30(12) (±43%) 5.35(11) (±100%) 

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 or circular 
·cross section. Both direct and assisted 

streaming are strongly dependent on the size 
and shape of the penetration. 

Corr.paring ~ 21 as well as ~ 2 ~ 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 is generally stronger for smaller-size 
penetrations. 
IV. SHIELDING OF MAJOR PENETRATIONS 

The effect. of major void penetrations can 
be classif1ed 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, ~s 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 rarge-size 
penetrations. These are: 

{1) Movable Shield Plug If the func-
tional requirement~ of a penetratinn permit 
that the penetration be closed during the 
plasma burn, then a shield plug can be moved 
at the beginnin~ of each pulse to close 
completely the penetration region embedded 
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in the bul~ shi~ld. 

(2) Local Co~ponent Shield -- Reactor 
components affected by radiation can be sur­
rounded by a shield capable of reducing the 
radiation level in the component 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·appropriate local 
shield. This shield must suffice to reduce 
the radiation level at the TF coi·ls and at 
all other auxili.ary systems located in the 
reactor buildin~ to a permissible level. 

Each of these shie1ding 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 movab 1 e 
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 shieldint] 
materials of the four options. Whether a 
movable shield plug is less costly and is 
more favQrable than the other shielding 
schemes has yet to be determined from 
detailed studies including engineering and 
reliability considerations. A movable 
shield plug wei~hs 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 automiltic control system, all of which 
must have high quality performance·. More­

over, failure of these components has to he 
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 the pla~ma 

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 prolonq burn pulses. In 
this case, the beam 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 

'fo 11 ow1 ng:. 
(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 sar.1e 

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 tq 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 o~ a short time scale. 

Th~ ~~~Q!!ll <:11-'P!V~t,.!! rvr· IJt:!lt:~raLiurt 

shielding is local shielding of components 

that are affected by radiation. This 
approach can be easily rejected as the pri­
mary approach on the groun<1 Of the large 
volumes of reactor components that have to 
be shielded; 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 lo~al penetration shield approach 

takes full arlvantaqe of the specific shapes 

of penetr~tions, and of the fact thnt 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. fhe 

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 shie1o 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 composidon 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% B4C in case 9, 

all stainless steel in case 10; and all B~C 

in case 11. The 9eometry of the system is 
as shown in Fi9. 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% B4C 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% B4C penetration shield 
lowers 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 all-B4C penetration 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, travei11ng 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 
colJision 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. 
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Comparin~ 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 the 
TF coils. However, in· reference to case 1 

in Tahle 1, the penetration shield needs sub­

stantial improvement to provide an additional 
four orders of maonitude in attenuation in 
order to completely eliminate the penetration 
effects at the TF coils. Design Set E in 
Table 5 examines the effects of the penetra­
tion shield thickness and length. In cases 
12, 13, and 14, only the first 15 em of the 

·magnet depth are included in the calculation 
·in order to eliminate. the computer time 
consumed in trackinq particles traveling in­
side the TF coils (i.e. in re9ion 49 in Fig. 
1). Case 9 of Tahle 4 is also shown in 
Tahle 5 for comparison purposes. All pene­

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 
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 segment which lies be­
tween the TF coils is an inefficient 
approach, as can be seen on comparing the TF 
coi 1 fluxes for cases 13 and 9. The results · 
in Tahle 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 penetration 
covered from the outer surface of the bulk 



TABLE 4. Tota,. Neutron Fluxes NorMalized to a Neutron Hi!ll Loaning 
of 1 MW/m 2 for Design Set D 

Case No.: 9 10 11 

Thickness of Bulk Shield, em 131 131 131 

Diameter of Penetration Duct, em B5 B5 85 

Penetration Shield Composition -50% SS + 50% B4 C ss B4 C 

Dimensions of Penetration Shield t2 = tl 30 em t2 = tl 30 em t, = tl 30 em 
1 1 + ~~ = 119 em 9,1 + 9.~ 119 em 9.1 + Y. / 119 em 

No. of Histories 30,000 . 10,000 10,000 

¢18 9.69(10) (±20%) l. 93 ( 12) (±13%) 7. 08 ( 11) ( J 1 9%) 

¢19 6.04(10) (±23%) 1.27(12) (±23%) 3.30(11) (±20%) 

¢28 9. 97(9) (±18%) l. 78{ 11) (±13%) 1.67(10) (±25%) 

<1>29 7.37(9) (±22%) 1.14 ( 11) (±21 %) 1.67{10) (±27%) 

<1>2! 1. 68( 14) (±3%) 1.72(14) (±4%) 1. 55( 14) (±4%) 

ljl22 J.37(1J) (:!.5~0 4. 53(13) (!0%) 2. 32 ( 13) (!0%) 

<1'?.3 . 1.53{)4) {±3%) 1.56(14) (±6%) 1.39(14) {±4%) 

<P24 2.~8(13) ( !.!l%) 

<l>z5 1.67(13) (! 7%) 2.25(13) (:!.11%) l. 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 Wan Loading 
of 1 MW/m 2 for Design Set E 

~·------------
c~~~ t~o.: 12 
------------·---------
Thickness of Bulk Shie:d, em 
Diameter of Penetration Duct 

Penetration Shield Composition 
Dlm~nslons of Penetration Sh1eld 

No. of Histories 

¢16 

~19 

i,J22 

¢25 

Ne~tron Leakage per !JT Neutron 

131 

85 

~0% 55 + 50% B~C 

t 1 = 30 em 
£1 = 55 em 

. tz = ~ 2 = 0 

20,000 

2.17 ( 11) (::21::) 

?,]1(11) (-;?1'1,) 

2.11 (10) {~2G%). 

1.06(10) (=34%) 

1.58(14) ('AX) 

.~.46(13) (:51.) 

1.44(14) (,4t) 

2.02(13) (;:6%) 

1.23(13) (~10%) 

9.60(-3) (:.6%) . 

B 

131 

HS 
50% ss + so~ s.~ 

tl = I~ em 
t1 = 55 em 
t., = ~? =. 0 

30,000 

1.31(11) (±12%) 

1.80(11) {el6;() 
4.84(8) { t4D:) 

3.14(8) (±42%) 

1.52(1~) {:t 3~) 

2.48(13) (,s,;) 

l. Jfl ( 14) ( •.J%) 

2.09(13) (!5%) 
1.14 (13) (!8%) 

9. 18( -3.) (±6%) 

{a) NS = no score = no neutrons reached this regiori in the hi~tories run. 
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11 

i31 

BS 

~o;~ sJ + 50% B •. c 
t1 = I~ en 
).1 = 59 Ci:l 
to = 34 Crl 

i::; = 15 cr:-. 
30,000 

1.32(9) (:79~) 

1.0R(O) (!!86%) 

2.44(6) (z.100%) 

r:s(a) 

1.5P.(i4) (=!i) 
2.91{13) ( :SX) 

1.41(14) (~ ~~) 

2.36(13) (o57:) 

'. 28{13) '(: 7%) 

£::.80(-3) (: 5r.) 

-----~· ·-· ·---
y 

131 

es 
50% ss + sox a •. c 
t 1 ·= t2 = 30 em 
'1 + 7.2 = 119 em 

3C,COO 

9. 69(10) (::20%) 

6,0"(10) (;n:;) 

9.97(9) (±18~) 

7.37(3) ( ±22%) 

ue( :~) (z3%) 

3.37(13) ( ± 5r.) 

1.~3(14) ( !3:t) 

2.28(13) (!SY.) 

1.67(13) (.:7%) 

. 4.04(-3) (!7%) 



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 and 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 line-of~sight expo­
sure of any region inside the penetration 
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 flu_xes in zone 
25, ~ 25 , 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 penetration 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, one sees that the attenuation obtainable 
with thick penetration shield in case 14 
(0.75 m thick and tapered off to 0.34 m 1n 
between the TF coi is) 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, Ws, which is the distance along 
the z-axis between the two_symmetry planes 
shown in Fig. 1 was taken as 2.45 m. The 
inner radius of the magnet, rm; was taken in 
these cases to be 4.30 m. If the outer minor 
radius of the bu)k shield is r 0 ,_then the 
radial clearance, 6sm' between the bulk 
shield and the toroidal field coils is given 
as 6 = r - rn. Obviously, the penetration 

sm m ., 
effects and the design·of the penetration 
shield should depend on W ~nd 6 in addi-

s sm 
tion to the dependence on other parameters 
discussed earlier in this section and the 
previous section. The value of W depends 

. 5 

on the-major radius, the spacing between each. 
pair of TF coils, and the coil width in the 
vicinity of penetration. For a given r 0 , the 
value of 6 depends on the actual shape of 
· sm 
the toroidal-tield coils, ~nd on the-locatio~ 
of the. penetration. For a 0-shaped TF coil, 
6

5
m is larger on the top and bottom of the 

torus than on the outside at midplane.· Con­
versely, W is smaller on the top· and bottom 

>.i 

of the torus thnn on the outside at midplane. 
This introduces a basic ~ifference 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 wi 11 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 fo 11 owing, the differences in 
the neutronics effects of the two: types of 
penetrations are examined. 

In the EPR des i gri given jn Ref. 1 ; and 
used· for guidanr.e in geometric representation 
of this penetration scopinq study, ench TF · 
coil ha5 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, W = 2.45 m and 6 = 1.79 m. Design 

s sm 
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 except that 6 is 0.59 m 

. sm 
in case 4 and 1.79 min 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 
approximate.ly the same. Case 16 ·in Table G 

incorporates a penetration shield thnt is 
0.75 m thick and extends 0.60 m beyond the 
outer surfac;a or the bul~ shi~ld. Thu:s ea3c 

16 is essentially the same as case 13 except 
that 6 is 1.79 min case 16 and 0.59 in 

sm . 
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, except that the penetration 
shield length is increased from 0.60 m in 
case 16 to 1.0 min case 17~ This increase 
of 0.40 m in the penetration shield length 
reduces the neutron fluxe& at the TF rn11~ 
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 ~gain is due to 
the fact that a portion of the evacuation 
duct near and in between the TF coils is 
left "bare" in case 17. A significant con­
clusion Lu u~ lkawn, therefore; i~ that, 
for all practical purposes, increasing the 
bore of the TF coils cannot eliminate the 
need for effective shielding surrounding the 
evacuation duct in the regions where it 
passes between the TF coils. This is unfor­
tunate since to make room for such a shield, 
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it ·is necessar.v. that the clearance space l:lt'­

tween a pair of TF coils be >d + 2t , where 
- ps 

d is the duct diameter and tps is the thick-
ness of the penetration shield. To satisfy 
this requirement for a given major radius, · 
d, tps• and TF coil width, the number of TF 
coils has to be reduced. The resulting in­
crease in the magnetic field ripple then 
leads to ~nhancement 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 incrca~e in the maQnet vertical bore 
is such tha~ 6 is sionificantly larger 

sm " 
than d + tps then the evac·uati on duct can be· 
bent it it illlir!JiS from thf'l tnrllr. s hi el d. 
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 shielrt 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 
reP.eatinq seqment, W~, in all these cases is 
3.90 m, which leaves 3.0 m clearance between 
each pair of TF coils. The inner radius of 
the magnet, rm, is 4.30 m in all cases. 
Cases 18 and 19 incorporate no penetration 
shield. Iu t.:d~~~ 19, ZO, antl.21 Lhe f:IXi! of 
the. bP.nm duct makes a 55-deg angle with the 
toroidal magnetic axis, i.e., eb =· 35° (see 
Fig. 2). For comparison, the axis of the 
beam duct in case 18 has a eb = 0°, i.e. 

.this duct is perpPnrticulnr.to the toroidal 
magnetic axis. Thus, case 18 is similar to 
case 4 except that WH is 3.90 m. in case 18 
and 2.45 m in case 4. When the neutron 
fluxes in both cases ar~ normalizeM to the 
same neutron wall loading, the results for 
the two cases provide a useful comparison 



Table 6. Total Neutron Fluxes Normalized to a Neutron '~all Loading 
of 1 ~1W/m2 for Design Set F 

tase No.: . 15 

(, (a,b) Thickness of Bulk Shield, em 131 

Diameter of Penetration Duct, em 85 

Penetration Shield Composition none 

Dimensions of Penetration Shield 

No. of Histories 20,000 

<P1a . 4.87(12) (±10%) 

<P19 3.61 (12) (±10%) 

<Pza 9.44(11) (±7%) 

<Pz9 6.12(11) (±6%) 

<P2J 1.55(14) (±3%) 

$~~ 1. 58( 13) (>.7%) 

$z:~ 1.34(14) ( •3%) 

<Pzo, 1.12(13) (~6%) 

<P2 •; 6.69(12) {.t 14%.) 

Neutron Leakage per DT Neutron 1.99(-2) (±5%) 

.(a) Blanket/shield composition is that shown in Ftg. 1 

(b) Basic geometry is as shown in Fig. 1. 

(c) Basic gP.ometry is as shown in Fig. 2. 

16 17 

131 131 

85 85 

50% ss + 50% B4 C 50% SS + 50% B4C 

9.1 = 60 Cfll ~, = 100 em 
t 1 = 75 em tl = 75 em 
9.. 2 " t2 = 0 9. 2 = t2 = 0 

20,000 20,000 

1.79(12) (±11%) 8.93(11) (±9%) 

1.31 (12) (±15%) 5.6l(il) (±12%) 

2. 60( 11 ) ( ±9%) 1.13(11) (±10%) 

1.44(11) (±9%) 6.86(10) (±11%) 

1.60(14) (±4%) 1.51(14) (±4%) 

1.62(13) ( i 7%) 1. 90(13) (.•7%.) 

1.43( 14) ( •4%) 1. 32 ( 14) ( I 4'1.) 

1.23(13) (t7%) 1. 48( 13) ( •7%) 

5. 4 7 ( 12) ( ± 12%) 6.02(12) (•.13%) 

8.94(-3) (±7%) 7.05(-3) (!8%) 

TABLE 7. Total Neutron Fluxes Normalized to a Neutron Hall -Loadinq 
of 1 MW/2 for Desiqn Set G. 

Case No.: 18 19 

Thickness of Bulk Shield, (a,b)_ em 131 131 
Oi a meter of Penetration Duct; em 85 85 
Orientation of Penetration eb =·0 eh = 35• 
Penetration Shield Composition none none 
Thickness of Penetration Shield 
No. of Histories 20,000 20,000 

~18 7.54(11) (±11%) 9.62(11) (±12%) 

~19 5.97(11) (±13%) 5.83(11) (±16%) 

<1>28 1.18(11) (± 13%) 1.13(11) (±17%) 

~29 7.30(10) (±17%) 7.78(10) (±18%) 

hs 1.45(13) (±12%) 8.21 (12) (±?0%) 

Neutron Leakage per DT Neutron 1.45(~2) (±6%) 9.45(-3) (±6%) 

(a) Blanket/shield composition is that-shown in Fig. 1. 
(b) Basic geometry is as shown in Fig. 1. 
(c) Basic geometry is as shown in Fig. 2. 
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20 21 

131 131 

85 85 

eb = 35• &b = 35° 

50% ss + 50% s .. c 50% ss + 50% s .. c 

50 em 70 em 
40,000 40,000 

1.69(9) (!62%) 1.35(8) (±68%) 

2.06(9) (±67%) 3.41 (8) (±65%) 

2.20(9) (±59%) 6. 11(7) ( ±64%) 

9.20(7) (±75%) 3.43(7) (±79%) 

9.19(12)(±11%) ~.92(12) (±9%) 

3.92(-3) (±6%) 4. 00( -3) ( ±6%) 



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, ~ 25 , is approximately the 
same in both cases (the difference is within 
the statistical uncertainty in ~he Monte 
Carlo calculations). Since the penetration 
size is the same in the two cases but W is 

s 
substantially different, it can be concluded 
that the neutron flux inside the void pene-. 
tration is fairly independent of the ratio 
of the void penetration volume to that of 
the blanket-bulk shield. The dependence on 
t.he penetrat.ion si7.e w;tc; shown earlier in 
Section III to be very strong. Comparing 
~18•.~19• ~ 2 8• and ~ 29 for. cases 4 and 18, 
one finds that the radiation level at the 1'1-' 

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 coi 1 s 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 leakaQe per DT neutron is 
renormalized so that the DT neutron current 
at the first wall is the same in cases 4 and 
18, the neutron leakage in case 18 is found 
to be indeed 30% hiQher than that in case 4. 

With eb = 0° in case 18 and eb = 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. lhe 
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 '\· 
A penetration shield of 50% SS + 50% 84C 

surrounds the beam duct in both cases 20 and 
21 and extends from the outer bul k-shiel1d 
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, ~ 18 , at 
the TF coils. The 0.70 m thick beam duct 
shield reduces·~ 18 by a factor of 12 rela­
tive to that with the 0.50 m thick shield. 
l:omparing, t.hP. 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 TP coils obtainable 
in case 2 is acceptable, th~n the 0.70 m 
thick beam duct shield is sufficient to pro­
tect ~he superconductin~ coils against radi­
ation streaminQ caused by the .neutral beam 
ducts. Note, however, that .the neutron 
fluxes at the end cap· and the neutron 1 eak­
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 beam in­
jectors. Inside these chambers, the nut 1 P.ilt 

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 11 rad/(MW-yr/m2). 

The effects of radiation streaming on the 
nuclear performance of the walls of the neu­
tral beam ducts and the blan.ket and shield 
regions 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 ~10 
W/cm3 and drops by less tha~ 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 b.Y a factor of 5 x 104 • This 
strong redistribution of neutrons and secon­
dary. garrmas requires that ~20 em thick region 
in the bulk shield surrounding th,e beam duct 
be provided with an efficient heat 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 problems similar in 
magnitude and complexity to those imposed on 
the first wa 11 . 

While this study shows that it is feasi­
ble to shield against the effects of pene­
trations, the results also show that the 
special shields for the evacuation, neutral 
beam, and radio frequency ducts occupy a 

' substantial fraction of the reactor interior 
and their cost represents a significant cost 
item. 
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ION, PHOTON-SURFACE ItiTERACTIONS IN FUSION REACTORS t 

M. Kaminsky 

Argonne National Laboratory 
Argonne, Illinois 60439 

ABSTRACT 
The surfaces of majo.r components of 

thermonuclear fusion reactors such as the 
first wall, beam limiters, or divertor walls 
will be exposed to particle and photon bom­

bardment from orim~rv P.]~$m~ r~~i~tiQn~ and 
from second.:1ry rildiations. 'lhe impact ot 
energetic particles (e.g. ions, atoms) on 
surfaces can cause such phenomena as physi­
cal and chemical sputtering, vaporization, 
radiation blistering, particle imp~ct in­
duced desorption, backscattering of imping­
ing pilrticles, .:1nd nuclear reactions. 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 affects in turn can (a) ser1-
ously damage and erode the bombarded surface 
and (b) release mo1jor quilntities of impuri­
ties which can contaminate the plasma. 

A. summary of some of the major surface 
effects leading to plasma contamination and 
surface ~rosion will be given.· 
INTRODUCTION 

For the development of fusion power four 
major plasma confinement concepts are being 
pursued in the USA at this time. (l) Three 
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 ex.ample, small 
size pellets of frozen deuterium-tritium to 
very high density and temperature using in­
tense beams of photons( 2•3) (e.g. lasers), 

electrons{ 4l, or ions. (S) 
(6-B) . It ,has been recognized that during 

the operation of present-day plasma machines 
and of future ·fusion reactors the inter­
action of plasma radiations such as ions 
(~tQm~} and photons with exposed surfaces 
ot components can cause a var1ety or· surl'a.ce 

effects. In turn, such surface effects can· 
cause (a) the release of plasma contaminants, 
and {b) the damage and erosion of the ir­
radiated surfaces, and thereby 1 imi t the . 
operation of plasma machines and fusion 
reactors. 

To determine the amount of plasma con­
taminants released from surfaces as well as 
the thickness 1'. of materiai removed in time 

it will be necessary to know both the yields 
S ([, a) and rates R (E, a) of the vari-uv . uv . 
ous coritam1iiant telease and erosion pro-· 
cesses, respectively, for the projectile 
species u as a function of projectile energy· 
E and angle of incidence·a for the release 
or erosion process v. In addition, it will 
be necessary to know the flux ~ (E, a) for 

u 
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 sug.gested for use. 
in fusion reactor applications. To what 
extent such yield values and erosion r-.;~tes 

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 parameters 

By acceptance of this article. the 
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the U.S .. Government's nght to 
retain a nonexclusive. royalty-free 
license in and to any copyright 
covering tne article. 
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governing the escape of energetic particles 
and photons and their contributions to the 
fluxes ~ (E, a) is also very fragmentary 

' lJ 
for the various types of fusion react~rs 
envisioned. 

In the following a review of the types 
of particle and photon radiations 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 

. lJ 
particular projectile.species IJ (e.g. in 
0-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 ~ (E, a) 

lJ 
- 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, 

I 

theta-pinch 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 lJ can vary 
by many 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 
fl uJteS ar)d mean energies of certain types 

of particles and photons striking the first 
wan of the fonowing tokamak devices listed 
in the order in which they may become oper­
ational: ISX (ORNL)(g), TFTR (Princeton)(~O) 
TEPR-I (ANL design)(ll), and UWMAK-I (Univ. 

of Wi~consin-Madison design-!)( 12 >. In 
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general, one notices how the fluxes of 
neutrons and helium projectiles increase 
with increasing power level of a reactor. 
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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 
limiters. 

For surface erosion phenomena not 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 in EPR-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 ih .EPR-1. 
Sigriiticant 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 0-T 
mirror reactor (200 MW )(lS), a 0-T theta­
pinch reactor (RTPR: ~440 MWe)(l 6), and a 

laser fusion test facility (LFTF: 100 MJ 
yield per microexplosion, thermonuclear burn 
time~ 10 ps)(ll)_ A comparison of the 

values for the estimated mean energies of 

0, T and He projectiles for UWMAK-I 
(Tabl~ i) and the D-T mirror reactor (Table 
11) show~ differences of uure than one 

order of magnitude. Since both plasma con­
taminant release processes and surface 

erosion effect$ ~epend strongly on the type 
of projectile and its energy, significant 
differences on the influences of such pro­
cess and effects on the operation of a 

UWMAK-I type tokamak reactor and a D-T 
mirror reactor will have to be expected. 
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·Tables I and 11 reveal also the signi­
f1cant differences 1n the 6petatihg coh~i­
tions of the reactors and facilities lis ted, 
especially the differences in the thermo­
nuclear burn times. It should be realized 
that in contrast to the quasi-steady state 
operation of EPR-I or UWMAK-I (Table I), the 
laser· induced pellet microexplosions 
(~ lo-11 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(lS,lg) that the wall loading profile in 

a tokamak is complicated by the banana-like 

orbits of the alpha particles, resulting in 
a highly peaked wall loading as a function 
of the poloidal angle. For a low-8, 

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 field.(lS,lg) 

The occurrence of peaked projectile impacts 

in localized surface areas ("hot spots") 

has been observed in operating tokamak 
devices( 20 l, 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 
calculations it has been shown( 2l) that 

first wall surfaces can be irradiated pre­
ferentially in certain areas by bremsstrah­
lung if, for example, a finite stream of 

impurities ("wedge incursion"-P.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 l. 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( 2Z) has been calculated( 23 ). 

The following machine parameters were used: 
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 1014 

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 is peaked at about 
7wce (wee is the electron cyclotron fre­

quency) which is typically in the 8xlo11 Hz 
range (\ ~ 0. 3mm). The bremsstrahlung 

spectrum is much broader, being nearly uni­

form up to energies near the maximum 
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FIGURE 2. The Spectrum of Cyclotron and 
Bremsstrahlung Emitted by a Thermonuclear 
Tokaurak D-T Pla~111a rur El~~.tror1 T.emperotur·cs 
of 10-keV and a Toroidal Magnetic r1eld ot 
40 KG. (Reference 23) 

electron temperature of 10-keV; at this 

temperature the frequency is~ 1018 Hz 
0 

(>. ~ 1.0 A). 

Finally, it should be pointed out that 

Tables I and II list 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), 

(n, p), (n, a), and other nuclear reactions 

and from secondary particles (e.g. secondary 

ions 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 cont~mination of plasmas from sur­

face released impurities will affect detri­

mentally the plasma Characteristic!> In 
~ever~l ways. I irstly, 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( 24 l 

l+>.(n./nD,T)Z1.
2 l+U .z. 2 

. 1 . 1 1 
- 1 - 1 
- 1+1Tn--7rl(;'TJT'- - 1 +!. fT.--

; 1 • 1 i 1 1 
(1) 
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Here n. is the impurity atom (ion) density, 
1 

nD,T is the D-T plasma density (assuming 

n0=nT)' z1 is the charge of species i, and 
f. is the impurity fraction of species i . 

1 . 

An increase in the value of Zeff due to an 

increase in the value of n1 and/or z1 
results not only in enhanced plasma resis­

ivity, but also in distortions of plasma 

density and temperature profiles. (24 •25 1 
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 
'tP~rly-,t~tP npP.rnt1on ot a reactor. {?h ,??) 

Secondly, 1ncreases 1n Leff cause 1ncrea!>­
in9 r~rli~tion lo,,e~ which make the attain­

ment of ignition conditions more difficult. 

For example, n vnlue of Leff=9 would pre­
vent ignition of a tokamak reactor of a 

certain design 
injected. (24 ) 

unless additional power were 

If the imJ,Jurities were purely 

iron (Z=26), an iron impurity density of 

1.8% of the D-T plasma density (fi=O.Ol8) 

would be sufficient to yield Zeff=9. The 
plasma power loss due to the presence of 

impurities occurs mainly via bremsstrahlung, 

line, and recombination radiation. If these 

losses are too hiyh dur·iny ~tart-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=l), the ratio R of the power losses due 

Lu 1Jr·eiii~~Lralrlu11y rrorli the plo:;mo with and 

w1thout a corrlamirranl ur atomic numbet- Zi 
is given by (6 •8) 

2 2 3 R = l + f. (Z. + z. ) + f
1
. Z

1
. , (2) 

I 1 1 

whP.rP. thP. symbols have the same meaninq 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=l.2), 
Equation (2) can be -solved for an upper 

limit· of f
1 
.. For_ fully ionized iron fi,m= -4 ,m 

2.8xl0 For impurity ions (atoms) which 
are not fully stripped, the value of f. 

· 1,m 
should be kept even smaller than the one 

listed above. It {s one goal ·of surface 
studies to identify those surface phenomena 

which yield impurity fractions which are too 

high for the proposed operating conditions 
of plasma devices and reactors .. 

For an estimate of the number n of 

impurity atoms released from an irradiated 
surface area A in time t, it is necessary 
not only to know the flux~ (E, a), but 

. ~ ' 
also the particle release S~ (E; a) for a 
particular rele~se process v. To obtain th~ 
total number n it is necessary to sum the 

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 
species ~· The number of atoms (ions) re­
leased is given by( 6 ) . 

n = En. = U(I)J (E, a) S (E, a)] A·t. (3) 
i 1 v~ ~ ~v 

In order to obtain realistic estimates of n 

it becomes clear from equation (3) that 
realistic values bf ~ (E, a) and S (E, a) 

~ . pv . 
need to be obtained. At present there 

exists a lack of such ~li (E, a)'- and Spv 
(E. a)-values 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 flux~~ (E, a) of each projectile 
species p and the surface erosion yield R 

~\) 

(E, a) fo~ th~ release processes v caused 

by projectile species p. The volume V is 
given by 

V·= E E [~ .. (E, a) R (E, ll)] A·t•-N>. (4) 
v p ... ~\) ' 

where.N is the number of atoms in a mono­

layer ami>. is the thicl;ness of il monolayer 
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of the material under bombardment. One 
should note that in some instances a S 

~\) 

value (see equation 3) may be identical 

with a R -value (see equation 4) for a 
p\1 

particular projectile ~ and process v (e:g. 

physical sputtering by He). 

At the present a lack of realistic ·~ 
(E, a)-values does not allow realistic esti­
mates-of V-values. Some _tolerable upper 

limits on V for the useful operation of 
various components exposed to plasma radi­
ations will have to be found. For example, 

for a unit area of irradiation of A1=lcm2, 
the thickness loss of a plasma container 
wall should probably not exceed 20% of its 

original thickness if it is to maintain its 
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 O.l~n. 
or the maximum permissible annual loss of 

volume VY for an area of A1=lcm2 is O.Olcm3 

Equations (3) and (4) do not take into 

account thilt 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 JON AND PHOTON iMPACT 

During_ the start-up period of a fusion 
reactor the impact of energetic ions (atoms) 
on sur·races will cause plilc;mil contaminant 

release predominantly by such processes as 
desorption, physical and chemical sputter~ 

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 release, 
with desorption playing a less important 
role~ 

Desorption 
It is now firmly estaplished t~at 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 magneti~·con­
fining field), and by thermal phenomena.( 6, 
8,28-31) It is also widely agreed that ion 
impact can cause desorption( 6•8•28- 31 1, al-
though quantitative studies of this phenome­

non have not been conducted vet to the hP~t 
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 low energy photons in the 2-7 eV 
range (visible and ultraviolet radiation) 

the release of gases from surfaces of such 
solids as ZnO, Fe, Ni, Zr, W, stainless 
steel, Cd$, Ti02 and Sn02 have been reported 
(for an extensive review see ref. 28). For 
example, Lichtman et.al. (3Z) irradiated 

stainless steel with photons in the 2-7 eV 
energy range under ultrahigh vacuum con­
ditions and found that the dominant desorb­
ing species was co2 with smaller concentra-

. tions of desorbing CO, CH4, H2o and H2 being 
d~L~ctable. 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 5.5xl0- 3 molecules 
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.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 
energies varied from 18-24 keV) under ultra­
high vacuum conditions·were conducted.( 33 ) 
It was observed that co2 and 02 were the 
dominant species, with additional species 
such as CO, cH4, 0, H2 and H20 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 2-4xl0-4 moleculP~ pPr 
photon for two different degreased stainless 
tteel tar.gcts at 11 mean jihulun eueryy of 

24-keV (see Fig. 3). 

STAINLESS STEEL 

MONOCHROMATIC 
ULTRAVIOLET LIGHT. 
FABLE, COX, 8 LICHTMAN 

X-RAY 
BREMSSTRAHLUNG 
SPECTRUM 
T"41S WORK 

;,:. 
ELECTRON ENERGY. •K! eV . . . ' 

FIGURE 3. Dependence of Quantum Yield (M~an 
Quantum Yield) on Photon Energy (Mean Photon 
Energy) in the UV (Ref. 32) and X-Ray Regions 
(Ref. 33) for Release of co2 from Degreased 
stainless steel . 

The authors pointed out that the energy de­
pendence of the photon adsorption ·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 
observed decrease_ for the mean photon energy 
from 18 to 24-keV. The authors more recent­
ly performed similar studies( 34 ) on discharge 

cleaned stainless steel surfaces and ob­

served a decrease in the _co2 release quantum 
yield from 2xl0-4 atoms per photon for the 

' ' ' -5 
non-discharge cleaned surfaces to 6xl0 
atoms per photon for the discharge cleaned 
one. If one chooses the_ mean quantum yield 
value for co2 from non-discharge cleaned 
stainless steel for a mean photon energy of 

4 ' 
18 keV {7.5xl0- molecules per photon) and 
the relevant parameters of UWMAK~I design(l 2) 
(bremsstrahlung power loading of 28.2W cm- 2) 
a relatively high co2 gas release rate of 
about~ lxlo13 molecules cm-2 sec-l 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 
shifted to lower energies and lead even to 
an increase in the above mentioned 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 wilJ cause the 
emission of secondary electrons, which 1n 
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 phase (e.g. for 100 eV electrons 

impinging on a CO-covered Mo surface gave a 
cross section for CO-desorption of~ lo-16 

2 ( 30) ' ' 
em). Furthermore, the electron impact 
on ads-orbed mo 1 ecul es can cause the re 1 ease· 
of fragment species. The electron bombard­
ment of adsorbed CO can result in the re-
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lease of o+ 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. C02, CO) ,electron in­
duced desorption for electron energies vary­
ing from 0-4000 eV the most dominant ion 

' ' + ' + + + 
species released were H , 0 , F , and CO , 
w{th H+ and F+ 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 
elsewhere( 35 -40 ~ only a few points relevant 
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 
nuclear motion (proportional to nuclear 
stopping power) near the surface and _in­
versely proportional to surface binding 
energy. (41 -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. Unfortunately, the agreement 
between sputterinq theory and experimental 

data is not satisfactory for the type of 
light projectiles ( D, T, He) expected in 
fusion reactor operations. In contrast to 
heavy-ion sputtering (e.g. Xe+) the sput­
tering with light ions is always influenced 
by (l) large angle scattering, (2) a surface 

·. 

·, 

. ~~·: 



correction, and (3) electronic stopping. 
Figure 4 illustrates the energy-dependence 
of the sputtering yiel~s from niobium bom­
barded with helium and hydrogen isotope 
ions·. The theoretical values are bas~d on 
Sigmund's theory( 4l) with the appropriate 
corrections. (42 -44 ) This procedure repre­

sents the dependence 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 y·ields forD+ incident on 
Nb by approximately a factor of ten leads 
to a better agreement over the enerqy range 

2 4 from 10 to SxlO eV. A broad maximum 
occurs between 4-5 keV for-helium and 
between about 2-4 k~V for tl~ hy~rng~~ iso­
topes. For light target metals such as 
beryll i urn, the correspond; ng maxima are 
predicted( 4S) in the range from~ 0-1 keV, 

alih9ugh 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 distr1bution. 
Av~rage ~~uLLerlng y1eld~ ~ (E) have been 
calculated( 4S) by using a lethargy function 

for il Maxwell idll u1str1bUtion of r1PIItl;!ron5 
1mp1nging on Be and Fe. The S (E)-curves 
appear flattened in comparison to the S (E)­
curves for monoenergetic ions, and the max­
imum yield is slightly lower. 

Sigmund's theory suggests that for not 
too oblique angles of incidence a the yields 
change approximately as (cos a)f, where f 

is a constant which depends on the. mass 
ratio M2;M1 of target to incident projectile. 
For M2;M1 < 1, f . ., 1. 7; for M2;M1 > I, f 

slowly decreases until it reaches a value 

somewhat less than l. While for· A+ ions on 
Cu the agreement between calculated and 
exper1mental values of S (a) is reasonably 
good( 39 ), this is not the case for lighter 
ions (e.g. 1.05 keV Ne+ on Cu( 46 )). 

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 o+, He+, and Nb+. The 
solid curves have b~en calculated according 
to Sigmund's theory(41), using the appro- . 
priate corrections for backscattering, 
electroni~ stopping, and the surface re­
flection.\4Z-44J The dotted lines have been 
interpolated between colcul11Lell SJJUtter1i'lg 
threshold values and values calculated 
according to Sigmund. 

the surface and reaching the outer plasm~ 
edge is determined by the energy distribution 
of the sputtered species and the distance 
between surface and plusma edge. Fur 
detailed r~views of t.hP energy distribution 
of sputtered spec1es the reader is referred 
to references 36-39. Random cascade theory 
predicts that under appropriate conditions 
the energy spectrum of sputtered atoms 
varies.like E -2 (E is the energy of 

s s 
sputtered particle) at high energies. The 

effect of the surface binding energy V
0 

modifies the distribution at low energies; 
the distribution passes through a maximum 
in the region of~ V and then falls lihear-

o + 
ly to zero at Es=O. For systems such as A 
on Au the agreement between theory and 



+ experiment is quite good. (For 20 keV A 
on Au a broad maximum exists between 3-5 eV.) 
For light ions. on heavy metals data are 

badly needed. 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+, 0+, and T+. An 

example of a potentially serious reaction 
occurs when hydrogen interacts with the 

carbon atoms of a graphite liner ("carbon 
(49) . 

cloth concept" ) to form hydrocarbons 
such as methane, ethane, propane and 
acetylene~ 50 - 52 l 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 -1on energy of 
~ 2.0 keV. The observed yield value( 52 ) 
(S ~ 0.08 atom/ion) is more than one order 

of magnitude higher than physical sputter­
ing theory would predict. 

Evaporation 

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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metals of potential interest for fusion 

reactor components (e.g. V, Mo, Nb) have been 
given previo~sly.l6 ) However, the formation 

of volatile compounds under certain reactor 

operating conditions may lead to substantially 
higher rates of·evaporation than would be 

predicted for the elemental metals at the 

same temperature. For example: the vapor 
-4 pressure of the molybdenum oxide Mo03 10 

Torr at 565°C and 10-2 Torr at 636°C (for Mo 

the values would be < 10~ 14 Torr for both 
temperatures). Such high vapor pressures 
would 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 iri the 
latt1ce either interstitially or substitu­
tionally. When the implanted particles 

have a low solubility in the lattice, they 
can combine with the vacancies ~reated by 
the lattice displacements and nucleate gas 

bubbles. 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 
temperature and microstructure. If such 
bubbles form in near surface regions and the 

gas pressure is high enough, bubbles may 
plastically deform the surface layers above 

. them (form b 1 is ters) , and when the deformation 

is extreme, the surface layers may exfoliate 
(blister rupture and flaking) [for a detailed 
review of radiation blistering see reference 

53]. 
The release of gas bursts.by blister 

rupture had been observed first mass spectra­
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 steel 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 different irradiation tempera­
tures. (55 ) For 400°C irradiation it can be 
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. 

.~ 100.--------rr--,.--rr.:""'q'"I~...-M iir·TMIS~IQ~ 1 ~ yA~'PiiiM 
El '100 c 
0 800 c 
t;. 1100 c 

FIGURE 5. Helium Re-Emission From Vanadium 
During 300-keV He+ Implantation as a Function 
of Dose at Three Different Implantation 
Temperatures. (Reference 55) · 

S~ch r~lease of gases with temperatures 
approximately equal to the ~all temperature 
can contribute to plasma cooling. 

. SURFACE DAMAGE AND EROSION CAUSED BY ION 
AND PHOTON IMPACT 

Energetic ions and photons s~riking 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 
limiting the lifetime of the irradiated 
components. With the exception of desorp­

tion processes all of the other processes 
mentioned above as contributors to plasma 
contaminant release can also cause surface 

damage and erosion. In addition, processes 
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suth 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 yields R 

. I.IV 
(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 serious surface erosion process 
in fusion reactor operations been fully 
recognized. (6•8) A brief review of recent 
studies of some erosion processes with special 

emphasis on radi~tion blistering follows. 
Surface Erosion by Radiation Blisterin! 

It t1d::. been po1nt.Prt out l'ilrlier(G,S that 

radiation blistering could seriously damage 
and erode surfaces of components exposed to 
certain types of plasma radiations in fusion 
reactors. For example, the blistering 
erosion yield for 304 stainless steel at 
450°C for 100-keV helium bombardment toil 
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 D+, T+ and 
100-k~V He+_( 6Z) ~rom the above quotP.d 

erosion yield an annual thickness loss of 
about 1 =0.05mm per year can be estimated 
for a h~lium-flux of 5xlo12 helium ions cm- 2 

sec- 1, a yield value which would contribute 
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 ) 

~~~j~~!!!~:!~~9~!_?~~!~~ 
The solubility and diffusivity of t·he 

implanted gas in solids are two of the im­
portant parameters affecting the blistering 

process. In genera 1, hydrogen isotopes have 



higher solubility and diffusivity in metals 
than inert gases such as helium. Therefore, 
it has been observed( 63 ) 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
~les held at room temperature. (64 ) 

~~~j~~~!!~-~~~~2~ 
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 

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 . (68 ) This general trend 

has been observed to exist for the energy 
range from 10-1500 keV . (65-66) 

For an est imate 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 SOiieV 

FIGURE 6. Scanning electron micrographs of annealed polycrystalline 
ni obium irradiated at room temperature to a dose of 0.5 C/cm2 with 
4He+ ions 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 
4He+ ions 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 accordTng 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 
strP~~P~ in thP mat~rial 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 domfnant 
surface erosion process and will reduce or 
eliminate surface blistering. 

Flux and Dose -------------
A distinction is often made between the 

critical dose Cu needed to form qas bubbles 
in the bulk of the material during irradia­

tion, and the critical dose cbl for the 
appearance of blisters on the surface. (S3) 

For example. for vanadium irradiated at 
500°C with 240-keV He+ ioni, a critical dose . 

C 
_1 1017 . -2 . 

b- x 1on em has been observed, re-
sulting in bubbles with diameters ~ 40 A. 
For higher .irradiation temperature of 600°C 
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th.is v..alue decreases significantly to 7xlo14 
. -2 1ons em For room temperature irradiation 

of niobium with 500-keV He+ ions the critical 

dose for blister appearance was cbl ~ 2xlo18 
. -2 1ons em , and at 900°C it decreased to 

6 3 1016 . -2 _ ~ . x 1ons em . 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 oy t 2);3 r2]. 
Since the yield strength a of most metals 

y 
decreases with an increase in temperature, 
for curt~Ldlll valu~::. uf r drld t, the value 
fur P cr wIll deCl'ease cot·t·e:;pondi ngly. 

Once the cb1-values have been exceeded, 
the dose values will affect the bllster 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 
1 .5xlo18 ions cm2 produced blisters, but 
that an increase in dose to 6xlo19 ions/cm2 

pr-oduced 1·oughened surface:; on which b 1 i:; ter:; 
could not be identified. Biersack( 69 ) 

irradiated Nb with 6 kcV He+ io~:; to very 

high doses (1.2xlu20 ions tm- 2
- 5xl o21 io ns 

2 em- ) 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 contril>ul~u Lu tire 

ob:;crvcd cro:;ion i:; not clear accordin~ to 
the author. (69 ) 

The blister density and the critical dose 

for blister appearance hd!> b~e11 ouserved to 
be affected by the flux in some cases,( 53 ) 

where the balance between gas trapping and 

gas release is critical. 

!~~9~~-I~~e~~~!~~~ 
The target temperature affects the aver-

age blister diameter, blister density and 
the exfoliation of blister skin (which 

determ1nes the erosion yield) significantly . 



FIGURE 8. Scanning electron micrographs of polycrystalline ni ob i um 
surfaces irradiated with 6 keV He+ : (a) dose of 5xlQ20 He+;cm2 at 
800°C, (b) dose of 1.25xlo20 He+/cm2 at 800°C, and (c) dose of 1.25xlo20 
He~/cm2 at 1200°C. (Reference 67) 

FIGURE 9. Scanning electron micrographs of annealed polycrystalline 
vanadium surfaces after irradiation with 0. 5-MeV 4He+ ions to a total 
dose of 1.0 C/cmZ: (a) at room temperature, (b) at 600 + 20°C, and 
(c) at 900 2:_ 20°C. (Reference 70) -

Figure 9 illustrates( 70) this for the ir-

radiation of annealed polycrystalline 
vanadium with 0.5-MeV 4He+ ions to a total 

dose of 6.3xlo18 ions cm- 2, 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 
yiP.lds have been estimated for q 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
abl e data . (S 3) 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 ki netic pressure in 
the bubble with temperature, and the hel i um 

release through the surface at high temper­

atures. The maximum in the eros i on 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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the surface region is still very small (for 

a more detailed discussion see ref. 53). 
Physical and Chemical Sputtering 

Both physical and chemical sputt~ring 

will. contribute not only to the release of 
plasma contaminants but also to surface 
damage and erosion. At this time cpnsiger­

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 e~uated with the 

p 
surface erosion yield R for physical sput-

. ).J 

tering by the projectile type \.J. Figure 4 
showed the sputtering yield S as a function 
of particle energy foro+, He+ and Nb+ ions 

incident on niobium under. normal incidence. 
ForD+ and He+-ion 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. As one ·can see in 
Figure 4 the niobium self sputtering yields 
are orders of magnitude higher than the D+ 
and He+ yields for niobium for energies in 

the range from 104 .to 105 eV. Clearly one 
would want to reduce the number of energetic 
neutral niobium atoms which leave the wall 
as sputtered neutrals, thermalize 1vith 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
fere~t 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 rates for re 1 evant 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 Embrittlement, Fatigue-

l.ift 
Thermal evaporation is a potential source 

6f 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 radi~tion from th~ 

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.(?l) 

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 processes will contribute signifi­
cantly to surface damage and erosion under 

fusion reactor operating conditions. 
POTENTIAL SOLUTIONS TO REDUCE PLASMA CON­
TAMlNA f ION ANU 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. 
~or 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( 57 ) 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-GO) 

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 A1 203) is estimated 
to be 3 orders of magnitude less than in 
annealed aluminum for 100-keV helium ion 
;~radiation 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-2} and at 

· 600°C (to a dose of 0.5 C cm-2), see Figure 
11 (taken from reference 72). There appear 
to be two main reasons for the observed re­
dw::tion in ~urface exfoliation due to blister­
ing in sintered metals: (1) the trapping of 
small gas bubbles at grain boundaries and 
oxide particles; and a yield strength which 
is greater than for non-sintered metals, 
especially at elevated temperatures. It 
appears feasible to deposit beryllium (as a 
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VACUUM CAST SINTERED 

FIGURE 11 . Scanning electron micrographs of 
beryllium irradiated at room temperature and 
at 600°C with lOO~keV He+ ions: (a) Vacuum­
cast beryllium at room temperature (1 C/cm2)~ 
(b) Vacuum-cast beryllium at 600°C (0.5 C/cm~); 
(c) Sintered berrllium at room temperature 
(1 C/cm2) and (d) Sintered beryllium at 6oo~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 . (l2) 

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 
Tm is the melting point in K. Irradiation 
at this temperature leads to a porous sur­
face containing micron-size holes. This 
type of surface tends to inhibit blistering 
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
atures > 0.4 Tm may be a problem. Therefore, 
other solutions have been searched for. Cold 
working of a metal has been observed to re­
duce erosion by blistering in certain 
cases. (74 ) 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. Furthermore, the yield strength in 
a cold-worke9 material is higher than in the 
same material annealed. This leads to re­
duction in blister rupture. 

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% Si02, 40.5% BaO, 7.2% Al 203 on a Nb-1 % 
Zr substrate) with 100 and 250-keV He+ and 
D+ ions at room temperature some blister 
formation could be observed (see Figure 12), 
however, no helium or deuterium blisters 
were observed at 300°C under otherwise 
identical irradiation conditions.( 61 •64 l 
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 

(53 ') 
glasses. 

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
terinq 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. Scanning electron micrographs of 
ceramic coatings on Nb-1 % Zr alloy after ir­
radiation to a total dose of O.G C/cm2 with: 
(a) 100-keV D+ ions at R.T . ; (b) 100-keV He+ 
ions at R.T.; (c) 250-keV o+ ions at R.T.; 
(d) 250-keV He+ ions at R.T.; (e) 100-keV o+ 
ions at 300°C; (f) 100-keV He+ ions at 300°C. 
(References 61, 72) 

CONCLUSIONS 
The need fnr nht~ining rPli~ble yield 

values for the various particle emission and 

surface erosion processes for the relevant 
plasma parameters and materials considered 
for fusion applications h~s 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 synergistit 
effects. - Therefore, studies of simultaneous, 

multiple particle and photon irradiations of 

surfaces are needed. Only with the proper 

identification 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, Illinois 60439 

A V-10 wt % Ti alloy was irradiated with 2.7 MeV s1v+ 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 

observed in unirradiated materials. The precipitates in irradiated 
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 al. (l) studied V-1 wt% Ti 

irradiated with 3-MeV 5lv+ ions 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 1ikely that the reuu~~d void 
swellir1y observed in V-Ti alloys may be 

due to the precipitates which form during 

irradiation. Similar behavior has also 
t observed in studies of void swelling 
1n unalloyed vanndium. (2, 3) The most 

likely 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 
likely 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 (bee) solid 
solution ~80 wt % Ti at ~7oooc, an incr ea se 

in Ti content with an increase in the 
solubility of oxy0en in V-Ti alloys can 
lead to the formation of oxides. The pur­
poses of the present study were to es t ablish 
the identity of irradiation-induced phases · 

in V-Ti systems and to examine the su~pres ­

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 ~lo-a torr followed by 

quenching with He gas cooled with liquid 
N2 • It can be clearly seen fro·m Fig. 1 
that the above combination of preparation 
techniques has been advantageous in obtain­
iny the V-10 Ti in the form_ at homogeneous 

solid solution. Figure l(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 

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 tern t1 

Figure l(c) shows the improvement achievet 
in obtaining a homogeneous solid solution 
when the homogenization was carried out ~ 
direct resistance heating at l300°C for 4 
in a dynamic vacuum of ~lo- 8 torr followet 
by quenching with He gas at the liquid-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 a11oy 
were prepared for irradiation by standard 
methods described in detail elsewhere. (S) 
Sixteen specimens in a 4 by 4 array were 
then irradiated with 2.7-MeV s1v+ ions to 

··-

dose levels of 2-60 dpa at 650°C in the Ar 
4-MeV dual-beam irradiation facility usin! 
standardized procedures previously 



described. (S) During the 7-h irradiat ion, 
the total gas pressure decreased from 

10-a to 5 x lo-a torr. Residual-gas 

..... _.;sis showed approximate partial pressures 

of ~3 x lo-s torr for water and ~ x l0- 8 

torr for carbon monoxide, dioxide, and 

nitrogen. 
Following irradiation, specimens for TEM 

examination were prepared by sectioning the 

specimens to a depth of ~7000 A 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 
DAMG2,( 6) 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 deniity 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-rlose 

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 
nrp~ipitates and dislocations for 5-dpa 

:imens. The corresponding SAD pattern, 

given in Fig. 2(b), confirms that the foil 

is in exact [lll] orientation of cubic 

crystals. Perhaps the unresolved structure 

observed in the control specimen is an early · 

stage of precipitation under thermal equ i ­
librium conditions and profuse precipita­
tion in the irradiated specimen is due to 
enhancement of precipitation by ion irrad i ­
ation. Under equilibrium conditions, in the 

temperature range 600-700°C, fully developec 

TiO with the NaCl-type structure is known tc 

form in V-base Ti alloys after aging for 
severa 1 days. ( 7) 

FIGURE 2. (a) Bright-field Micrograph 
Showing Dislocations and Precipitates in 
V-10 Ti Irradiated to ~s dpa at 650°C. 
(b) SAD of Fig. 2(a) in exa ct [111] orien­
tation. Mag. 58,000X 

The morphology of the precipi t ates 

observed in the irradiated speci1 11ens wo.s 
examined in some detail. In Fig. 2(b), thE 
precipitates observed in the irradia t ed 

specimens do not show any diffra ction 



fe~tures 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) J. Figure 3(e), 
which is a dark-field image obtained from 
the streak marked 11 A11 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 bee V-rich 
solid solution and has a {100} h~hit. The 
increase in intensity of the streaks with 
dose, Figs. 3(a)-3(d), sugg~~ts a dependence 
of volume fraction of the precipitate on 

dose. 

Figure 4(a) shows SAO in an orientation 
tilted "-5° from the exact {111} bee 
orientation [Fig. 2(b)]. Now additional 
precipitate spots can be seen near the 
matrix (bee) spots. These spots were 
analyzed and were found to originate from 
a {110}-type orientation of NaCl cubic 
lattice. The composite SAO pattern in 
Fig. 4(a) can be explained on the basis of 
a pattern generated by superimposing (111) 
bee pattern on (110) NaCl pattern with 

[llU]bcc II (001 ]NaCl" The diffraction 
paLtern thus generated is shown in Fig. 4(b) 
and closely resembles thP r~ttern in 
Fig. 4(a). The composite diffraction pat­
terns in Figs. 4(a) and 4(b) represent 6nly 
one of the three possible orientations of 
the precipitates. The latticP. parameter 
computed from the d-spacings in Fig. ·4(a) 
gave a value of "-'4.20 A, which is in good 
agreement with the 4.19 ± 0.06 A value for 
TiO reported in literature.(?) Thus, the 

precipitates observed in the irradiated 
specimens appear to be TiO with NaCl-type 
cubic crystal lattice. The orientation 186 

relationship between the bee matrix and i 

TiO platelets was found to be 

[·llOJbccv II [OlO]NaCl TiO. 

To examine the dose dependence of pre< 
pitation, the TEM specimens were brought 

. the orientation given in Fig. 4(a) and t~ 

the precipitate spot marked 11 A11 in Fig. L 

was used for imaging the precipitates in 
dark~ fielu. Because of the high dislocai 
dt!n!>iLy, precipitates could be clearly St 

only in the dark-field image. Figures 5( 
5(d) ~how the precipitate structures fur 
nominal dose levels of 5, 15, 30, and 
55 dpa, respectively. As the do~e increa 
the precipitate density increases system­
atically and is quite high for the 55-dpa 
specimen [Fig. S(d)J. 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 y+ irrarliation of 
V-10 Ti results in precipitation of TiO. 
The precipitation process is enhanced by 
irradiation, which is reflectP.d in the 
dose dependence of thP. precipitate densit 
Work to determine the interstitial r.nmpos 
tion of the irradiated layer -is in progre 

IL !>lluuld be noted that no voids are 
formed in this alloy in contrast to a p a 
swelling of '\.Q.4% at 14 dpa ' found for 
unalloyed vanadium at the same temperatur 
The mecha nis 111s responsible for the void­
swelling suppression remain to be elucida 
CONCLUSIONS 

. 1. Interstitial impurity pick Ul ~i 

alloy preparation of V-Ti alloys can be 
significantly reduced by carefully choosi 
the preparation methods and environments. 



' FIGURE 3. Fxact . [100] Zone SAD Patterns for V-10 Ti Showing {100] 
Streaking. (a) "'5 dpa. (b) "'15 dpa. (c) "'30 dpa. (d) "'55 dpa. 
(e) Dark-field image from <100> streak marked ''A" in (d). 
M.;g. 29 ,OOOX 
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~. 1rraa1aT.1on ennctm.;t!~ L.rrt:: fJit::I..'I.JII..a-

tion of TiO in V-10 Ti. 
3. The crystal structure and orienta­

relationships of the TiO precipitates 
he irradiated V-10 Ti are the same as 

those observed in unirradiated.material in 
which TiO has been precipitated thermally. 

4. Addition of 10 wt % Ti to vanadium 
compJetely 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, Illinois 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 w~r~ t~st~d! 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 corresporiding 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 Cyclotro~-injected 
specimens exhibited greater ductility than the specimens charged by the 
"tritium trick." The onset of gross embrittlement occurred between 
700 arid 750°C in both cases. 

INTRODUCTION 
Alloys of the transition metals vanadium. 

niobium, and molybdenum are candidates for 
fusion reactor first-wall structural mate­
rials. {l) 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 properties 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 inso·lubll 

in metals, is removed from th~ latti~A-~ 

the formation of bubbles in the material 
and/or by diffusion out of the material. 

The bubbles that form at ~rain boundarie~ 
can accelerate grain-boundary sliding, 

· which begins to operate as a deformation 
mechanism near on~ half the melting pain· 

(l/2Tm). In addition, tensile stresses 
at elevated temperatures can produce bubt 
growth and coalescence along grain bound­
aries. · The result is premature i ntergrar 
lar cracking and failure at elevaterl 
temperature. 

The simulation of fusion reactor con­
ditions is vital to predict the effects c 

helium embrittlement on mechanical proper 
ties. The me~hanical-property data from 



joint ANL/PNL 1nvest1gat1on at nonreactor 
helium-implantation methods will be dis­
cussed i~ the present report. Both of the 
s -ation techniques developed to da~e, 
n ___ y helium ion injection and helium pro-
duction by tritium decay, were included in 
the ~resent study. The former method con­
sists of injection of high-energy helium_ 
ions 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 ext~action. (2- 4) A 
detailed description of this helium­
charging technique, known as the "tritium 
trick", is given elsewhere.( 4) -

Each simulation method has advantages and 
disadvantages. Both techniques are capable 
of introducing large quantities 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 atom displacement 
damage during ion. bombardment is orders of 
magnitude less than expected in fusion 
reactors for an equivalent production of 
helium,( 4) whereas the tritium decay re~ 
action yields essentially no atom displace­
]ent damage. The greatest disadvantage of 
the ion-bombardment technique is the 
inherent specime~- thickness limitati6h­
(-\-ld~m11s) -due~"to the-1Jmited_pef1_etrating·:--;_; 
power of the heliu~. Essentially no size· . 
1 iinitat"i"on ·is·-;m·posed by the tritium:tric~---~- ·-· 

order to obtain significant helium produc-_· 
tion rates. 

The environments encountered in the two 
simulation procedures and in fast reactors 
are likely to result in different helium 
bubble distributions. Helium bubbles were 
found to nucleate nonhomogeneously on inter­
nal structural- defects and on grain bound­
aries in commercial-purity niobium charged 
with helium by the tritium trick. (S) 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. ( 6 ) 

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-l5Cr-5Ti, is a 
high-strength, creep-resistant alloy, the 
mechanical properties of which have been 
previously investigated with specimens 
helium charged by ion bombardment. (7,B) 
Vanadium alloys exhibit high tritium solu­
bilities and thus are amenable to helium 
charging by the tritium trick. 
EXPERIMENTAL PROCEDURE 

____ - The:·v.,..J5Cr-5Ti alloy __ used in this study 

is from the same stock as that used in the 
preyio~s_helium i90-bombardment study.(B) 

nethod-,.;d:i nce~-H.:f-Us:i Olh-pr:-o§esses'=ar.e.:..-used---"~~ -: Botn-:::-th-i n-:-$hee_t-~ a!l:q,- cyl i nd.ri ca 1-" s pee i mens-~'--':­
to di stri bute~the~mi tiurni:h'r~ 'the=.meta-1-::~~The-=-:---'' -::c:-were---=-fabri ca fed---frorri"---th i s:-rriater..i a 1--.==- The_:-----. - -·---· .. - - - .. -. - . - . - - . . .. 

najoi;~dj,s-ady_anta·ge_::__()_t t.b.e:-tritium.~_trick ~ •-'-' 
nefhncL:.-i-s:.:=.the.i:dif.fJ.ctiTt-y:;;eucqunter,edAn~~- -~~- , .. 
d n-g7-mat~_ni alss"WttM-=1 oW:~-tr: i t-i um.:;.so.l u;,-~-- __ :._ .. 
bi 1 i ti es··;r.;::sH i gh..;_pre_ssu~e=:..ichargi ng:;.(up ;"to--,:_..:;:..:;:=-~ 

1oo-:-a-tril}~.mus-t~be..:..i.Is.ed-=fur:-low :so-lubility:~~-- :-­
naterials, :such as. stainless-steels,-~in- .. 

sheef.,_spec;imens-;:.:,with~=:O~~~-x:::o:z_x-__ 1.0 in.·-· 
tes t:sectian~~..:.wer-i..auplj_s::-a~tes -jJf: -_~hose_~ used.::..::·_ 

in the:'.ea rl:i.er.=-:-:-i nv.:e~-ga.tfcHfi-=-w~-i ch-·.:.a 1-]"o\·Jed=.:.: 
a difect:::compari son_:.of~th-e-=l\1o-=chargl.n~ ···--­

techn i que~~:...~~-Th·e-~·cy.l j riari caT--s-pecimens·;· .:-c.~-
o.n··in-.:~-dia~-x 0.75 in~·test section, 

a 11 owed -:-a -com pari son· between- the ·-thin.-= sheet..:-=---= 



and "bulk" geometries. 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 
ion-bombardment experiment. 

0.113" 

·---·-----·-----

FIGURE 1. S~eet and Cylindrical Specimen 
Geometries 

All helium charging for this program was 
performed at PNL by the tritium-trick tech­
nique. The charging cycle was essentially 
the same as reported earlier for vanadium.(4) 
The basic charging method is outlined as 
fall m-1s: 

(1) absorption of tritium gas by the 

were placed in th~ 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 4oc 
after equilibrium was attained. The sheet 
specimens were tested in a vacuum of 
2-3 x lo-s torr with a thin sheet of zir­
coniuci~around the sample to act as a getter 

fThis foil was not used iri the original 
study. (S)] The cylindrical specimens were 
tested at a pressure of <l x lo-s torr 
without a foil getter. The sample appear-

. ance afte~ testing was unchanged from that 

before the test. 
TEST RESULTS AND DISCUSSION 

Ten sheet and four cylindrical samples 
vanadium alloy specimens at 400oC; were tested in the present tritium trick 

(2) decay at room temperature of a por- gtudy. rive of the ten 3heet sample3 and 

tion of the tritium to 3He; and three of the four cylindrical samples con~ 
(3) removal of the excess tritium from tained ~35 appm helium. Twelve sheet 

the helium-implanted specimen by hot vacuum samples were tested in the ion-bombardment 

extraction at 750oC.· ·-· study,·with .five of: the twelve· containing: .. 
Five· sheet specimens and three cylindrical ~25 appm helium~~;;The tensile test. results. 
specimens were helium implanted during this· for the three specime~ batches are pre-

program. sented in Table 1 as a function of test 
Both ·.the--sheet-· and.-.cyJ.i_odd ca l>!.specjmenS.,.,.=~.:· -· temoerature·.··.for;:~the:7 d Ufere-n-t-;_hel i urrr:=-E~it.;' ~·;·. . - . 

---\·Jere _tested ·foll o~tJi ng::t0e-:-S(lme, procedure?.-~o:-> ·. 
·used. in the _ori gi na_.l . .:..i on;bombardnient. i rives.""~ 
t i ga ti on.~ S) . -~~1 L specjmens .v1ere tested at -·-

imp Tanta t i ort~techn iques'i:and·5."5 p·eG·imeri;:;·~T.:~·:..: -­
geo~etr-i es-t.-::-o_~The"1'esul:ts~~pre~ en ted:-=.i'n ~<:::-: .. -.· 

Tab 1 e·:l :~·li 11.·. be ·dts cussed;.; n~ the ~fo·ll m'li nq: · 
tempera tur-esc.- and- he 1 i urn .. concen t rat i ons .. com=~=- "-~ sect i oris- ~';:.:;Jhe ::Ji.rs-t~sec:t;'j~Cfn-~cons·i st s·" ···· 
parab 1 e.;" to:·. those ;:o"t·"the :or..i g.; nal '·Study~.~-'~-_,=,-. compar-:i sorL:.:.o.n -th-e.:!.fiiecliaA.i.cal:-:pro.per.ti es,::of.=: 

All :teris.ile:Otests·\'/ere .. carried·out:in. an;:;: ... sheet specimen·s .. charged .. by ion 'bombardment, .. 

Insfrcin tensile 'test machine in vacuum at a and the tritium trick; the second section 
strain rate -of 0.02/min .. After the-samples .. _ _;.:-·· consists of a .. -comparisori·bet~'leen the ·t~·lo- ·-
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Test 
emperature 

{0 q 

650 

700 

750 

800 

850 

900 

600 

650 

700 

750 

800 

700 

750~-B 

$?00: -~- - :. 

--·-· 

TABLE 1. Elevated-temperature Test Results for 
V-15 wt% Cr-5 wt% Ti with and without Helium 

Calculated . Strength (ksi} Elongation 
Helium 0.2% 

Content Yield Ultimate Uniform Total 

f"oi 1 specimens helium implanted by ion bombardment(a) 

o~o 51.2 83.7 11.2 1L4 

0.0 49.0 85.6 13.3 13.5 
25.0 49.9 86.6. 12.7 13.2 

0.0 49.6 84.0 13.9 15.5 
. 25.0 49.0 79.9 7.4 7.6 

0.0 45.7 77.2 11.9 15.7 
25.0 47.5 :68.6 4.4 4.5 

0.0 42.5 65.1 9.6 18.2 
25.0 47.4 59.5 2.9 3.2 

0.0 37.7 56.2 7.8 16.4 
0.0 38.7 7.2 24.6 

25.0 40.8 51.5 2.3 2.3 

Sheet specimens helium implanted by triti urn decay 

0.0 53.0 89.0 14.1 14. 1 
27.5 55.0 87.0 10.8 -10.8 

0.0 52.0 86.0 15.5 15.9 
27.0 54.0. 87.0 10.3 10.3 

0.0 50.0 88.0 15.5 ' 15.9 
29.0 54.0 69.0 3.8 3.8 

0.0 51.0 82.0 13. 5 15.7 
38.0 51.0 65.0 3.2 3.2 

0.0 43.0 72.0 13.2 20.1 
39. o:7c-0- 43.0'· 54 . 0 ~· .. ,~: 1 . 3 ~:;_ . ...., -1.3 

Cylindrical~specimens~helium·jmp1anted by triti Lim decay --

38.0 53.2 88.0 10.6 12.4 

0 . O·?L·~·.: :··~ . . : . 55 ~·3 ~~::.:;;c .... 9 8 : 2~~~- 15-~0i .. ~· -26·.2~.--
2 9 -.-o.; .. =-:· . ~::, ........ 50.-"},;;:~~·,. '. 75. 0--'-·~';-- -· ·7. 7 .. ·'-" ·--· 10.0:,;:_,-_ 

30 :-e-·-:.;-,-: --- ·· :- . ._: .. 42·~'1-- 64.0.:"_.:: ... 6.1 ~ ::-- - 6. 6-~--

I a J ~-;-: -:;;,j :.Ref':c,;:-8 ~'=·-:~ . ... 
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Reduction 
In Area 

{%) 

75.0 

69.0 
58.0 

64.2 
25.4 

53.1 
15.7 

54.0 
15.9 

49.7 

17.1 

68.0 
64.0 

68.0 
62.0 

58.0 
37.0 

48.0 
30.0 

28.0 
7.5 

--
13.L~·- , - .. ··-

- . 11 . '2 

. .. 



.:>!-'<=\.. 1111<=11 \..VIII I~UI Cli..IUII=> I...UII l.Q I II lilY 1.1· I l.l UIJJ-

charged helium; and the third section con­
tains a comparison of all sheet specimen 
data with the cylindrical specimen data. 
SHEET SPECIMENS 

Tensile tests of the control, ion­
bombarded, nnd tritium-trick charged speci­
menS were performed in the temperature 
range from 600 to 900°C. The mechanical 
properties for both sets of control speci­
mens are compared in Fig. 2. The properties 
of both sets of specimens are in close 
agreement as a function of temperature. 

100 
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·FIGURE ·.2:; -·: El evated.:.temperature-dest~:Resu-lts_:~-~:i: ___ -
-(;r_·~,:·,:!.- 15Cr~..,STi Sheet .. Cant ro l:.::.Spec i mens-c: c:o:. 

,n.: ~,:,..:-ontr.ol s:.\<Jere as-annealed~sheets _--except<:.-,!"~- -

for-=the_~-750~Ct·ri t i um2trA tk:=-cbntro·l ;·':·i;Jh i ch'~:.:.: 
\vas- deuterium-charged 'iri a simulated"'tri,;·-7-==--; 

tiu~ charging time-temperature cycle. 

Although the 750°C control exhibits 
1Q~ 

1ncreasea y1e1a strengtn ana aecreasea 
elongation, the authors believe these 
values are within the data scatter obs' 
between th.e two sets of contra 1 s tl 

temperatures and therefore do not ;, 
any significant effect on the mechanic, 
properties by the charging and extract 
of deuterium and the accompanying therr 
cycling. 

The mechanical properties corresponc 
to the two helium charging .techniques < 

presented as a function of test temper; 

in Fig. 3. The average mechanical pro1 
ties of the control specimens arc also 
plotted in the figu1·e fo1· compe.ti.son. 

is evident that both helium-charging 
methods re~ult in substantial decrease: 
elongation at test temperatures of 750 
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FIGURE 3. Elevated-temperature Tensile 
Test Results for V-15Cr-5Ti Sheet Speci 
Containing Helium 



1d above, with the individual helium-
1ar·ged specime_ns exh ib_it ing essentially no 
ffference between uniform and total elonga-
i· ilues .. The tritiated specimens con-

Lv-.. tly exhibited lovJer elongation values 
1an the ion-bombarded specimens, whereas 

1e_ ion-bombarded specimens exhibited con­

iderably higher ultimate strengths than the 
ri~iated specimens. The yield strength 

~om the two helium-charging methods are 

omparable \•rlthin the experimental scatter 

and evident for the control specimens 

Fig. 2). 

The engineering stress-strain curves for 

:he 75ooc control and helium-charged speci­

Jens are compared in Fig. 4 .. At low strains 

tll the curves match quite closely, whereas 
1t high strains, the ion-injected sample 

!xhibits a somewhat higher work-hardening 
·ate and the tritium-trick charged sample 

!xhibits ~ somewhat lower work-hardening 
·ate than the contro1 sample. The average 

~ark-hardening rate of all ion-bombarded 

;pecimens, as determined from Table 1 by 

the difference between the yield and ulti­
nate strengths divided by the uniform elong­
'l.tion, is considerably greater than that of 
. ' 
the respective tritium-trick charged and 
:ontroi s;:,:np.les. All sc::tmpl~~ tested u.t or 

below 750oc exhibited a yield point, whereas 
those tested at or above aoooc did _not. 
Frattur~ of th~ triti~m~tritk.charged 

sp~cim2ns generally occurred in a more 

.. 

irl'egul ar. manner--than .fractUi~e=of e_i_th.er the -·-· -· .. 
·Ion-injected or. control sa.rnples·,-· as shm'ln--by·-~­

the ·1 oo:d drop at fi·actu-r .. e. in it i at i ow·shm·mo:~~ 

i-n Fig. 4. 

prel iminal·y. SEH study of the specimen.--~---·_. 

f·racture surfac·~~s indicates that a:cuns1s·i:':-.:., __ 

tent. fractu·re rriO'rphology pattern occurs·-,--_,,_~ 

which is a function of specimen elongation 

values and independent of-test temperature. 
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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; this 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 
sooac ion-bo;nbarded specimen (4.4;~ uriiform 

elongation) and the 750°C tritium-trick 
specimen (3.2% uniform elongation), whereas 

the 900°C ion-bombarded specimen and the 

800°C tritium-trick specimen exhibited­

-almost complete intergranular failure 
(2.3 and 1.3% uniform elongat1on, re~pec~ 

tively). A comparison of the fracture­
surfaces of the control--and-tritium~trick 
'charg~d specim~h~ te~ted at soooc-is'show~ 

in_.. Fig. 5. c. 

Th c.-· d i f.feren ce<;_ hP.t.\·:een.-.. th e __ s pee i rne·n- "·-' 

elongations'-associated 1·1ith the t\-·:o.charg·in 

methods may be due to one of several fac­

tors. The greater ciegt·ee of embri ttl ement 
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observed in the specimens charged by the 

tritium trick may be due to the lack of 

atom displ2cement damage during helium 

charging, since radiation damage is present 

in the ion-bombarded specimens. Another 

reason for the differences in elongation 

!Jeti;e.:=:n the tvJO charg·ing methods roay be the 

somewhat higher helium concentration in the 

speci~ens charged by the tritium trick. 

However, this a~pears unlikely in view of 

the large difference in elongation at 700°C 

with a rather small difference in helium 

concentration. Another factor may be the 

pretest thermal cycle seen by the tr~itiatPC:I 

speci~ens. This thermal cycle may produce 

different pi'etest bubble distributions in 

the tritiated specimens when compared with 
the ion-bo::~barded specimens, \•lhich may 

account for the resultaht differ~nce in­

e1ongations. A final reason for the elong--­

ation differ~nces may be different impurity 

le'Jels in the specimens ... Refractory metals . .:- .. 

quickly absorb interstitial -impurities (0,~:­

C, N) at el~iated temperatures, and dif­

ferences in the environments of the two 

charging techni~ues and in the vacuum con~ 

ditions during tensile testing could res 

in significant ili".t}Urity differences. In 

stitia1 impurities ha·;e a mar·ked effect 1 

strength and ductility of refractory met. 

and hence, impurity differences may infl1 

ence the test results. It should be not1 

that SEM analysis r2v2alcd that the cant: 

specimens for the.original ion-bomtnrdme1 

study rlid not exhibit surface grllin--bounc 

separation, whereas those in the present 

study exhibit considerable surface grain· 

hnundary decchesion. 

SHEET AND l.YI T NDR I CAL SPEC I1•iENS CH/\%ED f 

TR.ITIU~~ TRICK 

The tensile test data plotted in Fig. 

co~pare the high-te~~2raturP mPch~nical 

properties of sheet and cylindrical spec· 

mens charged to ~35 appm helium by the 

tritium trick. It is evident that both 

specifiJen configul'ations· give the SJ.iile yiE 

s t l' 2 n g t h s , a n d y i e 1 d s t l' c n g t h i s e s s · · a l 

unaffected by 35 appm helium.· Cons ~t 

differences occur in other properties, wi 

the cylindrical speci~ens exhibiting con­

siderably greater el8ngation and ulti~ate 

strength values then the sheet specimens. 
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FIGURE 6. Elevated-temperature Tensile 
··res-t Results for Sheet and Cylindrical 
V-15Cr-5Ti Specimen~ Helium Charged by 
Tin it i urn Decay 

1owever, the general trends of all mechani-
:al p~operties agree,~i.e., the yield · 

;trength is essentially unaffected by the 

Jres ence.: of helium,· and c.-the u 1 t i mate._·':_: .. 

:tl~engths:and.elongations_·are.decreased .by_ :i~:­

:he pl~esence of heriurn. 

The eff2cts of specimen geometry are 
;h in rig·;·.~ t; •.-~h i ch ·compa i·es the engi -· , · 

1e g· ~tn~~s-strain tUi·ves of the .control··-., 

tnd hel ium.::charged ·specilnens tested at · ~ 

•so~c. The cylindrical speci~ens exhibit 

:onsiderable-differences between the 
197 

. ' 

V) 
V) 

w 
0: 
::;; 40 

20 

r ~ SHEET CONTROL e CYLINDRICAL -35 a ppm He . I 
~ / CYUIWf?iCAL CONl ROL 

SHEET- 39 oppm He 

.. ·-·---· ---· . -------------
FIGURE 7. Engineering Stress-strain Curves 
of Sheet and Cylindrical Samples Tested at 
750°C 

uniform and total elongation, 1·1hereas the 

sheet specimens show almost no differences 
between total and uniform elongation. Also 

at larger strain (~4%), the sheet specimens 

show a decrease in the strain hardening­

rate compared with the ·equivalent cylindri­

cal specimens, \·thich results in plastic 

instabilities at reduced plastic strains. 

The helium-charged cylindrical specimen at 

750°C also exhibits a decrease in the strai~ 

harde~ing rate with respect to the control 
specimen. The increased ductility of the 

cylindrical specimens over the thin sheet 

specimens is consistent with similar tests 
in 11 pure 11 Type 316 stainless steel. (g) 

_Also, the yield sfrength of the stainless 

steel samples was shown to be independent of 

spec1men. ycu1~1e Lty . ____ . 

COMPARISON OF CYLINDRICAL_SPECIMEN DATA WITH 

ALL SHEET S?ECII·iEN D.LHA-··::: 

It is evident, from Table 1 and Figs. 3 · 

and 6, that both· heliG~~charging t~chniques·~ 

fo1· sheet:-sarnple?-·;-c-·a~ ~ .. Jell'·as both--specimen~.:.' 

geometri~s~for-samples~char~ed·bY the-tri~~~ 

tium trick, result in decreased elongations, 

when compared with the control samples. 



These dat3, however, inditate that the use 
of sh:et specimens consistently results in 
a marked decrease in the elongation values 
compared with· the cylindrical specimens, as 

the sheet specimens exhibit little 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 speciH:ens. Only in the case of 
the i on-bombard~:1ent experiment. do the 

helium-charged samples show an incr~ased 

strain-hardening rate greater than the 

control ~amples. 

The authors believe, however, that the 

consistency betvteen hP.l ium-chargft,g methods 

and specimen configurations in predicting 

the su~ce·ptiD'il"ity of V-lSCr-5Ti to helium­

im!;.'ced rnechanicill-property degrcdation is 

the important result of the present si.udy. 
The fact thilt differEnce exist bet':1een the 

sheet ~nd cylindrical specimens is not sur­

prising in vie~of the previously reported 
results. (9 ) The absolute mechanical­

p~cperty values for a given material will 

have to be developed using standard ASTM 
specimens, but correct yield strengths and· 

conservative elongation trends can certainly 

t:e obtained using shc:2t specimens. Re1ativr.ly 

compar~ble trend lines can also be developed 

using either the tritium trick.or the ion­

bombard:nent helium charging method. 

LUNC LUS l o;~ S 

1. V-l5Cr-5Ti exhibits a ~eduction in 
uniform and total elongation at lOi'l helium'­

contents (25-35. ap~m) \·then tested at ele- ·· 

~ated temperatures regardless of implanta-

t ion me thad or s p:~c iilien configuration·.:.·:.:. 
2. Yield .. strength in V-l5Cr-5Ti is~ · 

unaffected by the helium concentrations up 
to 35 appm, the specimen configuration, or 

the h2lium implant2tion method. 198 

3. In sheet sarnpl es, specimens charge1 
by the tritium trick exhibit lower ductil· 

ity than those charged by ion injection. 
The onset of gross embrittlement dur 

tensile testing occurs betwe!?n 700 at._ 

750°C. 
4~ Cylindrical specimens, with or witl 

out helium, exhibit larger 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 Li 

CORNELL UNIVERSITY 

Jeffrey Rest, Steven DanyiUk, and Roger B. Poeppel 

ARGONNE NATIONAL LABORATORY 

Th&.CRASS ggde developed to calculate !ission-ga~ behavior in ceramic 

fuels has been adapted for CTR applications and can be used to calculate 

the helium behavior in metals. The results sh~ that the code, after 

modifh:acion to account for the experimentally observed bulk pores 1n 

austenitic stainless steels, ~odels the grain-boundary bubbles in a 

reasonable manner. The bulk pores are likeiy to be voids at large sizes. 

INTRODUCTION 

Austenitic stainless steels are among 

the .most promising candidate materials for 

the first wall of the near-te~ Tokamak re­

actor. The nuclear fission programs have 

generated extensive data for these steels 

under.irradiation conditions. In the CTR, 
.. . . 

high helitim concentrations are expected to 

develop in these steels as a result of 

transmutation reactions that occur when 

:14-MeV neutrons interact with the 'first 

wall. The significant difference in the 

microstructures produced under !'ast-neutron 

'irradiation with and without high helium 

generation is the presence or absence of 

pores on the grain bo~ndarie=>·. (l) Grain­

bowhl.u·y l'Vl"!l:l are known to ~auoe inter­

granular. fracture and severely reduce the 

·ductility of a material. Therefore, it is 

essential that the number density and size 

distribut~on .. of _grai.n-:-.l:>.~IJ~_ci_;uy _por_~S. ... P.r":::. __ .. 

*Work supported by the U.S. Energy Research 
; and Developme~.t A~:ninis tration. 
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duced in simulation experiments be sicilar 

to those produced in the CTR so that a 

proper assess~ent of the mechanical proper­

ties of first-wall materials can be made. 

Current models for void nucleation and 

gr~th do uot take into ;;~cc::nunt the exis­

tence of pores on grain bo~ndaries. 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 por~s. 

The GRASS code was developed at Argonne 

National Laboratory to model the formation 

and migration of fission-gas bubbles in· 
(2 3) .ceramic fuels. • It treats four classes 

of gas bubbles, i.e., (a) free in the bulk, 

. (b) trapped on dislocations, (c) trapped 

on graln boundaries, and (d) residing along 

the grain edges (triple points). In the 

:fission-gas calculation, we assume the 

bubbles contain sufficient gas atoms such 



that the surface tension is balanced by the 

gas pressure. The growth of bulk bubbles 

is the result of bubble coalescence caused 

by random and biased bubble motion. Biased 

motion, for example, can be produced by 

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 con tac·ts 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. In the present work, the GRASS 

code has been modified to model a metallic 

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 
. (2 4) 

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 requirP.d modifications artd in~ 

put for modeling helium behavior in austen­

.itic ··stainless. steels at el~vated temper~­

tures will be introduced. A pore_ is con­

sidered a bubble if the helium pressure is 

balanced by the surface tension and is con­

sidered a void if the helium pressure is 

insufficient to balance the surface ten­

sion. We shall si1ow 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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helium-production rate is high. The appli­

cation of the present model to the evalua­

tion of radiation-damage simulation experi­

ments in CTR research will be discussed. 

GRASS CODE 

The detailed description of the GRASS 

code has been presented elsewhere. ( 2 •
3

) 

Coalescence by random walk in the grain 

matrix will be described to illustrate the 

type of computation involved. The basic 

equations for lattice bubble coalescence in 

GRASS are the same as those employed by 

Gruber, (S) but the calculational procedure 

is more approximate. In general, the de­

termination of the bubble-size distrib41<Jion 

requires the simultaneous solution of an 

extremely large set of coupled nonlinear 

integra-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), the bubbles are classified by an 

average size, \Jhere 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 

only one gas atom. If Si denotes the aver­

age number of atoms per bubble for bubbles 

in the ith class (called· !-bubbles hence­

forth), then the bubble-size classes are de­

fined br 

(1) 

where m ~ 2, i ~ 2, and s1 ~ 1. In the 
R 

lattice, the probability per unit time Pij 

of an !-bubble coalescing with a j-bubble, 

where the bubbles move by random migration, 

is given by 

R 
p ij -~ 4_~_(Ri _+ 

2. 
Rj) (Di + 

2. 
Dj)' 

where R
1 

is the average !-bubble radius 
2. (em), and D is the average lattice i-

(2) 

1 2 
bubble diffusion coe"fficient (em /s). The. 



rate of coalescence Cij 

j-bubbles is given by 

of 1-bubbles vith 

R 
cij • Pil1Fj, 

-·------· (3) 

where F i. is the nUlllber density of 1-bub- · ·. · 

__ bles •. For i • j, Cij becomes 

-- --~-·--cii·;;· iii. P~j-; i2' ------· (4) 

.. so that each pairwise coalescence is 

·· counted only once. When an i-bubble and a 

j-bubble coalesce (i !. j), the resultant 

bubbl~ ~~n· ~ither b~ in th~ ir.h cl~cg ow in 

the 1 + 1 class, according to Eq. (1), We 

define Tijk to be the probability that a 

coalescence betl~een an i and a j-bubble 

resul~s in a k-bubble, where i • k. If, on 

the average, the total number of-gas atoms 

remains constant, it follows that 

or 

and the probability that the coalescence 

results in a k + 1 bubble is given by 

si + sj - sk 
Tijk m Sk+l - Sk 

'\ 

(5) 

(6) 

(7) 

The array Tijk is the probability that an· 

· i-bubble becomes a K-b\lbble as a re.st.tlt of 

its· coalescence "~>7i.th a j-bubble, · The rate 

Nik at vhich !-bubbles become k-bubbles is 

·given by _ 

Nik.m j~iCijT1jk' (13) 

The j-bubble is assumed to disappear; gas 

·atoms ·are absorbed into the 1-bubble, The 

rate X) of disappea~cmce i:> _giv~n_ __ by ____ · ··· 

xj • r cijTijk' 
i!J 

(9) 

-The migration of the fission-gas from the 

· grain·Matrix to the g~ain boundary is 

treated in the GRASS code as diffusion of 
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single atoms ·only. (J) Once on the grain 

boundary, the fission gas can migrate and 

coalesce. 

The choice of a functional relationship 

betveen·the diffusivity of gas bubbles and 

their radii depends on the model for 

bubble motion, i.e., diffusion or reaction­

rate limited. In GRASS code, the bubble 

diffusivities are assumed to have a size 

dependence 

(10) 

where D is the diffusivity of a bubble 
n 

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 fit eXperimentally determined values of 

bubble diffu.sivities. 

The rate of change of the bubble number 

density F1 can be written as a sum of 

terms such as Nij's and x.'s and the rate 
J (2 3) 

of helium atom prQQYCtion. ' The 

equations of the Fi's thus form the set of 

differential equations from which the .evo­

lution of toe bubble-&iza di~tribution can 

be computed. 

HELIUM IN AUSTE!HTIC STAINLESS. STEEl. 

The computations, using the GRASS code 

in the present vork to model tne helium in 

a us ten-!.ti.c steels 1 a;r:c for thl! i:!lotherwal 

case vith a temperature of 500"C. The 

_.'helium-production rate is a constant 

500 ppm/yr. The ~rain si~e of the matP.r-

. _ial is 30 J,Jm. The helium prt>c:c:ur~ u5.th:!.n 

the bubble is assumed to be balanced by 

the surface tensio·n, which is taken to be 

2000 erg~/cm2 • The gas law used is a 

modified form of the van der Waals 

equation. (2•3) 

The diffusivity.of helium bubbles in 

austenitic stainless steel is estimated, 

b d h d · d by "alker. (4) ase on t e ata reporte " 



-- ----- --·- ·-

The experimental data for bubble sizes , .. 
I o 
s.maller than 65 A are used. The dependence 

of the bubble diffusivity on the bubble 

_radius is calculated according to Eq. (10) 

with the exponent x estimated as 2.9. The 

activation energy for bubble diffusivity 

is ··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 

~trix ~ontaining 100 helium atoms is 

1.;4 ·x l0-17 cm2/s at 500°C. The bubble 

diffusivity is assumed to be higher on the 

grain boundary. The difference is calcu-

lated by assuming that the value of· D 
0 

(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, Yhich has a value of 1.0 or 

smaller to account for the probability that 

two single atoms drift apart after colli~ 

sian. 

The computation is performed for ranges · 

of values of the factor fN discussed above 

and the bulk and grain-boundary diffusiv­

ities Db and Dgb" This is to ensure that 

the results of the code computation do. not 

rP.present the consequences of a set of 
. . ... 

arbitrarily chosen values. 

Typical results of the code computation· 

are shoYO in Fig. 1. These results are 

obtained with fN = 1.0, aQd with the values 

of Db and Dgb calculated as described in 

.this section. This set of parameters Yill 

be designated henceforth as the fN(Ref), 

Db(Ref),. anJ Dgb(Ref), respectively. 

The calculated results shown in Fig. 1 

are for an irradiation time of 6.8 x 103 h. 

It is seen that the bulk bubbles are, for 

the most-part, extremely small and show a 
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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 con7aining 100 helium atoms Yas 
1.4 x 10-l cm2/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 comparison, the corres­
ponding HFIR data give an average bulk bub­
ble radius of ~250 A and an average grain­
boundary bubble radius of ~600 A, with a 
number.density of ~1012 /cm3 for the latter. 

0 

peak at 25 A with a corresponding number 

density of 3.8 x 1015 /cm3• Few bulk bub­

bles larger than the peak size are shown 

to exist (Fig. 1). The grain-boundary 

·bubbi~s are much larg~r: Their size dis­

tribution is qualitatively similar to that 

of the bulk bubbles ond peaks at 350 A 
with a corresponding number density of 

2.8 x 1011/cm3 • 

Table 1 is a summary of the results of 
.. --·-·· --· - --·... -
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------ -·-- ·TABLE--i~- GRASS-code Outp~t of Bulk and Grain-boundary Bubble Distribution 
after ~6.8 x 10 h of Irradiation at 500 ppm/yr He Production Rate 

.. ··- .. --
··- ----···-·---- ----· ____ ··-···-·. -·· ... _ ... Bulk Bubbles Grain-boundary Bubbles 

fN Peak 
·Radius 

. -----·--· -· .... :---------. (1.) 
.. 

..... 1.0 . Ref Ref ......... 25 

o·~ol _______ Ref··· · · ·---····Ref-·---.··--~ 

0.001 Ref Ref 

O.OUl - 10 X Ref ·Ref 

0.001 1000 )( Ref lle£ 

0.001 Ref 100 X Ref 

0.001 Ref 0.01 X Ref 
- ···-- -- -· -· 

other calculations vith different input 

values of fN, Db' and Dgb" The results 

11huw quali.tatively the same size distribu­

tions as those in Fig. l. In Table l, the 

peak radius and the peak number density 
. . 7 

after 6.8 x 10 h of irradiation are given. 

It 1~ oeen fryw Flg. 1 and Table 1 that 

the results of the calculation are not 

strongly influenced by the values of th~ 

input par~ueters. ~ovever, specimens ir­

'radiated in HIFR sho~o~ a significantly 

different size distribution for the bulk 

·bubbles. For an irradiation of ~1 hr in 

HlFR that produces a total helium content 

¢[ 1790 ppm vith a varying helium-genera-
.. -

tion rate, the -:rveraie hullr ind grain-
• • 0 

boundary bubble radii are "'250 and, ~600 A, 
... . 

and the eor"l'ccpondi•l~~> number densities are 
.. 14 12 3 
'ltJ.O :and "'10 /o···, raspectively. 

With the range of input parameters used 

in the present ~o~ork, ve expect to model · · 

.the helium bubble behavior on grain bound­

.arie$. However, vith a reasuuable assump­

tion for the value of bulk bubble di!fusi-.· 

~ity, we do not expect that the calculated 

25 

25 

57 

57 

25 

25 
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Peak .E'eak Peak 
No. Density Radius No. Density 

(cm-3) <A> (cm-3) 

-.3.a x 1015 350 2.8 X loll 

2.9 x 1015 990 3.7 X 1011 

2.0 X 1015 990 4.8 X 1011 

1.2 X 1015 990 5. 7 X 1oll 

2.5 X 1014 990 8.2 :o: 1011 

3.6 X 1012 990 9.8 X 1011 

1.2 x 1015 ZOOQ 5.9 " lol,o 

1.2 X 1015 350 s.o X lol2 

bulk bubble size vill be large enough to 

agr.ee with the iiXJHlrimental r.la ca ot t::TP. 

interest. Physically, this is because 

the large bubbles have low diffusi-

vities. For example, after an extended 

postirradiation ~nneal, at t~mp~raturoa 

significantly higher than one half of the 

absolute melting temperature, the average 

diamet~r of ~\Ilk. he'l:i.•lm ';ubbles in aluminum 

is <100 A. (6) This experimental result 

qualitatively supports the results of the 

present calculations. 

The calculated number density and size 

distr~~Uticn of grain-bounda~y cavities 

are in agreement with those observed in 

HFIR experiments. These results indicate 

that the GRASS code CCI.G be used t.n ~~lc•J­

late the evolution Qf grain-hn•mdary 

cavities in a metal with a high helium­

generation rate. The present 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 

gas pressure • 



The previous discussion. suggests, how­

~ver, 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 helium bubbles. 

Therefore, the calculation of the growth 

·rate of cavities in the bulk under condi­

tions that correspond to the HFIR irradi­

ations will require additional mechanis~. 

DISCUSSION 

The ~o topic~ to be discussed are: 

(1) the significance of the present work 

on the design of various radiation-damage 

simulation experiments for CTR research~ 

and (2) the required modifications to the 

GRASS code to model the bubble and void 

growth simultaneously. 

Simulation Experiments 

It is seen from the present w.ork 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 

are ·proportional and greater than expected 

in a CTR. Caution ahon:l.d be e:xet"c:!.se4 in 

these experiments recause even though the 

·experiments may be carried out at higher 

temperatures compared to those of expected 

CTR conditions, the temperature dependence 

of bubble diffusivity (~2 eV) will not 

allow the diffusivity to increase propor­

tionally with the neutron flux. The latter 

usually increases by a factor ot ~1000. ···­

One would expect that codes such as GRASS 

The heliura-bubble diffus.ivity can be in­

fluenced by the segregation of impurities 

at·the bubble surface. (2 •3) This type of 

segregation has been investigated, for 
. (7) 

example, by Okamoto and his co-workers. 

Quantitative information is required on 

the effects of flux level on the extent of 

segregation, and therefore the bubble 

:·di"ff_usi vi ty, to fully: understand the 

significance of the data from· simulation 

experiments. 

Other factors such as the time· depen-" 

dence of the_helium-generation rate and 

the ratio of grain size to specimen thick­

ness should also be considered in detail in 

the design of simulation experiments. 

Modifications to. G~~SS 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 qf vacan-. 

cies. The small pores are essentially gas 

bubbles while the 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 displacement damage. One can estimate 

the growth rate by using various void­

growth models for fast-neutron irradia­

tion. (S,g) The rate of gro~Jth by coal­

escence with other helium bubbles can be 

estimated by the sum of the terms as 

given in Eq. (3). The critical size be-

will have to be used in data extrapolation yond which the pore becomes a void can be 

when the experimental conditions are not detercined by comparing the two rates 

·--~o~P.~ete_l~-~~~~~!~~~ry. -----~~c_!_~~e_~ _a_!>o~=.· ____ I.~- is expected that __ th«:_ ______ _ 
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critical size will vary slowly with time 

because the vacancy supersaturation will 

change wi~h the microstructural evolution 

;(size and number_density_~f point defect 

s-it!-k.s) ~- _______ ----~-----· -------·--- ________ _ 

- ---. The growth of voids can result from the 

·-:coalescence with helium bubbles (including 

bellum atoms) and from vacancy absorp-

tion. For convenience of computation, it 

is desirable to define a new pore size 

classification based on volume because 

when two voids or a void and a bubble 

coalesce their volume is conserved. The 

new void classes are defined by the vol­

umes Vi where the Vi are calculated from a 

gas law and the Si defined by Eq. (1). 

One may define a new Tljk equivalent to 

. the Tijk in Eq. (5). The new Tljk can be 

calculated by assuming that, on the average, 

the total volume is conserved, We can 

write 

(11) 

Equations (6)-(8) will still be applicable, 

with the substitution of Tijk's by Tijk's 

~n~ ~i·s hy V1 1 s. 

The rate Nik at which i-voids become 

'(l + l) . voids can be calculated from the 

modified Eqs. (7) .. and (8) and the rate of 

_!acancy absorption ..... 

N' ., 
ik t c~~T! "k + j-.i J .. ,_ 

vk - vi ---· ·---. (12) .. 

where k a i + 11 and the second ~erm is 

the rate of vacancy absorption·vith c
1 

the 

rate constant that also contains the a- · 

. tomic volume(S) and a geometrical factor. 

One can use the Nik's and xj's to con­

struct a set of differentiai e·quations 

from which the evolution of the void-size 

distribution can be calculated. For the 

bulk caviti-es smaller than the critical 

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 pin~ed to grain­

boundary precipitates. This possibility 

can. be easily modeled in the GRASS-code 

calculatiOn. 

SUMMARY 

The GRASS code has been adapted to 

model the helium behavior in metals under 

anticipoited Cl'R conditions. The code has 

been used to estimate the size and ~umber 

density of grain-boundary bubbles in 

austenitic stainless steels. The code must 

be modified tO MOdel the evu1uLlun uf llulk 

pores that become voids. The significance 

of t.he 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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