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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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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 M/min, with a •v75* duty cycle, is capable of producing i.72 MWe and 

requires 42 MWe. The EPR vacuum chamber is 6.25 m in major radius and 

2.4 m in minor radius, is constructed of 2 cm thick stainless steel , and 

has 2 cm thick detachable, beryllium-coated coolant panels mounted on the 

interior. A 0.28 stainless steel blanket and a shield ranging from 0.6 to 

1.0 m surround the vacuum vessel. Sixteen niobium-titanium superconducting 

toroidal f ie ld coils provide a f ie ld of 10 T at the coil and 4.47 T at the 

plasma. Superconducting ohmic heating and equilibrium f ield 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).'^' The design of the EPR was 

based upon technology that is consistent 

with a mid-to-late 1980s operation date. 

This paper summarizes the conceptual design, 

including the performance evaluation and 

cost estimate. 

The design-basis performance objectives 

of the EPR are (1) to 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

b i l i t y (67);)]; and (2) to operate under con­

ditions such that net electrical power pro-

Work supported by the U. S. Energy Research 

and Development Administration. 

duction is feasible. 

The principal geometric parameters of 

the EPR are given in Table 1. A vertical 

section view is shown in Fig. 1. 

PLASMA PHYSICS AND PERFORMANCE ANALYSIS 

Steady-state plasma performance parameters 

were obtained from a consistent solution of 

the MHD equilibrium equations and the plasma 

particle and power balance equations. MHD 

equilibria were obtained for different pres­

sure profiles and deqrees of diamagnetism/ 

paramagnetism. These equilibria determine 

allowable values of plasma current, the 

safei^y factor, q, and the plasma-to-magnetic 

pressure ratios, B and 6^. Characteristics 

of MHD equilibria corresponding to a peak 

f ie ld at the TF coils of 10 T and that satis­

fy the constraint q ;̂  1 are shown in Fig. 2 



FIGURE 1. Detail of Vertical Section of EPR 

J. < 0 SOMEUHERE 

FIGURE 2. MHD Equilibria at B " ^ = 10 T — Total Beta 



TABLE 1. EPR Geometrical Parameters 

Radius (m) 
Major, Ro 
Plasma, a 
First wall, r„ 

6.25 
2.1 
2.4 

Aspect Ratio, A ' R/a 2.98 

Plasma Volume (m^) 544 

Toroidal Vacuum Chamber Volume {m') 711 

First-Wal l Area (m^) 592 

Blanket Thickness (m) 0.28 

Shield Thickness (m) 0.58-0.97 

Toroidal Field Coils 
No. 
Horizontal bore, Rbore (""' 
Vertical bore, Z^^^ (m) 

16 
7.78 
12.6 

for different values of the pressure profile 

exponent, a. The solid curves are loci of 

equilibria varying {from left to right) from 

highly diamagnetic to highly paramagnetic 

plasmas. Current reversal occurs for solu­

tions to the left of the dashed line. The 

maximum value of B , 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 8 along this locus is con­

fined to a rather narrow range of 1.8 ̂  B 

>̂  1.6. The safety factor evaluated at the 

plasma surface, q(a), increases with the 

degree of peaking in the pressure profile 

(i.e. with increasing a ) . The reference 

design point was chosen by selecting 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 MHD solution of 

TFC 

Fig. i, and a similar solution for 8̂ ^̂ ^ = 

8 T, are given in Table 2. A wide range of 

performance parameters is possible, corres­

ponding to the range of MHD equilibria 

depicted in Fig. 2, and to the range of 

*p(r) -- PoEl - (r/a)2f. 

operating temperatures 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 driving and 

heating systems and the power performance 

characteristics are determined from burn 

cycle dynamics simulations of the plasma, 

the ohmic-heating (OH) and equilibrium-field 

(EF) coil systems, and the neutral-beam in­

jection system. The basic burn cycle is 

depicted schematically in Fig. 3, where the 

times correspond to the reference burn cycle. 

The plasma conditions of the reference case 

at B^*" = 10 T (see Table 2) are approxi-
max 

mated during the burn (flat-top) phase, and 
the dynamics calculations are constrained 

by the limit fl < fi"'" = 1.71. 

p - p 

A variety of startup procedures were simu­

lated in order to determine a compromise 

among several conflicting economical and 

technological limitations. The critical 

parameters which, to some extent, can be 

traded off against each other are (1) energy 

transfer from the homopolar OH supply <.^on)i 
(2) peak power required from the EF supply 

(PEF'I '^) total energy drawn from the 

energy storage unit for beam heating (Ujj.); 

and (4) maximum rate of change of the field 

in the OH coil ( B Q ^ ) . 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, Atg^, 

is an important factor in determining the 

requirements of the plasma drivinq and heat­

ing systems, as indicated in Fig. 4. On the 

basis of these results, ht^^ = 2 s was cho­
sen for the reference case. As a result of 



TABLE 2. Steady-State Plasma Parameters — Reference Design 

Poloidal beta, a 
p 

Total beta, B, 

Safety factor 

Magnetic ax is , q(0) 
Plasma surface, q(a) 

Plasma radius, a(m) 

Aspect r a t i o , A 

Average temperature, T (keV) 

Effect ive ion charge, Z^^^ 

Confinement for i g n i t i o n , nxj; (s/m') 
,TFC 

Peak field at TF coils, B 

Field at centerline 8^ (T) 

Plasma current, I (MA) 
p 

Average D-T ion density 

(T) 

Pj (MW) 
DT 

(m-3) 

Power output. 

Neutron wall load, P^ (MW/m^) 

Ratio of nig required for ignition to 

TIM value of nxg, a 

1.7 

0.048 

1.00 
3.05 

2.1 

2.98 

10 

1.3 

2.4 X 

10.0 

4.47 

7.58 

9.4 X 1 0 ' ' 

638 

0.86 

1.0 

10'» 

8.0 

3.58 

6.06 

6.0 

261 

0.35 

4.0 

1019 

Ohmic Hea t i ng C u r r e n t 

PLaama Down ^ | ^ Bas le Burn C^cle 

Chamber Evacus t l cn i 
and P r e p a r a t i o n s i 
f o r Next Pu l s e j j l imli 

•at Ing" 

I 

Beam Hea t i ng 

FIGURE 3. Burn Cycle Scenario 
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FIGURE 4. Effect of OH Current Reversal 
Time on Plasma Driving and Heating System 
Requirements 

extensive studies of this type, which are 
(2) 

presented in a separate paper,* the maxi­
mum requirements shown in Table 3 were iden­
t i f i e d . 

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 f i r s t 

wal l ; of th is , 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 e lectr ic i ty . With a conversion 

efficiency n^ = 30X, 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 — results in 2.09 GJ net 

electrical energy. Averaging this over a 

70 s operating cycle (a 55 s burn plus a 

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 time to 

offset the accumulation of helium and wall-

sputtered beryllium. I t is assumed that the 

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 

init iat ion of the discharge has been studied. 

A small plasma (a = 0.35 m) wil l be created 

at the center of the chamber (R = 6.25 m) by 

a toroidal electric f i e l d . Certain features 

of the ini t iat ion are i l lustrated in Fig. 7. 

The driving voltage, VLQOP. produced by the 

changing flux in a special startup coil 

rises In about 2 ms to 500 V, and holds for 

•v6 ms. In the f i r s t 1.2 ms, the electron 

avalanche converts essentially a l l 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 85 

Peak f i e l d . B^^ (T) _ 5.0 

Maximum f i e l d r i s e , 8 (T/s) 6.7 

Maximum voltage, V (kV) 51 

Maximum current , I (kA) 80 

Maximum power required, P (MW) 1900 

Maximum energy t ransfer red, U (MJ) 1200 

Minimum current reversal t ime, at_„ (s) 2 

Equil ibrium Field Coil System 

Volt-seconds to plasma 50 

Maximum voltage, V (kV) 21 

Maximum current , I (kA) 80 

Maximum power required, P (MW) 420 

1500 

Neutral Beam Injection System 

Deuteron energy (keV) 180 

Power to plasma, P (MW) 60 

Energy to plasma, P (MJ) 300 

Energy from energy storage, U (MJ) 1000 

OH/EF Coils S 

Befr i 

Pjmo 

Other 

. 0.93 GJg 

.33 GJp 

0.26 GJg 

.51 GJ, 

FIGURE 5. Net Energy Flow in Reference Burn Cycle 
(with Thermal Energy Conversion) 



REFERENCE CASE 

WITH SUPPLEMENTAL BEAM 

NO REFUELING 

I_ 
4 0 50 60 70 

BURN CYCLE, S 

80 SO 100 

FIGURE 6. Power Performance as a Function of Operating Mode 

I I I I 3 

FIGURE 7. Plasma Breakdown — Normal Startup Cycle 



heats up, the resistance drops and i t be­

comes possible to maintain the plasma cur­

rent with a reduced voltage. A discharge 

wi th 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 co i l 

should be pulsed about 0.3 s a f te r the i n i ­

t i a t i o n of the OH current reversa l , forming 

the plasma at th is time. Creating the plas­

ma at 0.3 s w i l l waste only about 4 V-s of 

the OH inductive f l ux . After the plasma is 

created and the OH and EF co i ls are provid­

ing the dr iv ing voltage, addit ional gas can 

be added to the chamber and the plasma radius 

and current can be increased simultaneously. 

MAGNET SYSTEM 

The EPR magnet system consists of the 

t o r o i d a l - f i e l d (TF) co i l system and the 

po lo ida l - f i e l d co i l system. These co i l s i n ­

teract with one another during operation and 

also in teract with the other systems of the 

EPR. The magnet system design was developed 

in su f f i c ien t deta i l to evaluate problems in 

the construction and operation of EPR mag­

nets. Details of the magnet system design 

are presented in a separate paper.^ ' 

Toroidal Field Coils 

The TF co i l s use niobium-titanium as the 

superconductor because of i t s pood d u c t i l i t y 

and proven performance in large magnets. 

The toroidal f i e l d strength should be as 

high as pract ical in order to enhance the 

plasma confinement and boost the power per­

formance. A peak f i e l d of 10 T can be 

achieved with a large amount of superconduc­

tor at 4.2°K or with much less superconduc­

tor at 3°K. I t is more economical to operate 

the 10 T TF co i l at 3°K because the d i f f e r ­

ence in re f r igera t ion cost is much smaller 

than the difference in the cost of the super­

conductor. The problem of re f r igera t ion at 

temperatures lower than 4.2°K for large 

systems was evaluated. The TF co i l s w i l l 

achieve 10 T peak f i e l d at 3°K and 8 T peak 

f i e l d 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 

co i l design. 

A TF co i l system consist ing of 16 pure-

tension "D"-shape co i l s with a horizontal 

bore of 7.78 m provides adequate space fo r 

the vacuum chamber, blanket and sh ie ld , pro­

vides adequate access for assembly and 

repa i r , and has a s a t i s f a c t o r i l y small maxi­

mum f i e l d r ipp le of 1.3X. The TF co i l sys­

tem is sunFiarized in Table 4. 

The superimposing f i e l d on the TF co i l s 

from the poloidal co i ls was found to be the 

most troublesome factor in the TF co i l 

design. The out-of-plane load is large and 

creates serious problems for the s t ructura l 

design as well as a threat to the co i l sta­

b i l i t y from bending moments and shear 

stresses in the co i l s t ruc ture . Moreover, 

unacceptably large ac losses w i l l occur in 

the TF co i l unless e i ther the conductor is 

made of cable or the co i l Is shielded 

against changing f i e l d s . Both of these pos­

s i b i l i t i e s were evaluated. 

The sponginess of cable conductor threat­

ens co1l structure I n t e g r i t y . In add i t ion , 

cabling the conductor does not overcome a l l 

ac losses; changing the para l le l f i e l d s t i l l 

couples f i laments in a s ingle strand. These 

ac losses, proport ional to the conductor 

length, are s t i l l unacceptably large and the 

conductor s t a b i l i t y is very poor. One pos­

s ib le solut ion is periodic tw is t -p i t ch rever­

s a l , but t h i s 1s as yet only a hypothesis. 

For the EPR, the option of a f i e l d shield 

was chosen. I t was found that an aluminum 

shield operating at a mean temperature of 

18°K is a re l iab le means of overcoming the 

varying f i e l d superimposed by the poloidal 

f i e l d c o l l s . Detailed analyses of ac loss 

in f i e l d shie lds, the out-of-plane load, and 

dc f i e l d soaking were completed. AC losses 



TABLE 4, Toroidal Field Coil System 

Superconductor/stabi1i zer 
insulator/support 

No. of coils 

Coll shape 

Field ripple {%) 

Maximum access (m) 

Nb-Ti/Cu 
f iberglass 
epoxy/SS 

16 

pure tension 
Rio = 2.45 

Rjo = n.l m 

1.3 

Peak f i e l d (T) 

Bore (m) 
Vert ical 
Horizontal 

Field in plasma, B, 
10 T peak f i e l d 
8 T peak f i e l d 

S t a b i l i t y 

(T) 

Temperature allowance (°K) 

Conductor design 

Cooling 

Operational current 

Stored energy (GJ) 
Total 
Coil 

Inductance (H) 
Total 
Coll 

Ampere-turns (MAT) 
Total 
Coil 

(kA/turn) 

10 9 3°K 
8 9 4.2°K 

12.6 
7.78 

4.32 
3.46 

cryostat ic 

0.5 

monolithic 

pool bo i l ing 

60 

30 
1.875 

16.7 
1.04 

134 
8.37 

Turns/coil 70 " 2 

Mean turn length (m) 36 

Total conductor length/co i l 151.2 x 10' 

(A-m) 

Coil weight /coi l (Ton) •>.208 

Coil and bobbin cross section 0.619 
(m^) 

Bobbin 
Material 316 SS 

Thickness (cm) 1.25 

Winding cross section (m^) 0.572 

Average current density (A/cm^) 
Over bobbin and coil 1352 
Over coil winding 1463 
Over copper 3660 

Smallest radius of curvature 1.98 

at "'ID T field region (m) 

Average hoop force-turn (lb) 133 x lo^ 

Average turn cross section 40.6 
(cm2) 

Cross section ratio, SS/Cu -̂ -l.S 
Overall average stress (psi) 

Stainless steel 26,000 
Copper 14,500 

Length of straight segment (m) 8.56 

Compressive pressure (psi) 7660 

Circumferential stress (psi) <74,000 

Refrigeration power (MW) 14.3 

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 colls shielded, a more solid 

cable conductor can be used. A conductor 

0.5 cm thick and 30 to 50 cm wide has been 

chosen as the reference conductor. It will 

carry a current of 60 kA. Each TF coll will 

consist of two Jelly-rolled windings side by 

side with a central rib between them. The 

combination of the central rib and the flat 

conductor with one turn per layer makes a 

strong structure with good transfer for hoop 

stress and centering force, a good mechani­

cal stability, good rigidity against out-of-

plane loads, and assurance of cryostatic 

stability for the TF coils. 

Coil protection is also facilitated by 

this conductor design with a high current 

and relatively few turns. During a rapid 

(8-1/2 min) discharge, the voltage between 

neighboring turns will be low; and even the 

maximum voltage with respect to ground can 

be limited to 2000 V. 

The TF coils must be operated in series 

at all times; otherwise unequal currents in 

different coils could create large forces 

and torques between coils and large bending 



moments in each TF c o i l , even i f the TF co i l 

is in pure-tension shape. These would pro­

duce catastrophic damage to the TF co i l 

system. 

The radiat ion shield is designed to pro­

tect the TF co i ls from nuclear heating and 

radiat ion damage. The nuclear heat load is 

1.5 kW, which is negl ig ib le in comparison 

with other heat dissipat ion in the TF c o i l s . 

The copper s tab i l i ze r is designed to to le r ­

ate a radiation-induced r e s i s t i v i t y of 

1.6 X 10-8 n-cm. The shield is designed so 

that th is value occurs a f te r 2.5 MW-yr/m^ 

integrated f i r s t - w a l l neutron load, which 

corresponds to 10 yr of operation at the 

nominal wall load of 0.5 MW/m̂  and a 50% 

capacity factor . The dose of 3.5 x 10^ rads 

to the epoxy insulator is well below the 

range 10^-10'° rads at which i t s properties 

degrade. 

Poloidal Field Coils 

The poloidal f i e l d coi ls present problems 

d i f fe ren t from those of the TF c o i l s , but 

equally challenging. The poloidal f i e l d 

co i ls consist of the i n i t i a t i on - t r imn ing 

(IT) co i l s , the ohmic heating (OH) c o i l s , 

and the equi l ibr ium f i e l d (EF) co i l s . The 

OH co i l s and the EF co i ls are superconduct­

ing and are located outside the TF c o l l s , 

as shown in Fig. 1. The smaller IT co i l 

system is made of water-cooled copper and 

is located near the f i r s t wa l l . The IT 

co i ls i n i t i a t e plasma discharge by del iver­

ing 4 V-s in 10 ms. The f i e l d from the IT 

co i ls can also be used to t r im the plasma 

pos i t ion. 

Although the OH co i ls serve as the t rans­

former primary for producing the plasma cur­

rent and the EF co i l s provide equi l ibr ium 

for the plasma, both co i l systems have 

nearly ident ical problems, e.g. large stored 

energy, high operational current , rapid 

charging and discharging, and r ing co i l con­

f i gu ra t ion . For th is reason, the conceptual 

design of the eight pairs of EF co i l s and 

and s ix pairs of OH co i ls were carr ied out 

together. 

The design requirements summarized in 

Table 3 for the OH and EF co i l systems were 

speci f ied as a resu l t of a detai led trade­

o f f study. Burn cycle dynamic simulations 

of the plasma, the coupled OH and EF systems 

and the plasma heating systems were per­

formed. Free-boundary plasma MHD e q u i l i ­

brium calculat ions were u t i l i z e d in the 

design of an equi l ibr ium f i e l d that would 

produce the c i r cu la r plasma. 

Characterist ics of the OH and EF co i l s 

are given in Table 5. The OH co i l s and EF 

co i l s both have a maximum operational cur­

rent of 80 kA supplied by two para l le l 40 kA 

cables wi th f u l l y transposed strands. The 

OH co i l s have 837 turns in each para l le l 

path; the EF co i ls have 464. The charging 

voltage for the OH co i l s is 48 kV and the 

tu rn- to- tu rn voltage is about 60 V. The 

charging voltage for the EF co i l s is 21 kV 

and the tu rn - to - tu rn voltage is about 50 V. 

In the helium gas environment, the minimum 

tu rn - to - tu rn separation must be about 0.3 mm. 

Mul t i layer co i l s would require large gaps 

between layers and present an awkward problem 

for co i l design, especial ly for the long OH 

solenoids. Therefore, each c o i l w i l l be 

wound with a s ingle- layer conductor 15 cm 

wide. 

The EF co i ls and OH co i l s w i l l be cooled 

by helium pool bo i l i ng at 4.2°K, 1 atm pres­

sure. Pool bo i l i ng is simple, inexpensive, 

r e l i a b l e , and easy to con t ro l . Above a l l , a 

rather small heat t ransfer f l ux is adequate 

to remove the conductor ac losses i f the 

helium bubbles can be properly vented to 

avoid bubble accumulation w i th in the wind­

ing. Under th is circumstance, the heat 

t ransfer f lux ceases to be an important fac­

tor in determining the co i l s t a b i l i t y ; I n ­

stead the co l l s t a b i l i t y depends on the con­

ductor current density, the amount of l i qu i d 

helium surrounding the conductor, and the 
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TABLE 5. OHC/EFC Magnet Characteristics 

OHC EFC 

Superconductor/stabi11zer 

Coil design 

Conductor design 

Stability 

Cooling 

Operating temperature (°K) 

Average current density (A/cm^) 

Magnetic field (T) 
in flux core 
at plasma center 

Ampere-turns (MAT) 

Total conductor length (MA meters) 

Maximum dB/dt in conductor (T/s) 

Stored energy in OH/EF/plasma field (MJ) 

Maximum operational current (kA) 

No. of turns 

Self-inductance (H) 

Mutual coupling 

Power supply voltage (kV) 

Volt-seconds to plasma (V-s) 

Coupling coefficient to plasma ring 

2640 

•V.5 

67 

847 

6.7 

80 

837 

0.48 

48 

85 

W ' 

Nb-Ti/Cu 

Single layer 

Fully transposed cable 

Cryostatic 

Pool bo i l i ng 

4.2 

2262 

K = 0.015 OHEF 

-0.2422 

2946 

^.0.46 

i l 8 . 6 

996 

•vl 

80 

464 

0.52 

21 

50 

K^„ = -0.2566 

extent of coil di'.turhanccs. 

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 se^ented. For 

a blanket and shield design of 16 segments, 

each made of 43 blocks, field distortion or 

time delay will be reduced to an insignifi­

cant level. 

Structural Support 

Two structural support concepts, a torque 

shell and a torque frame, were developed. 

This work was performed by McDonnell-
Douglas Astronautics Company-East in colla­
boration with ANL and Is presented in detail 
In a separate paper.''' 

The torquo shell dosi'in u<.os <.h('.ir weh'. 

located between the TF coil cryo'.tats to 

provide continuous support for the coil and 

to cancel the induced torques. This design 

provides the lightest weight design but 

requires removal of the shear web panels to 

permit access to the blanket and shield. 

The torque frame concept uses a 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 

1.3 X 8 m opening between TF coils. Very 

little access. If any, will be available 

from above and below the TF coil because of 

required structure. Openings for vacuum 

ducts and instrumentation, however, can be 

provided through this structure. The floor 

area around the reactor will not be 
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res t r i c ted by structural members with e i ther 

concept, thereby providing for ease of locat­

ing components such as neutral beam in jectors 

and for freedom of movement for maintenance 

equipment. The outer and upper poloidal 

co i ls can be removed using the i r supporting 

structure as a l i f t i n g f i x t u r e , and the com­

bined weight is compatible with planned 

crane capacity. The lower poloidal co i l s 

are captivated by the various support 

columns and require an in-place repair / 

replacement f a c i l i t y , which was conceptually 

included in the design. Use of 7075-T6 

aluminum al loy joined by bol t ing resul ts in 

a substant ia l ly l i gh te r and lower cost 

st ructural support design than can be 

achieved using welded stainless s tee l . The 

torque shell concept has been ten ta t ive ly 

chosen as the reference opt ion. 

PLASMA HEATING 

Supplemental heating, in addit ion to ohmic 

heating, is required to heat the EPR plasma 

to ign i t ion temperatures. A power input to 

the plasma of 60 MW is needed for about 5 s 

during s tar tup, and somewhat less power may 

be required for periods up to a minute to 

maintain the burn in the face of unfavorable 

plasma condit ions. Current experience d ic ­

tates that neutral beam heating be the 

reference option for th is supplement. Radio-

frequency heating is considered as the p r i ­

mary backup opt ion. 

Neutral Beam In ject ion 

Three neutral beam in jec t i on systems have 

been designed. These are summarized in 

Table 6. The reference design is based on 

modest extrapolat ions beyond presently 

achieved resul ts with D sources. The second 

design is based upon improved 0 sources. 

The t h i r d design, which would require con­

siderable advances in source technology, is 

based upon d i rec t -ex t rac t ion D" sources, with 

neut ra l izat ion by a gas target (3a) or by a 

l i th ium plasma (3b). A l l designs employ 

energy recovery, and the f i r s t two designs 

in jec t only the D -• D" component in to the 

plasma. 

In the reference design, 12 i n j ec to rs , 

arranged to tangent ia l ly i n jec t in to the 

plasma in a symmetrical clockwise and counter-

TABLE 6. Neutral Beam In jec t ion System Characterist ics 

Atomic ion 

Target for D" * D° 

Beam composition (D , Dj, D3, D~} 

Neutral beam power (MW) 

Neutral beam energy (keV) 

Neutral beam current (Equiv. A) 

No. of injectors 

Ho. of ion sources/Injector 

Type of grid 

Ion beam current density (A/cm^) 

Ion beam power (MH) 

Gas load/1njector (Torr-i) 

Direct conversion efficiency 

Thermal conversion efficiency 

Electrical power efficiency 

Overall power efficiency 

Net power input (HW) 

(Reference) 
Design 1 

D* 

D2 9as 

(0.75,0.18,0.07/-) 

60 

180 

333 

12 

2 

mjUiaperture 

0.135 

441 

110 

0.85 

0.30 

0.29 

0.34 

207 

Design 2 

0* 

Dj gas 

(0.95,0.03,0.02/-) 

60 

180 

333 

12 

2 

multiaperture 

0.175 

338 

57 

o.es 
0.30 

0.41 

0.45 

145 

Design 

0' 

D2 gas 

(-/0.95 

60 

180 

333 

6 

2 

3a 

multiaperture 

0.135 

113 

41 

0.85 

0.30 

0.66 

0.66 

91 

Design 3b 

0' 

Li plasma 

(-/0.95) 

60 

180 

333 

6 

2 

imiltiapertura 

0.135 

81 

11 

0.85 

0.30 

0.77 

0.77 

78 
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pattern, provide 60 MW of 180 keV deuteron 

beams to the plasma. Each injector has two 

ion sources. The beam line for each ion 

source includes an accelerator to increase 

the energy of the D ions, a magnet separa­

tor and energy grid to remove molecular ions 

and directly convert their energy into elec­

tricity, a neutralizer to form the neutrals, 

and a thermal energy recovery system. The 

pair of beams in each injector travel -^ 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 energy 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 Dj 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 

improveinents could be realized if direct-

extraction D" sources are developed. 

Radio-Freouency Heating 

Radio-frequency (rf) wave heating is an 

attractive alternative to neutral beam heat­

ing, from the technological point of view, 

since efficient power sources exist for 

several heating modes and the neutron pene­

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 

experiments in heating plasmas. 

Two rf heating designs were developed, 

one based upon heating in the lower hybrid 

resonance (LHRH) and the other in the Ion 

cyclotron resonance (ICRH). The EPR refer­

ence design has four rf heating stations 

supplying 20 MW to the plasma, for added 

heating capability and 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 

Pump frequency (MHz) 
8 T 
10 T 

Output power (MW) 
4 ports 
10 ports 

Transmission efficiency 
source to port (%) 

Pulse duration, heating 
25 MW 
60 MW 

Duty Cycle (%) 
25 MW 
60 MW 

Launcher 

Transmission scheme 

High power source 

TABLE 7. 

from 

(s) 

RF Heating 

54 

ea.e 
25 
60 
64 

12.9 
5.4 

17.2 
7.2 

Parameters 

ICRH 

» 

1/4 turn loops 

Coaxia' 1 cables 

Tetrode amplifier 

LHRH 

1120 
1190 

25 
60 

48 

12.9 
5.4 

17.2 
7.2 

"Grill" waveguide 
8 across x 2 high 

Waveguides 

Klystron 
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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 substation into the 

ESI. A separate inertlal energy storage 

unit, consisting of radially stacked homo-

polar generators, is incorporated in the OH 

system, so that the inductive energy in the 

OH system is essentially transferred between 

the OH coils and inertial storage inductor, 

with the central ESI providing makeup for 

losses. Inductive energy is transferred be­

tween the OH/EF coils and the plasma current, 

with some dissipative loss in the plasma. 

The neutral beam energy is deposited in the 

plasma or dissipated in the injection sys­

tem. Electrical energy is recovered 

directly and recirculated in the neutral 

beam injection system. If rf plasma heating 

is used instead of neutral beam injection 

heating, the required energy is transferred 

from the ESI by 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 periods by 

using radially stacked drum-type 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. 

FIGURE 8. Circuit Diagram 

The design of the homopolar 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

pect to the central axis. The conducting 

cylinders rotate independently on a type of 

air bearing designed into the insulating 

cylinders. The innermost and outermost 

cylinders are made of insulating materials, 

so that high voltages can be achieved by 

electrically connecting many generators in 

series. A radially directed, azimuthally 

uniform magnetic field of about 5 T is pro­

duced by niobium-titanium superconducting 

coils. Brushes are located along the edges 

of the cylinders and connected so that cur­

rent flows back and forth in the axial direc­

tion. Adjacent cylinders counter rotate. 

The arrangement is called the counter cyclo­

nic generator (CCCG). 

The energy transfer system for the EF 

coils must be actively controlled because 

the power demand varies with plasma current 

and temperature. The design of the power 

supply is based on storing and transferring 

lA 



TABLE 8. Energy Transfer and Storage Systems — Maximum Ratings 

Ohmic Heating Systems 

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

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

Equilibrium Field System 

Type 
Energy transfer (MJ) 
Peak power (MW) 
Peak current (kA) 
Peak voltage (kV) 
Peak switching frequency (Hz) 

Neutral Beam System^^'^^ (60 MW) 

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

RF System (60 MW)"'' 

Type 
Voltage (kV) 

ICR 
LHR 

Power (MW) 
ICR 
LHR 

Central Energy Storage Inductor 

Type 
Energy stored (GJ) 
Energy transfer (GJ) 
Peak current (kA) 
Peak power (MW) 
Average power from 60 Hz line (HW) 

16 
6 
1200 
1900 
51 
68 
0.897 

Inductor-converter bridge 
600 
66 
80 
0.8 

Inductor-converter bridge 
1500 
416 
80 
21 
1330 

SCR, OC/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 co i ls and the 

superconducting energy storage inductor 

using an inductor-converter (I-C) capacitor 

bridge. The design of the EF co i l power sup­

ply uses typ ica l SCR units current ly ava i la­

ble on the market. A three-phase bridge is 

used wi th 35 mF, 10 kV capacitors in each 

phase. 

The design of the neutral beam in jector 

energy transfer system is composed of two 

major components; a saturated time-delay 

transformer (STDT), which uses the satura­

t ion effects of magnetic cores to act as a 

current surge l i m i t e r , and a high-frequency 

polyphase-controlled r e c t i f i e r using SCR 

switches to enable rapid de-energization of 

the beam in periods of less than 100 us. 

The beam heating pulse is designed to last 

for 5 s. Energy is added to the central ESI 

throughout the fusion reactor cycle. The i n ­

jector power supply extracts energy d i rec t l y 

from the ESI during the beam heating phase, 

so that the power gr id never sees a power 

bump. An I-C drives a high-freguency poly­

phase inver ter . A 10 kHZ voltage is 

developed in a summing transformer, f i l t e r e d 

and subsequently r e c t i f i e d . The output lead 

is connected to the in jec tor through an STDT. 

A co i l on the STDT is connected to a con­

t r o l l ed time delay c i r c u i t that w i l l t r igger 

a crowbar and in terrupt ing switches in the 

event the primary neutral beam in jec tor pro­

tect ion systems f a i l . 

The power supplies for the ion cyclotron 

region and the lower hybrid region r f heat­

ing systems are designed using the I-C con­

cept used for the EF c o i l . Five-phase I-C 

bridge networks are designed to t ransfer 

energy from the ESI to the r f conversion 

un i ts . Five-phase networks are used to avoid 

objectionably large voltage f luctuat ions on 

the frequency conversion tubes. 

In order to operate the poloidal c o i l , 

neutral beam, and r f systems, i t w i l l be 

necessary to store energy on s i t e so that 

large power pulses required to i n i t i a t e and 

terminate the tokamak discharge do not per­

turb the e lec t r i ca l power network. A super­

conductive energy storage Inductor was 

designed to handle these energy pulses. The 

energy storage r ing uses 21.4 MW at a con­

stant input rate and provides a peak net w i t h ­

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 

r ing has a major radius of 5.7 m and a minor 

radius of 0.8 m. The co i l w i l l use 0.58 m' 

of niobium-titanium and is constructed of 

pancakes separated by micarta or f iberg lass-

epoxy boards. Al ternate pancakes are wound 

clockwise and counterclockwise to f a c i l i t a t e 

layer- to- layer connections. Conductor t rans­

posi t ion is achieved by winding top and bot­

tom halves wi th 40 kA cable and operating 

co i l halves in p a r a l l e l . There are a to ta l 

of 12 layers of c o i l . 

VACUUM SYSTEMS 

The EPR toro idal vacuum system must: 

(1) reduce the residual gas pressure in the 

toroidal chamber from -'.2 « 10"^ to ^.l x 10"^ 

Torr in -vlS s a f te r the burn pulse; and 

(2) achieve a base pressure of less than 

10"" Torr at the beginning of an operational 

period. These c r i t e r i a can be sa t i s f i ed by 

th i r t y - two 25,000 t / s cryosorptlon pumps, 

each connected through a 1.1 m diameter 

duct to a 0.95 m diameter port in the vacuum 

chamber w a l l . To minimize the t r i t i u m i n ­

ventory, the cryosorptlon pumps w i l l be re­

generated, using zirconium-aluminum getter 

pumps, every four hours to remove the t r i ­

tium and deuterium that has accumulated on 

the l i qu id helium-cooled panels. An addi­

t iona l 32 cryosorptlon pumps are provided 

to allow for continued operation during the 

regeneration per iod. 

Pumping requirements fo r the neutral 

beam in jectors are very demanding. Twelve 

in jectors w i l l each have gas loads of 110 

To r r - i / s during operat ion. The required 
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pumping speed of \5 « 10"J/s w i l l be pro­

vided by 100 m̂  of cryosorptlon panel in 

each in jec to r . To avoid shutdown during 

regeneration, an addi t ional 100 m' of the 

panel area must be provided and the design 

must allow for i so la t ion of that port ion of 

the cryosorptlon panel to be regenerated. 

The pr inc ipa l parameters of the toro idal 

and neutral beam vacuum systems are shown in 

Table 9. 

The high impedance character is t ics of 

the waveguide used fo r lower hybrid r f heat­

ing w i l l necessitate a separate pumping sys­

tem to insure adequate vacuum along the 

length of the waveguide. Each waveguide 

must have e i ther a mercury d i f fus ion or tu r ­

bomolecular pump with an e f fec t ive pumping 

speed of 10,000 t /s to maintain the required 

1 X 10- ' Torr vacuum at the waveguide window. 

FIRST WALL 

The f i r s t - w a l l system consists of a 

vacuum wall and detachable coolant panels. 

The free-standing vacuum vessel is conr 

structed from 16 cy l i nd r i ca l segments of 2 

cm th ick stainless steel plate and is r e i n ­

forced wi th an external r ing and spar frame­

work. Two circumferent ial support rings and 

ten longi tudinal 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 CrjOs coating is applied 

to the jo in ing surfaces in two of these rings 

to form a current breaker in the vacuum w a l l . 

Detachable 2 cm stainless steel coolant panels 

are roll-bonded to the inside of the vacuum 

w a l l . The surface of the coolant panel fac­

ing the plasma is coated with 100-200 microns 

of beryl l ium to control impurity contamina­

t ion of the plasma by stainless s tee l . The 

substantial porosity (10-15%) and f ine micro-

structure obtainable wi th the plasma-spray 

coating process f a c i l i t a t e s gas re-emission, 

par t i cu la r l y helium, and minimizes b l i s t e r ­

ing erosion. Pressurized water is supplied 

to the coolant panels by manifolds located 

in the connecting rings that j o in the f i r s t -

wall segments. The toroidal vacuum wall is 

supported by a three-point per segment, 

r o l l e r / s l i d e pad-type support from the blan­

ket to the lower rings and spars. The three-

point support minimizes the size of the re in ­

forcing r ing and the r o l l e r / s l i d e support 

minimizes thermal stresses by allowing for 

expansion of the vessel. 

Extensive thermal-hydraul ic, mechanical, 

materials performance, and radiat ion damage 

TABLE 9. Vacuum System Parameters 

Toroidal Neutral Beam 

Volume 

Surface area 

Gas load 

Cryosorptlon pumping 

Effective pumping speed 

Secondary pumps 

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

pumps 

754 m̂  

771 m̂  

2588 Torr-v, 

32 - 25000 i /s 
pumps 

4.25 X 105 t /5 

32 - 10000 t /s 
16 
16 

250 m' / in jec tor 

254 m^/injector 

110 Torr-»./s per in jec tor 

100 m' panel / in jector 

5 X 10' t / s per in jec tor 

12 - 25000 t /s 
Use same pumps 
Use same pumps 
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TABLE 10. First-Wall Operating Parameters 

Nominal Operating Conditions 

Capacity factor (%) 50 

Operating cycle (s) 
Startup 5 
Burn 35 
Shutdown 5 
Exhaust and replenishment 15 

Average power loading during burn (MW/m^) 
Neutron 0.5 
Radiation, conduction, convection 0.13 

Operating Parameters 

Stainless steel vacuum wall 
Maximum temperature (°C) <500 
Minimum yield stress at 500°C (ksi) 17 
Maximum annual fluence (n/m^) 6 x lo^s 
Atomic displacement (dpa/yr) 2.8 
Helium generation (appm/yr) 54 
Hydrogen generation (appm/yr) 133 

Stainless steel coolant panel 
Maximum temperature ("C) 380 
Minimum yield stress at 500°C (ksi) 17 
Maximum annual fluence (n/m^) 6 x 10^5 
Atomic displacement (dpa/yr) 2.8 
Helium generation (appm/yr) 54 
Hydrogen generation (appm/yr) 133 
Maximum heat deposition (W/cm') 5.8 
Maximum 4T across panel surface (°C) 20 
Maximum 4T through panel face (°C) 
With Argon shutdown 100 
Without Argon shutdown 75 

Maximum thermal strain range (%) 
Operating cycle 0.14 
Burn cycle 0.09 

Beryllium coating 
Maximum surface temperature {°C) 407 
Helium generation (appm/y) 780 
Hydrogen generation (appm/y) 13 
Maximum erosion rate (pm/y) 30 

Water coolant 
Maximum pressure (psi) 2000 
Velocity (m/s) 1.6 
In le t temperature — f i r s t panel (°C) 40 
Exit tempera ture—eighth panel (°C) 310 
Pumping power (MW) <1 

analvses have been oerformed to evaluate the fluence of 6 x lo '"" n/m' (2.8 dpa/yr, 54 

f i r s t - w a l l performance and to determine the appm/yr helium, and 133 appm/yr hydrogen) 

design l i m i t s . Results are summarized in and maximum wall temperature of ^SOCC. For 

Tables 10 and 11. these conditions the predicted radiat ion 

The stainless steel vacuum wall should swell ing of <4% is to le rab le . The l i m i t i n g 

maintain i t s st ructural i n teg r i t y for the c r i t e r i o n is loss of d u c t i l i t y caused by d i s -

10-yr design l i f e under the nominal operat- placement damage and helium generation. For 

ing condit ions, v i z . , integrated wall load- temperatures below 500°C, the residual un i -

ing of 2.5 MW-yr/m^, maximum annual neutron form elongat ion, which is estimated to be 
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TABLE 11. First-Wal l Design Limits (a) 

Vacuum Wall 

Design l i f e (yr) 
Integrated neutron wall loading 

(MW-yr/m2) 
Yield strength — 10 yr (ks i ) 
Uniform elongation — 10 yr (%) 
Radiation swell ing — 10 yr (%) 
Limi t ing c r i t e r i on 

Coolant Panel 

Design l i f e (yr) 
Total burn cycles — 5 yr 
Fatigue l i f e t ime (yr) 
Radiation l i f e t ime (yr) 
L imi t ing c r i t e r i on 

Low-Z Coating 

Design l i f e (yr) 
Limit ing c r i t e r i on 

10 
2.5 

75 
>1 
<4 
D u c t i l i t y 

5 
10' 
5 
8 
Thermal fat igue 

3-5 
D-T sputtering 

(a) Based on a neutron wall load of 0.5 MW/m̂  and a 
plant capacity factor of 50%. 

>_U at the end of the 10-yr l i f e , is con­

sidered to be acceptable. The l i f e t ime of 

the low-Z coating is l im i ted by erosion 

caused pr imar i ly by D-T physical sput ter ing. 

A design l i f e to 5 y r for a 100-200 um thick 

beryl l ium coating appears feas ib le . Only 

l imi ted data exists with which to estimate 

the l i f e t ime of the ceramic current breaker; 

however, bulk radiat ion ef fects w i l l l i k e l y 

be the l i m i t i n g c r i t e r i a . 

In addi t ion to the extensive radiat ion 

damage, the coolant panel w i l l be subjected 

to severe thermal cycl ing produced by heat 

deposit ion on the surface during the plasma 

burn. The s t ra in range for the burn cycle 

depends on the di f ference between the maxi­

mum and minimum values of 4T during the 

cycle, and the s t ra in range for the plant 

warmup/cooldown operating cycle is a func­

t ion of the average AT during the burn cycle. 

Assuming that the duration of the operating 

cycle is long enough that stress r e l i e f 

occurs, the s t ra in range for the coolant 

panels wi th s l id ing supports is 0.085% for 

the burn cycle and 0.14% for the warmup/cool­

down operating cycle. These values corres­

pond to fat igue design l i fe t imes for the 

coolant panels of 5 x 10' burn cycles and 

1 X 10^ operating cycles. Thus, thermal 

fat igue w i l l l i m i t the l i f e of the coolant 

panel to 5 y r , which corresponds to 'vlO' 

burn cycles, for the current design 

parameters. 

Although the current f i r s t - w a l l system 

design is based to a large extent on avai la­

ble materials and ex is t ing technology, i t 

appears that adequate mechanical i n t eg r i t y 

of the system can be maintained for suitable 

reactor l i fe t imes under the postulated EPR 

condit ions. Detai ls of the f i r s t - w a l l and 

the blanket/shield design are presented in 

a separate paper,^ ' 

BLANKET/SHIELD 

The blanket/shield system consists of the 

blanket, the inner bulk sh ie ld , the outer 

bulk sh ie ld , the neutral beam penetration 

sh ie ld , the vacuum duct penetration sh ie ld , 

and the biological sh ie ld . In order to i n ­

sure penetration of the equi l ibr ium f i e l d 

into the plasma region without in to lerable 

d is to r t ion or phase delay, the blanket and 

bulk shield are constructed of 688 e l e c t r i -
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cally insulated blocks. 

The blanket is made up of 0.28 m thick 

stainless steel blocks. Each of the 16 seg­

ments of the vacuum chamber is covered by 17 

blanket blocks. The blocks are cooled with 

pressurized water flowing in a network of 

1 cm diameter drilled channels, with each 

block having an independent cooling system. 

The bulk shield surrounding each of the 

sixteen segments of the vacuum wall and 

blanket consists of 1 inner shield block and 

25 outer shield blocks. The inner shield 

block is 0.58 m thick and consists of alter­

nating layers of B^C and stainless steel dis­

posed 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 lead mortar, 

and 0.09 m of aluminum. The bulk shield is 

cooled with H;̂ 0 at atmospheric pressure. 

Neutral beam lines, vacuum ducts, and 

other penetrations of the outer blanket and 

bulk shield represent large (•vO.6-1.0 m^ 

cross section) streaming paths for neutrons 

and require special shielding. A special, 

0.75 m thick, annular shield surrounds the 

neutral beam tube after it exits from the 

bulk shield and extends beyond the TF coils, 

so that there is no unshielded line-of-sight 

path from the wall of the beam tube to the 

TF coils. The inner 0.65 m of this special 

shield is 50% SS/50% B,,C, followed by 0.05 m 

of lead and 0.05 m of aluminum. 

A pneumatically operated shield plug is 

closed in the vacuum duct during plasma burn 

(see Fig. 1). This shield plug consists of 

two blocks. The inner block 1s 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/B^C) similar to that of 

the inner shield. 

The blanket, shield, and vacuum vessel 

assembly weighs over 2700 metric tons. This 

weiaht is supported from beneath the reactor 

on 16 individual frames. The frames can move 

vertically approximately 2 m to facilitate 

replacement of the blanket and shield blocks. 

The load is transferred through 32 columns 

from the reactor foundation to the 16 frames, 

which in turn support the reactor shielding 

blocks. The blanket 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 350 metric ton 

vacuum vessel rests on the inner side of the 

blanket. 

Extensive analyses have been performed to 

evaluate the performance of the blanket/shield 

system. These analyses are based on a nominal 

neutron wall load of 0.5 MW/m' and a plant 

capacity factor of 50%. The neutronics 

effects vary significantly around the wall in 

the poloidal direction, and a conservative 

analysis is used. Results are surmarized in 

Table 12. 

The 4 cm first wall and the 28 cm blanket 

region receive ^90% of the neutron and gamtia 

energy. The nuclear heating varies from 3.5 

W/cm^ on the inside to 0.3 W/cm^ on the out­

side of the blanket. The radiation damage 

level in the blanket adjacent to the first 

wall is -̂ .1.7 dpa/yr and drops by a factor of 

2 every '̂.7 cm going through the blanket. 

Operating temperatures in the load bearing 

portions of the blanket are, like the first-

wall temperatures, restricted to ^500°C, but 

may be allowed to rise above this level in 

nonstructural components. After 10 yr at a 

wall loading of 0.5 MW/m^ and a 50% capacity 

factor, the swelling in the blanket adjacent 

to the first wall is expected to remain be­

low 2%, the uniform elongation will drop to 

'>.3%, and the yield strength will increase to 

'>.75 ksi. As the neutron radiation Is atten­

uated through the blanket, the swelling will 
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TABLE 12. Summary of Blanket Design Parameters 

Design basis operating life (yr) 

Nominal power during burn (MW) 

Design basis neutron wall loading (MW/m^) 

Plant capacity factor (%) 

Blanket structure 
Thickness (m) 
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') 
Maximum fluence at 2.5 MW-yr/m^ (n/m') 
Maximum dpa at 2.5 HW-yr/m' (dpa) 
Maximum helium production at 2.5 MW-hr/m^ (appm) 
Maximum hydrogen production at 2.5 MW-yr/m^ (appm) 

Mechanical parameters 
Design stress in support structure (ksi) 
Minimum material yield stress (ksi) 
Ductil ity at 2.5 MW-yr/m^ (% uniform elongation) 
Swelling at 2.5 MW-yr/m' (% of i n i t i a l volume) 
Maximum torque from pulsed fields ( f t - 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 

10 

400 

0.5 

50 

0.28 
316-SS/0.9 
H2O/1O.O5 

^0.02 
•vO.05 

500 
550 

3.5 
5 X 

17 
230 
600 

10" 

<10 
70 
>3 
~2 
125,000 

H2O 
2000 
<15 
2.4 
<1 
40 
309 

3.5 X 10' 
8.0 X 105 
7.0 X lo" 
60 

be reduced to zero after a few cm, and the 

tensile properties wil l approach those of 

unirradiated material (-̂ 22% uniform elonga­

tion and .̂20 ksi yield strength). The 

effect of creep and fatigue wi l l be less 

than In the f i r s t wall since the blanket is 

not exposed to the surface radiation from 

the plasma and wi l l not undergo the large 

thermal cycling of the f i r s t wal l . Helium 

production rates wi l l s t i l l be high in the 

f i r s t few cm, but the temperature l imit of 

500°C should insure against helium emblttle-

ment which Is observed at temperatures above 

550°C. 

Regions in the outer bulk shield, 20 cm 

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 

boron carbide is the buildup of helium from 

(n,a) reactions which can induce swelling and 

cracking if It is present in 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 cm of 

boron carbide will produce 3500 appm of 

helium during 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 

conditions expected in the EPR, the graphite 

in the outer bulk shield will densify rather 

than swell. It is expected that the volume 

change of graphite due to irradiation can be 

minimized by a suitable choice of material 

and should not present a problem. Helium 

production in the first few cm of the grap­

hite/1% boron will reach ".770 appm after a 

10 yr lifetime. As with boron carbide, 

porosity and venting considerations must be 

factored into the shield design to accommo­

date the helium. The materials lying past 

the first layer of boron carbide in the inner 

shield and the graphite in the outer shield 

receive a relatively small neutron fluence, 

and the bulk properties should not be adver­

sely affected. The lead mortar and aluminum 

in the outer shield will operate at 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 

10' mrem/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 ts about 1 mrem/hr. The biological dose 

in the vacuum chamber inside the first wall is 

6 X 10' mrem/hr at shutdown and after 1 yr 

of cooldown the dose is 1 x 10' mrem/hr. 

After one day of cooling, the dose is 600 

mrem/hr at a position above the reactor at 

the location of the TF coils and 2 mrem/hr 

outside the TF coils. The latter result 

does not include the effect of penetration 

streaming or activation of the neutral beam 

injector. These calculations indicate that 

the dose rate is too high to permit unshielded 

personnel access to the reactor during opera­

tion. At best, limited access would be 

allowed within a few days of shutdown. Per­

sonnel exposure can be reduced by two orders 

of magnitude by 10 cm of lead shielding. 

The general approach to maintenance for 

the EPR is by use of remote handling appara­

tus. All large components will be repaired 

in place, where possible. This includes the 

vacuum vessel and the lower EF and OH coils. 

Smaller components like the blanket and 

shield blocks will be repaired in the hot 

cells. Special in-vessel remotely operated 

equipment will be designed to repair, replace, 

and inspect any portions of the vacuum ves­

sel or first-wall panels that have 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 the 

reactor. A full-scale, quarter-section mock-

up of the reactor is vital to all remote 

operations. 

TRITIUM 

The EPR tritium handling system must 

separate tritium and deuterium from the spent 

fuel and must be capable of building atmos­

phere cleanup in the event of a large trit­

ium release. The key tritium facility 

operating parameters are given in Table 13, 

and a detailed discussion of the design basis 

is presented in a separate paper. (6) 
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TABLE 13. Summary of Tritium-Handling Facil ity Parameters 

General 

Power during burn (MW) 
Burn cycle duty cycle (%) 
Plant availability factor (%) 
Tritium burnup (g/day) 
Throughput/burnup ratio 
Tritium delivery rate (g/hr) 
Fuel cycle turnaround time (hr) 
Plant inventory (kg) 
Annual tritium consumption at 50% capacity factor (kg) 

Tritium Inventory Disposition 

Cryosorptlon pumps (g) 
Getter beds (g) 
Distillation columns (a) 
Fuel cycle hardware (g) 
Storage (g) 
Anticipated mean inventory (g) 

Fuel Cycle 

Nature of fuel processing and recycle systems 

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

(a) Maximum value at any single time. 

8 T 

200 
76 
67 
26 
50 
60 
4 

0.6 
6.4 

2«(al 
2 « a 

10 ,1 
l °a 

- s o o ' ' ' 
600 

gTFC 
max 

10 T 

500 
75 
67 
64 
50 

150 
4 

1.5 
16 

600(a) 
600a 

"^ 2 5 ! 
".1300*°' 

Nonmetallic e' 
Debris 
Isotopi 

remova' 
c enri{ 

Fuel storage 
Fuel delivery 
Cryogen 
6 
1 

1500 

lement removal 
1 
:hment 

ic d ist i l la t ion 

The principal assumptions applied in deter­

mining these parameters are: (1) that the 

throughput/burnup ratio wi l l be approxi­

mately 50; (2) that the fuel cycle turn­

around time (fuel holdup) time wi l l be 4 hr 

or less; and (3) that the i n i t i a l tr it ium 

inventory of ^1.5 kG wi l l be supplemented as 

needed (from an outside production fac i l i t y ) 

to match the burnup encountered during opera­

tion. The fuel cycle turnaround time is 

determined mainly by the regeneration cycle 

on the cryosorptlon pumping system for the 

toroidal plasma chamber. The present plan 

Is to carry out this regeneration cycle on 

a 4 hr basis. 

Calculations have been made to estimate 

the rate of trit ium permeation from the plasma 

chamber into the f i rst-wal l cooling water 

circuit . These calculations show that the 

tritium level in the f i rst-wal l cooling water 

(".lO^ t ) increases to a maximum of ~~^ C i / t . 

The handling practices associated with this 

pressurized cooling water would essentially 

be the same as those currently applied in 

the pressurized OjO primary circuits of 

heavy water reactors that conuionly run up to 

10 C i / t . 

Potential of f -s i te tritium exposure calcu­

lations have been made. Two events leading 

to of f -s i te exposure due to the release of 

trit ium have been considered. The f i rs t 

event considers 2% ("4 x 10= Ci) of a total 

Inventory of 2 kg of trit ium released at 

ground level as water vapor in an accident. 
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The dose cofmitment for an individual at the 

site boundary is 23.5 rem (whole body) at 

500 m and 7.4 rem (whole body) at 100 m as 

compared to the 10 CFR 100 guideline for 

total body dose in an accident of 25 rem. 

The second event is the continuous daily 

release of 100 Ci of tritium for which the 

concentration at 500 m is '>.5 « 10"' Ci/m-

and at 1000 m is ".2 x lO"' Ci/m\ ERDA 

Manual 0524 gives the uncontrolled concen­

trations guide as 2 x 10-' Ci/m^. 

FACILITY DESCRIPTION 

The reactor complex consists of 11 major 

facilities covering an area of 65,000 m'. 

The focal point is the reactor containment 

building (Fig. 9), a structure 73.2 m in 

diameter x 50 m high made of reinforced con­

crete, 1.5 m thick, to meet both structural 

and biological requirements. A thin steel 

membrane, 1 cm thick, lines the inside walls 

of the building, forming a barrier in the 

event of a tritium release. The seal is 

carried through all penetrations and access 

ways. A reactor pedestal is provided 

slightly offset from the center of the 

building for convenience in positioning the 

300 ton overhead polar crane used in assem­

bly and maintenance of the reactor. The 

building is equipped for remote maintenance 

of the reactor. 

COSTS AND SCHEDULES 

The estimated total direct capital cost 

for the EPR is $579 M. Adding 25% for engi­

neering and 25% for contingency brings the 

grand total to $868 M. A cost breakdown is 

given in Table 14. 

A detailed design and construction sche­

dule has been developed. Eight years are 

required from the initiation of preliminary 

design to initial operation, and six years 

LAB'.HiT(jRiF'. I 

TRITIUM 
PACILITIFS 

S - < C X ^ ^ 

NE.. iA^ BEAM TI%1 CAcii_|T¥; 
.ARCL RXOlDlALCOLS 
WINDING t STORAGE ARE* 

Rp HEA'ING PORTS;'!) 

FIGURE 9. Reactor Containment Building 
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TABLE 14. Plant Capital Investment 
Direct Cost Estimate 

Structures and s i t e f a c i l i t i e s 67.3 

Reactor 248.6 

Reactor plant f a c i l i t i e s 245.0 

Aux i l i a r ies 18.0 

TOTAL 578.9 

Engineering (25%) 144.7 

Contingency (25%) 144.7 

GRAND TOTAL 868.3 

(a) FY 1976 do l l a rs . 

are required from the i n i t i a t i o n of detai led 

T i t l e I I engineering design to i n i t i a l opera­

t ion of EPR. This schedule is based on two-

shif t / f ive-days-a-week operation. 
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The T^kpirik Exn'^vim'^ntnl Power Reactor is a device -'i^sinned to 

operate at or near i g n i t i o n with the pot-^ntial for procijct ion of net 

poi;nr. I t u t i l i z e r technolcqy ^'hich e i ther ex is ts or can be achieved 

with a li^odeit oxtrapoU'-.ior: from the present. The plasma dr iv ing Sj'S-

terns, and th^-ir implications for energy storage and t ransfer technology 

are analyzed u t i l i z i n g dynamic siniulation of the plasma s ta r tup , burn 

and shutdown. 

INTROr'.'i^TIO'; , physics pai-anieters. This has led to th-j 

The plasnic: dr iv ing system fo r thr; choice or a spec i f i c reference m.ode of 

Tokamak Expr.rir.i-jntal Power Re:,ctor (lEPR) operat ion, lo power sunply and magnet 

consists of ^n ohnic hoati-"""! (0") r i i l , spec^ticatinn? ^nd to i n i t i a l fie-^inn 

an equi l ibr iun: f i e l d (EF) c o i l , and the i r choices, 

re,-. -'Ctive power supK'iie:. Tne ohmic TEPR DEVICE DESCRIPTION 

heating co i l induces the bull; of the The device considered for the TEPR is 

plasma cui'rent during the rcact:;f s ta r tup , one v.'i th a c1rcul^:r plasma of 6.25 m major 

and malntaiiiS the ciir idi '". daring the burn. radius, 2.] m minor radius, a plasma 

The equi l ibr ium f i e l d co i l is ne'.^dfd for current of 7.6 MA, a 1 m blanker and 

stable pos i t ion ing of the plasma wHhin sh ie ld , and a toro idal magiiotic f i e l d of 

the .acuLim chamber. 8-10 j produced ijv super condm r.ive constant 

The dr iv i i ig s^'stem is one of the major tension D magnets wiio.se bore is '^ B x 1? m. 

subsystems for tlie "IDPR and as suclt is Considerations of ' ih ie ld in f i . assoml.ily rind 

c r i t i c a l to ll ie surc':^ss of TEPR rind to iiKiintenancf? in an experimental device of 

eventual f u l l scale loi--.mak reactors, [he th is size n-q!ii*e tite superconductive 

oesign and aualv i is o. Liu; LUU(II(JI! plji^iuii- puloiudl rii..ld Loil:^ to bo e/,Lui"Iur i.o 

plasm dr iv ing sy--t'-T!i ha*, been parL of the t n r o i d i i - f ie l cl (IP) c o i l s . Tlie ohnnc-

an ongoing efTort at Ai gonne in connection heating f l ux is priuiuced by a 4 m d i -

wi th the OV'. r,.l i •"''.[. "lEPR d''-:iijn. '"""'-^ A r.!;;ctcr solcno'-.I thicunh the ci-ntral core 

detai led r .Lns i t iv l tv .ind Lradi'-off study ha^ olus outr inger co i l s whicli keep the OH 

now been perfoi';;;?d r.howing how the d r i v ing f lux away from the plasma. The equ i l i b -

system power, en-rgy, vo l ta ' ie , 'ind m.^uiinutic r iuM-Eield c o i l s , which produce an 0.4 T 

f i e l d requirements depend on the way the f i e l d at the plasma, have som̂ -- reverse 

TEPR is operated and on cer ta in picc-ma ' turns e l small radius to decouple from the 

Mio'rrTi 'pporYed by tlie U.S. Energy i^escarch and Development Adminis t rat ion. 
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OH c o i l , whi le producing the proper f i e l d 

shape to maintain MHO equi l ib r ium. 

The f i r s t wall of the reactor is composed 

of s ta in less steel coated with a th in layer 

of bery l l ium (or other low-Z mater ia ! ) . 

The Be serves as an impurity control measure 

in Liiat i t prevents erosion of i ron in to 

the plasma which U'ould cause high levels 

of rad ia t i on . (However, even the erosion 

of bery l l ium serves to l im iL tl>e maximum 

burn cycle obtainable.) As envisioned now, 

the EPR can support a range of plasma 

parameters, some cont ro l lab le and some, 

i f not most, dependent on tlie plasma physics 

obtained. For the purpose of th is study, 

a spec i f i c plasma has been assumed, one that 

i s r e l a t i v e l y demanding from the standpoint 

of the d r i v ing system requirements. The 

minimuni safety factor is ?.5, and the re ­

s i s t i v i t y is given by the Spitzer formula 

but wi th fn assumed anomaly factor of 3. 

The plasma is in WD equi l ibr ium at a l l times 

wi th spec i f i c densi ty , temperature, current 

density and f l u x density p ro f i les described 

in de ta i l in Chapter 3 cf Reference 1. The 

plasma is assumed to be at i gn i t i on at about 

10 keV at least in the absence of substantial 

Be and He impur i t ies but with an O.bX oxyqen 

background. The maximum toroidal and 

poloidal betas are respect ive ly , p'^'"' = 0.043 

J ..max _ T 79 and I) - i ./d. 

COHPUTATIOWAL I'lOnF.L 

The d r i v ing system requir i ' i i^nl ' i have 

been an.i lyied p i i i i i . i f l l y with tiire,- LOinf-uter 

codes, a global dynamics plasma code, a 

MHD equ i l ib r ium code, and a dr iv ing system 

code. The dynamics code is based on a 

s p a t i a l l y averaged, time dependent model 

which solves pa r t i c l e and energy balance 

equations. The code includes an alpha 

slowing-down model, a neutral beam model, 

a rad ia t ion model, a plasma-wall in te rac t ion 

model, and a confinement time model. The 

model is described in deta i l in Appendix C 

of Reference 1. The plasma code is coupled 

to a d r iv ing system code based on the three 

mesh equivalent c i r c u i t shown in Fig. 1. 

The codes are coupled in the fo l lowing 

ways; the temperature, impuri ty content, 

e tc . of the plasma determine R . Secondly, 

the F.F current required at any time depends 

on both the plasma current and the poiui i ia l 

beta. In t u rn , the magnitude of the 

plasma current determines the ohmic heating 

power in the plasma, as wel l as the con­

finement times. 

The dependence of 1^^ on I and F is 

determined by the HHD equ i l ib r ium code. 

This I'lHD code is also used to compute the 

basic KUD equi l ib r ium so lu t ion during the 

f l a t t op port io; i of the burn cycle. 

During the startup and the rest of the 

burn cycle, i t is assumed that the rfiD 

equi l ibr ium evolves wi th a f ixed p r o f i l e . 

The equi l ibr ium at any time is then uniquely 

characterized by the values of i and B^ 

at that time. The burn cycle dynam.ics 

calculat ion at each time steo ir.volves: 

(1) determination of I and E^ from ihe 

coupled plasma power balance and plasma 

dr iv ing system c i r c u i t equations, (2) 

determinatii i i i of the nilD equi l ib r ium thai 

is characterized by I and ;•. ; (3) dcter-

mination of the equ i l ib r ium f i e l d , n| ^ , 

that is required for the e(|Uil ibriura, .IIKI 

(4) deteri i i i i ial ioi i of 1.1HJ cu i t e iU , I p p in 

the ITI" co i l s that is required to produce 

the equi l ibr ium f i e l d . Thus, th is pro­

cedure determines a se l f -cons is ten t re la ­

t ionship I^p -- l|-p d p , Bf or 6p) that 

defines the current required in the 

equi l ib r ium f i e l d c o i l s . 
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ENERGY STORAGE A îP TRAfJSFER 

The TEPR poloidal coi l power supplies 

must be able to s to re , transfer and re­

cover gigcijoules of energy e f f i c i e n t l y 

at repe t i t i on rates of about once per min­

ute. Conventional po«ver supplies are not 

well suited to meeting the TEPR design goals 

because they tend to be too cost ly and i n ­

e f f i c i e n t in th is mode of operat ion. There­

fore , the desigiis of Lhe poloidcil f i e l d 

pov/er supplies do not incorporate existent 

and proven techfiologies. 

The power sufply philosophy for the 

plasma d r i v ing sy^ t̂em 1s as fol loivs. The 

EF co i l must be programmed and therefore 

has been chr.sc-n to be a phase control led 

r e c t i f i e r c i r c u i t opei'ating out of mag­

netic energy storage. Since the magnetic 

energy is f ixed by the rcquii'cd equil ibriu;;". 

f i e l d , the pr inc ipa l var iable cost is 

associated wi M̂ iho power. "Ihus. tlie 

plasma heating cycle should be as slow 

as possible Lo minimize th is EF power 

cost. The OH f i e l d need not be progammed 

but must cycle as rapid ly as possible to 

bui ld up the plasma current and heat the 

plasma raj j ld ly In oi'der to avoid wasting 

energy. Thus, high power is required in 

tiie Oil c i r c u i L , and the power supply cost 

should depend p r imar i l y on stored energy, 

as opposed to power. High voltago mu l t i -

drum hoi;iOpolar generators ^wo well suited 

to th is task. Thny can operate e f f i c i e n t l y , 

and have LHL- |n-opurty liiai. Iheii- erfecLive 

capacitance can be adjust.od by changing 

the magnetic f i e l d , al lowing control 

over the OH cycle t ime. They further 

can be connected in series or para l le l 

to vary the voltage or capacitance. In 

this appl icat ion Lhe Oil energy is in 

the c o i l , and the drums are nearly at rest 

except during OH f i e l d reversa l , so that 

losses are ii.inir.iized. The s t a r t and stop 

action is contro l led by operation of a 

switch across the OH c o i l . An addi t ional 

small phase cont ro l led r e c t i f i e r provides 

f lux for maintaining the plasma current 

during the burn and fo r rese t t ing the OH 

current p r io r to current reversal during 

shutdown. This r e c t i f i e r can operate out 

of the s>-":e energy storage un i t used with 

the EF c o i l . 

The EF co i l power supply is designed to 

have an ac t i ve l y -con t ro l l ed rate of energy 

change using a three-pliase inductor-con­

verter (I-C) SCR bridge between the EF 

co i l and a central superconducting energy 

storage inductor. 

The central energy storage inductor is 

also used to smooth the power demand from 

the e lec t r i ca l gr id for the neutral beam 

and r f heating systc;'is. Energy is added 

to the central storage inductor at almost 

con'^tant rate thmughout the whole fusion 

reactor cycle. Energy is extracted from 

the central storage inductor at much higher 

rates than the average input rate during 

the heating periods. The pc. 'cr -gr ld can 

only see the r e l a t i v e l y low, average 

power. 

The power supplies for the neutral beam 

and r f heating systems also en'ploj tech­

nology which is beyond the current s ta te-

o f - t he -a r t , in order to avoid excessive 

power bumps on the e l e c t r i c a l g r id and, in 

the case of the neutral beam in jec to r supply, 

to also take advaiiLage uf the buperiur 

qua l i t ies of a new technology. The design 

of the energy t ransfer network for tlie neu­

t ra l beam in jec tor u:,cs an I-C to dr ive a 

high frequency polyphase r e c t i f i e r . The 

in jec to r is protected against spark daniage 

by using a saturated time-delay transformer 

(STDT) to l i m i t surge currents at the 

outset by phasing back on the high f r e ­

quency polyphase r e c t i f i e r s w i t h i n the 

28 



f i r s t 100 us for longer surge periods. 

The design of the r f heating power supply 

uses a five-phase I-C so that voltage 

r ipp le on the power ampl i f ie r can be min i ­

mized. 

SENSITIVITY ANALVSIS 

The determination of the design re­

quirements fo r the plasma d r i v i ng and 

heating systems involves f i nd ing a compro­

mise among severa l , often c o n f l i c t i n g , 

technological and cost l i m i t a t i o n s . These 

design requirements are qui te sensi t ive to 

the time sequence of the star tup (and shut­

down) procedure. A range of potent ia l 

s tar tup procedures were simulated dynamical ly, 

fo l low ing the format described above. The 

main parameters of i n te res t are: (1) energy 

t ransfer from the homopolar supply {UQ^^) — 

peak OH power {P^^) requirements are less 

important; (2) peak power i n the EF supply 

(p ) — EF energy t ransfer (Ujp) does not 

vary appreciably since the plasma is very 

conductive during most o f the EF ramp-up; 

(3) to ta l beam energy to heat the plasma, 

(U„) and the to ta l energy (Ug^) drawn from 

the energy storage un i t for the beam heat ing; 

(4) maximum rate of change of the f i e l d in 

the OH c o i l (6QJ^) - the maximum co i l 

voltage (Vg^) i s proport ional to B^^; and 

(5) maximum f i e l d {B^^^) in the OH co i l — 

the OH co i l current is proport ional to BQ,^. 

Parameters varied in the study are; 

(1) OH current reversal t ime, Atp^ - -

essent ia l l y determined by tlie equivalent 

capacitance of the homopolar system; (2) time 

of beam i n i t i a t i o n , t ^ ; (3) beam power to 

the plasma, P^; (4) plasma r e s i s t i v i t y , n; 

and (5) oxygen concentrat ion, as a measure 

of the e f fec t of background impur i t ies . The 

resul ts of the study are summarized in 

Table 1 , for a var ie ty of possible startup 

procedures and condi t ions. Selected re-

resu l ts are also p lo t ted in Figures 3 to 7, 

to i l l u s t r a t e important features. 

In Figure 3, U^^, UQ,,, P^p, BQ,, and S^^ 

are p lo t ted as a funct ion of the length , 

4 t „ „ , of the OH current reversa l . For 
OH . • J 

times s^horter than 2 s, a penalty is paid 

in the EF power requirement and in a very 

high BQU, wi th essent ia l ly no compensating 

reduction in Ug^ or B^^. On the other 

hand, the plasma current and temperature 

bui lds up rap id l y , and UQJJ and the res i s t i ve 

volt-seconds are considerably reduced by 

shorter At j , „ . For times longer than 2 s , 

there are large increases in U ĵ̂  and U^^ 

because the OH voltage is qu i te i ne f f ec t i ve 

at increasing the plasma current i n the 

presence of the higher res i s t i ve losses 

associated wi th the cooler plasma. In fac t 

the current r ises slowly u n t i l U ĵ̂  reaches 

i t s maximum, wasting about one-half the OH 

f l u x , and more beam energy is required to 

heat the plasma. P^p reaches i t s minimum 

f o r At-u = ' s , the maximum value occurr ing 
OH 

a f te r ohmic heat ing, during beam heat ing. 

§„ , on the other hand, is reduced by the 

longer Atfju, but not to the level of present 

day technology. The two second reversal 

(Atjju = 2 s) is chosen as the reference 
case. 

Tlie ohmic heating requirements can be 

reduced by using supplemental beam heating 

during the OH current reversal per iod. 

At . , , , to reduce the res is t i ve volt-seconds. 
OH 

In Figure 4 , the beam i n i t i a t i o n t ime, t ^ , 

i s varied during the ohmic heating current 

reversa l , for At^^^ = 2 s. At t = 0.5 s, 

the plasma current {-^ 150 kA) has not rea l l y 

s ta r ted , and in jec t i on heating too early 

may enhance the formation of plasma skin 

cur rents , leading to unfavorable conf ine­

ment. (This phenomenon is not included in 

the global model s imulat ion.) The compromise 
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reference case, but to design the co i l s and 

power supplies for the more demanding case 

in which the beam heating is not i n i t i a t e d 

un t i l the end of the ohmic heating current 

reversal ( t „ = A t . , = 2 s ) . 

Figure 5 shows the dependence upon beam 

power. At lower beam power, penalt ies are 

paid in a l l parameters except the EF co i l 

power. The 20 t'l-J case is singular in that 

ohmic heating (v ia the r e c t i f i e r ) is s t i l l 

e f fec t ive a f ter the homopolar swing (At.,,) 

because of the slow plasma heatup wi th 

Pg = 20 MW. The TEPR w i l l s t a r t up sa t i s ­

f ac to r i l y with only 40 HW of power, and there 

is no reason to go beyond 60 HW. Thus, se­

lec t ion of P„ = 60 MW for the reference de-

sign provides some margin. 

I t is important to test the s e n s i t i v i t y 

of the design to parameters less easi ly 

control led than those above. For th i s pur­

pose the plasma r e s i s t i v i t y and impuri ty 

concentrations are varied between n = 10 

"sp ^"'^ 1 ' ^"sp* ^"'^ ^''^ ^'^^° °''ysen im­

pur i t y . The resul ts are shown in Figures 6 

and 7. The pr inc ipa l effects of increased 

plasma r e s i t i v i t y on impurity concentration 

are increased requirements on the ohmic 

heating energy (Up|̂ ) and f i e l d (Bgj^). 

The e f fec t of high impuri ty concentration 

(IX oxygen) is to keep the plasma cool 

for a longer time (due to l ine and re­

combination radiat ion) and to increase the 

r e s i s t i v i t y . The poloidal co i l requirements 

for this case are s imi lar to the 6 n 
sp 

case. 

The considerations above led to a choice 

of case 5 in Table 1 as the reference case 

for performance ca lcu la t ions. Table 2 pre­

sents a more deta i led l i s t of the proper t ies 

of the reference case. 

A more demanding case (no. 3 in Table 1) 

was chosen as the design basis f o r the 

power supply, energy storage and co i l sys­

tems. The EF co i l system is designed to 

provide 50 V-s to the plasma, and the OH 

co i l system is designed to provide 85 V-s, 

for a to ta l of 135 V-s. . About 4.5 V-s are 

required for a 1 minute burn, so 135 V-s 

provides an ample margin. 

REFERENCE CASE BURN CYCLE - ENERGY TRANSFER 

The general features of the burn cycle 

for the reference case are shown sche­

mat ica l ly in Figure 2. The basic burn 

cycle, begins j u s t a f te r plasma break­

down and continues for % 55 s. The cycle 

begins when the homopolar generator is 

connected to the previoi«5ly charged OH 

primary c o i l . The OH primary current than 

reverses in 2.0 s. inducing about 2/3 of 

the f i n a l plasma current and ohmlcally 

heating the plasma. At t = 2 s, the Oil 

co i l is connected to the OH power supply 

and is disconnected from the homopolar 

generator. Midway during the Oh current 

reversa l , at 1.0 s, i n j ec t i on of 60 HW of 

neutral beam power is i n i t i a t e d . The beam 

in jec t ion is i n i t i a t e d ear ly (before the 

plasma current is f u l l y ramped up) in order 

to reduce the res i s t i ve volt-seconds that 

would otherwise be expended. At about 5.8 

seconds the plasma reaches i g n i t i o n and the 

beam heating is terminated. During th is 

per iod, from 0-5.8 s, the current in the 

equi l ib r ium f i e l d co i l is coiii inuously 

adjusted to maintain the plasma in MHD 

equ i l ib r ium. At the time the beam is 

turned o f f , the EF cur rent , the plasma 

current and the plasma P, have reached 

the i r maximum values. The OH current con­

tinues to increase during the burn phase 

to o f fse t res is t i ve losses in the plasma. 
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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 

off and at -V 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 

heat"ing -- e.g. with beams.) For the next 

5 seconds the OH, CF and plasma currents are 

all reduced somewhat 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 down, and the cycle terminates. 

These currents are 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 power and 

energy transfer for this cycle can be seen 

in Figure 9. 

Figure 10 shows the EF coil energy and 

power requirements. Essentially, the coil 

is ramped up in i. 7 s during startup and 

down in -v 7 s at the end of the burn, with 

the current chosen to provide equilibrium 

for the assumed profile. Some adiustment 

is necessary during the burn to accommodate 

variations in the plasma B^. Since the EF 

coil current is ramped slowly, it does not 

provide much ohmic heating, but produces 

the final flux necessary to induce the final 

plasma current. As a result, there is 

little I'R loss in the EF circuit. The 

peak power is typically 400 VM and can come 

either three quarters of the way through 

the OH cycle or near the end of beam heating, 

depending on the cycle. 

The homopolar generators coimiunicate with 

the external power grid only through the OH 

rectifier and the energy storage system, so 

that the peak power produced by the homopolar 

generators does not appear in the storage 

system or the external electrid grid. The 

neutral beam system, the OH rectifier and 

the EF rectifier are the elements which 

operate out of the energy storage system. 

An instantaneous electrical efficiency of 

0.29 is assumed for the beams, that is, 

pulsed electrical energy of 207 W must 

be .supplied to produce 60 l« of beam power. 

This is because the electrical energy re­

covery is simultaneous, while the thermal-

electric energy recovery is averaged over 

the cycle. The net energy withdrawn at 

the end of the cycle is 1.44 GJ, of which 

986 MJ is due to beams, and 85 MJ is I^R^ 

heating. Another 370 HJ must be added for 

power supply losses so that the average 

power to operate these systems is 20.6 MJ, 

based upon a 70 s cycle with a 55 s burn 

and a,15 s replenishment. This power is 

provided uniformly. The maximum energy 

withdrawal occurs at the end of beam 

heating, which is also the time of maximum 

power. Then the energy storage unit must 

provide 2.44 GJ and a power of 620 HW at 

maximum depletion. 

RFFE_ICTCE CASE BURN CYCLE-PLASHA 

The initial D-T ion density in the plasma 

is 0.89 X 10'" m-i, composed of equal parts 

of deuterium and tritium. During the cycle, 

the ions are lost by fusion and by transport 

to the first wall. The D-T ion loss can 

be replenished by a combination of recycling 

from the wall and an external refueling 

source. By varying the refueling rate from 

the external source, the ion density can 

be controlled. 
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During the cycle. Be is sputtered into 

the plasma by hot par t ic les impinging on 

the f i r s t w a l l . This Be and the He pro­

duced by fusion contr ibute to the overal l 

plasma k inet ic pressure and hence to the 

6 . Since the EPR is assumed to be pressure-

l i m i t e d , the D-T density is gradually re­

duced over the course of the burn cycle so 

that the g l i m i t w i l l not be v io la ted . 

Temperature var ia t ions during the burn 

cycle are shown in Figure 11. The ion and 

electron temperatures are 15 eV at the 

s ta r t of the cycle. Because of the short 

equ i l i b ra t ion times between electrons and 

ions, T and T. are almost equal at a l l 

times. During the f i r s t second ohmic takes 

the plasma to about 60 eV. K'hen the beam 

is turned on, the plasma heats rap id ly , 

at an average rate of 2.4 keV/s. When 

the beam is turned o f f , the plasma cools 

s l i g h t l y , s e t t l i n g in to an equi l ibr ium 

by about 9 s. Were i t not fo r the 

subsequent buildup of He and Be, the 

plasma would remain i nde f i n i t e l y at th is 

ign i lL t l po in t . * Instead, the 0-T density 

must be reduced to compensate for the He and 

Be bui ldup, less alpha heating of the 

plasma occurs, and the plasma gradually 

cools o f f . 

The plasma poloidal beta, 6 » shown in 

Fig. 12 is the ra t i o of the ulasma k ine t i c 

pressure to the poloidal magnetic pressure. 

During the f i r s t second of beam heat ing, 

both the plasma current and the temperature 

increase. They tend to o f fse t each other 

and are responsible for the osc i l l a t o r y 

behavior of n shown in Figure 12. At 2 s 

Ip - 5.32 MA, or about 70'/: of i t s f i n a l 

value. The magnetic pressure, which is 

proportional to I' doubles by the end of 

the beam heating per iod, but the k ine t i c 

pressure increases by almost a fac tor of 

5. p r ises accordingly. When 6 reaches 

* Assuming that recycl ing and re fue l ing 
take place. 

the nominal maximum of 1.72 the beam 

is turned o f f . Subsequently, B os­

c i l l a t e s slowly for a number of reasons, 

having to do wi th the accumulation c f He 

and Be and the cooling of the plasma. 

Af ter about 40 s, 6 decreases rap id ly 

as the temperature drops. However, during 

the rampdown per iod, 1 drops very rap id l y , 

causing an abrupt spike in 3 . Because of 

the uncer ta int ies in the representat ion of 

th is phase of the burn pulse, i t can be 

considered that the 6 l i m i t could be ex­

ceeded at the time of the spike. As a 

consequence MHD equ i l ib r ium might be los t 

at th is t ime. The plasma could then be 

assumed to deposit i t s remaining energy 

on the wall in a very short t ime. The 

shutdown period might present a problem 

in th is regard. The plasma current should 

be ramped dov/n at a time such that when 

(and i f ) MHD equ i l ib r ium is l o s t , the re­

sidual plasma energy is as low as possible. 

At the same t ime, the plasma must be hot 

enough {and ionized enough) to actual ly 

support a cur rent ; i f the plasma is too 

co ld , the current w i l l decay r e s i s t i v e l y . 

In th is ana lys is , th is problem has been 

resolved by the jud ic ious choice of 

rampdown ra te . At the point where 6 

peaks, only 4.5 MJ of thermal energy remains 

in the plasma, a t r i v i a l amount {< 1.5;: of 

the peak thermal energy). The plasma 

current at the time of the (̂  peak is about 

0.9 MA. This also represents less than ].b% 

of the maximum induct ive energy and is 

probably inconsequential i f l os t . A more 

serious concern is the po ten t i a l l y high 

voltage t ransient that could be induced 

across the OH and EF power supplies by 

the sudden loss of plasma current. 

The consti tuents of the plasma power 

balance during the burn are shown in Figure 

13 where P̂  is the beam power, P^ is 

the rad ia t ion power, P ĵ̂  is the 
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transport power to the first wall and P is 

the neutron power. The neutral beam power, 

is a square wave of 60 m flattop. The 

neutron power increases rapidly at the 

beam heats the plasma and fusion starts. 

The peak in P^ just prior to the beam 
termination is due to the substantial 

suprathermal fusion between the fast bean 

deuterons and the background plasma tritons. 

During the burn, P^ oscillates a bit but 
basically decreases with time as both n̂ .̂  

and Tj,y decrease. 

Figure 14 shows an expanded view of 

the various power terms during the startup 

period. Also shown is the alpha-heating 

(P -̂  0.2 P..) and the ohmic heating 
a n 

(P = Î R ) power. The net power available 

to heat the plasma is given by the sum of 

the ohmic, beam and alpha components minus 

the radiation and transport components. 

The transport power { ' I T/T^) 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 indicated on the P.̂ ^ curve: PS denotes 

Pfirsh-Schlutcr, PL = plateau, BAN = banana 

and TIM = trapped-ion-mode. 

Ohmic heating increases at the start of 

the cycle as the plasma current is induced. 

When the beam is turned on, the electron 

temperature increases rapidly, R falls 

rapidly, and P„ decreases, in spite of the 

continued increase in I from 1-2 s. For 

the rest of the cycle P̂^ is insignificant 

(,^ 0.5 MW) except for the shutdown period 
when the plasma temperature is again low. 

The contribution of ohmic heating to the 

total heating energy for the startup period 

is small; however, ohmic heating is very im­

portant in helping to overcome the large 

radiation peak at 1-1.3 s. This peak is 

due to line and recombination radiation 

arising from the 0.5'.; oxygen 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 GW) 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 conceivably reduce the power require­

ments. An I„,, waveform that accomplishes 
Un 

this (together wi th an acceptable star tup 

from the plasma standpoint) is shown in 

Figure 15. Î ĵ is speci f ied by: 

|P I = constant = 850 l « 

subject to 

W O H -̂  50 vol ts 

(1) 

(2) 

where (1) and (2) define a d i f f e r e n t i a l 

equation fo r I j , „ . The maximum voltage of 

50 vo l ts per turn is about the same as that 
. . . ..max 

needed for the reference case. ( I t V^^ 

was higher I P Q H T " could be somewhat 

lower.) As i l happens the plasma cur rent , 

EF cur rent , and the res i s t i ve vo l t seconds 

for th is me.hod of s tar tup are quite s imi ­

lar to the reference case. The power re­

quirement of 850 MW is subs tan t ia l l y less 

than the 1200 m fo r the reference case 

but is probably s t i l l too high for a con­

t r o l l a b l e supply to be cost e f fec t i ve com­

pared to a homopolar, however, research 

on th is topic is cont inuing. 
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"FIGURE 11. Ion and Electron Temperatures 
During Reference Burn Cycle. 

FIGURE 13. Power Components During Reference 
Burn Cycle. 
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TIGURE 12. Poloidal Beta During Reference 
Burn Cycle. 

-FIGURE 14. Power Components During Startup. 
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TABLE 1 . Plasma Driv ing and Heating System Requirements. 

Case 

12 

13 

14 

"^nu 
OH 
(s) 

0.5 

1.0 

2.0 

1.0 

2.0 

4.0 

2,0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

(s) 

0.5, 

1.0 

2.0 

0.5 

1.0 

2.0 

0.5 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

P, 

(ts) 

60 

60 

60 

60 

60 

60 

60 

20 

40 

80 

60 

60 

60 

1 60 

Other 

^ 
n 

n o 

3 0 

M. 0 

1 X TL 

5 ̂  "sp 

0%"o 

i%"o 

OH 

V-s 
Total 

44.0 

53.3 

72.3 

47.9 

61.2 

79.0 

47.8 

72.9 

65.1 

60.9 

45.9 

78.4 

52.6 

78.7 

Res 

12.8 

21.9 

40.6 

15.8 

29.9 

45.6 

14.8 

39.9 

33.3 

27.8 

13.6 

45.8 

20.4 

46.0 

VH 

(T/s) 

16.6 

9.9 

6.7 

9.1 

5.8 

3.6 

4.6 

6.4 

6.0 

5.8 

4.5 

7.2 

5.0 

7.3 

»0H^ 

(T) 

2.81 

3.43 

4.40 

3'.02 

3.78 

4.80 

3.02 

4.65 

4.03 

3.76 

2.90 

4.79 

3.29 

4.76 

"OH 

(UJ) 

428 

603 

1060 

502 

776 

1240 

503 

1140 

857 

776 

474 

1210 

595 

1240 

^ H 
Max 
(HW) 

2390 

1790 

1620 

1520 

1220 

989 

770 

1490 

1330 

1220 

722 

1910 

927 

1900 

ÔH 
Max 
(kA) 

45.1 

54.9 

70.4 

48.4 

60.5 

76.8 

48.4 

74.4 

64.5 

60.2 

46.3 

76.7 

52.7 

76.2 

^OH 

Max 
(kV) 

118 

71 

48 

65 

il 
26 

33 

46 

43 

41 

32 

51 

36 

52 

EF = 

''EF 

Max 
(MW) 

650 

365 

389 

561 

416 

373 

398 

291 

338 

503 

403 

471 

413 

432 

ÊF 

Max 

BEAMS 

B 
(kv) ;MJ) 

42.5 

17.6 

10.4 

27.4 

20.8 

30.7" 

18.9 

9.1 

12.6 

25.7 

16.9 

23.3 

27.4 

17.4 

263 

265 

268 

283 

286 

324 

319 

364 

302 

289 

301 

291 

285 

321 

(MJ) 

907 

914 

924 

975 

986 

1117 

1100 

1255 

1041 

997 

1037 

1003 

983 

1107 

••u " 

(MW) 

43 

44 

41 

45 

43 

39 

43 

35 

40 

44 

43 

43 

56 

28 

a ) I = 80 kA, U = 1500 MJ, EF C o i l P r o v i d e s 50 V-s to plasma 

b) Resistive vol t-sec 

c) î ax during heating; further increase during burn 

d) is £or max cycle length 

e) Shortly after transient during beam turn on. 



TABLE 2. Plasma Heating and Driving System Reference 
Case Parameters 

2 

60 

41 

776 

1220 

0, 
3. 

5. 

31. 

29. 

4. 

.5 
s 
kA 
kV 

M.r 
MW 

,896 F 
,8 

8 

3 

9 

0 

T 

T/s 

V.s 

V..S 

V-s 

80 

20.8 

1480 
416 

50 

kA 

kV 
MJ 

m 
V- i 

Maximum Current 7.58 MA 

Maxiraum Thermal Energy 270 MJ 
Resistive Energy Dissipation (n = 3n ) 90 MJ 

sp 

Ohmic HeatinR .Sy-qtem 

Current Reversal Time 

Peak Current 
Peak Voltage 
Maximun Energy Transfer 
Peak Power 
Equivalent Capacitance of Homopolar Genera tor 
Maximum F i e l d in Coil 
Maximum F i e l d Rise in Coil 
Vol t - seconds to Plasma 

I n d u c t i v e , s t a r t u p 
R e s i s t i v e , s t a r t u p 
R e s i s t i v e , burn 

Equi l ibr ium F i e l d System 

Peak Current 
Peak Vol tage 
Maximum Energy Transfer 
Peak Power 
Volt-seconds to Plasma 

Neutral Beam Injection System 

Beam On 

Beam Duration 

Beam Energy 

Beam Power to Plasma 

Energy Deposited in Plasma 

Power Required to Operate Injection System 

Directly Recovered Electrical Power 

Net Electrical Power to Operate System 

Net Electrical Energy to Operate System 

Magnetic t'-nergies 

5̂ L I 2 
I' I' n 

'̂  ••Ol, ' O H ' 

- 259 MJ 

- 386 MJ 

39 MJ 

2262 MJ 

1.0 
4.77 

180 

60 

286 

485 

278 
207 

s 

s 

ke\ 
MH 

MJ 

MW 

MW 
MW 

332 

.660 

876 

MJ 

HJ 

HJ 
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CONCEPTUAL DESIGN OF SUPERCONDUCTING MAGNET SYSTEMS 
FOR THE ARGONNE TOKAMAK EXPERIMENTAL POWER REACTOR * 

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

CTR Program 
Argonne National Laboratory 
Argonne, Illinois 60439 

As an integral effort in ttie Argonne Tokamak Experimental Power Reactor 

Conceptual Design,^ tiie conceptual design of a 10-tesla, pure-tension 

superconducting toroidal-field (TF) coil system iias 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 poloidal 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-

The TF coil uses niobium-titanium as the 

superconductor because of its good ductility 

and proven performance in large magnets. 

The toroidal field strength should be as 

high as practical in order to enhance the 

plasma confinement and boost the power per­

formance. A peak field of 10 T can be 

achieved with a large amount of supercon­

ductor at 4.2°K or with much less super­

conductor at 3°K. It is more economical to 

operate the 10 T TF coil at 3°< 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 

* Work supported by the U. S. Energy Research 

than H.Z'K for large systems was evaluated. 

The TF.coils will achieve 10 T peak field 

at 3°K and 8 T peak field at 4.2°K with 

about 0.5°K temperature allowance for each 

case; 8 T is the minimum goal and 10 T is 

the maximum goal in the TF coil design. 

A TF coil system consisting of 16 pure-

tension "D"-shape coils with a horizontal 

bore of 7.78 m provides adequate space for 

the vacuum chamber, blanket and shield; pro­

vides adequate access for assembly and re­

pair; -nd has a satisfactorily small maximum 

field ripple of ^.3t,. The TF coil system 

is summarized in Table 1 and depicted 

schematically in Fi?jre 1. 

The hoop tension acting on a circular 

or oval toroidal coil system, either a 

continuous toroid or a bumpy toroid, is 

S Development Administration. 
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TABLE 1 . Toroidal Field Coil System 

Number of co i l s 16 

Coil shape pure tension 

Maximum access (m) •>. 3 

Peak f i e l d (T) 

10 3°K 

8 4.2''K 

Bore (m) 

Vert ical 12.6 

Horizontal 7.78 

Field in plasma, B̂  (T) 

10 T peak f i e l d 4.32 

8 T peak f i e l d 3.46 

Operational current (kA/turn) 60 

Stored energy (GJ) 30 to ta l 

Inductance (H) 16.7 to ta l 

Ampere-turns (MAT) 134 t o t a l 

Turns/coi l 70 x 2 

Mean turn length (m) 36 . 

Coil weight /coi l (Ton) ". 208 

Coil and bobbin cross section 

(m2) 0.619 
Winding cross section (m^) 0.572 

Average current density (A/cm^) 

Over bobbin and co i l 1352 

Over co i l winding 1463 

Over copper 3660 

Average turn cross section 

(cm2) 40.6 

Cross section ratio, SS/Cu % 1.5 

Refrigeration power (MW) 14.3 

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/or layer-to-

layer. When the radius of curvature is such 

that the product of transverse force and 

radius of curvature is constant, 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 toroidal coil system will behave 

exactly like a solenoid. The solenoid is 

known to the superconducting magnet engineer 

as the coil which is most stable and has 

the least mechanical disturbance. Con­

sequently, it is expected that the coil 

stability of a pure-tension coil system 

will be better than that of circular or 

oval coil systems. For the lO-T TF coil 

design, the average hoop stress is about 

21,000 psi. 

' — — iNNE» mn si«£S5 OHK0HUC PUBE i tNsi i 

0— C J t » mm 5TBt5S 01 IHCOBNf PUBE HKSi 

tVEMOE S«IH STH[55 OrtnCOHMl BUHC IE 

- - - • - I N H t B S'lN SlHfSS Of • * ( - COIL SMiPE 

ooiE« SKIN i i H E M OF * a » cott s»»pe 

FIGURE 1 . 

RiMETERl 

EPR Magnet Schematics 
FIGURE 2. Hoop Stresses Distribution ot 
Argonne Pur»-Ton':1nn f n l l -
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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 parallel 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 1n 

the cycle. The TF coils were divided into 

70 angular segments with approximately 

equal angular spacings. On each angular 

segment cross section, superimposing fields 

were computed at nine locations. The out-

of-plane load was obtained by Gaussian In­

tegration of the 0 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 different amounts at dif­

ferent times. The distribution of out-of-

plane loads at 5 representative times is 

shown In Figure 3(a), (b), (c), (d) and (e), 

respectively. It is important to note that 

there are many local bending moments exer­

ted on the TF coll. (The out-of-plane load 

of the lower coll half is the mirror image 

FIGURE'S. Time Evolution of Out-of-Plane 
Load. 

of that for the upper coil half.) Sur­

prisingly, the sign of the out-of-plane 

load reverses 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 bending moments exist along the TF 

coil, shear members will be effective for 

the out-of-plane load support. 

Normal Metal Field Shielding Design 

The TF coil reference design provides 

normal metal field shielding. With a field 
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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 integrity is concerned, 

monolithic conductors are far better than 

cable conductors. 

High-Purity Aluminum as Normal Metal 
SHiT? 

High-purity aluminum or copper has a 

large residual resistivity ratio (RRR = 

''273°K'''4 2°K'' "" ^^^ order of 10' 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 rather low 

field ('V 0.5 T). The low magnetoresistivity 

of aluminum recommends it for use as the 

normal metal shield. To keep the strain-

Induced resistivity small, the aluminum 

must be reinforced. For example, if alu­

minum is explosively welded to stainless 

steel, then the stainless steel will be 

stressed to 60,000 psi while the aluminum 

suffers a strain of only 0.17X. The 0.17% 

strain cuases little increase in resistivity. 

For 5000 purity aluminum reinforced by 

stainless steel, recent data indicate that 

there is little increase in resistivity for 

up to 300 loading cycles.^ 

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. 

the shields around the inner leg of the TF 

co1l 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 12.5°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 panels will have an 

averaged magnetic field ranging 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 

resistivity^ of 5000 purity aluminum at 

3 ° K or 4.2°K and 4 T field is about 2 x 

10 " n-m. These data are based on trans­

verse magnetoresistivity measurements. The 

longitudinal magnetoresistivity, in general, 

is slightly smaller than the transverse 

values for the same purity of aluminum. At 

18°K and 4 T field, the penetration depth 

for the 5000 purity aluminum is 3.1 cm for 

a period equal to 75 s. At 3 to 4.2°K and 

4 T field, the penetration depth is about 

1.95 cm. To provide nearly complete shiel­

ding, the 18°K shield should have .', thick­

ness of 5 cm. The 3 to 4.2°K shield should 

have a thickness of 4 cm. 

AC Losses in Aluminum Shield 

The reference cycles for the EF coil, 

the OH coll 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, i. , from a 
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sinusoidal time variation of the applied 

flux can be written as 

}^ = juiBjjA exp (jut) = Ll I/H + RI I/H. 

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

RI = PP/X, 
Ll = Y P / , 

where p and A are, respectively, the cross 

sectional perimeter and enclosed area of 

the shield, p Is the electrical resistivity, 

u •= 4 II X 10'' H/m. The current depth, X, 
0 

is determined by the smallest of three 

lengths: the shield thickness t, the skin 

depth 6, and the so-called mean hydraulic 

depth A/p. Then, the average power dissi­

pated per unit length is 

2 pp [1 + (YUUQ AX/PP)2] 

In the limit of low conductivity (R » uL), 

the above equation becomes 

F|/<1 = X u)2B2A2/2pp . 

and in the high conductivity limit (R «(.)L), 

it becomes 

P /I = ppB2/2 X Y^yZ . (1) 

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

ductivity limit with Y = 1, the power is 

given by 

p y £ = 4 u aB2p/2 Xp^ 

= PPB^/Xp^ 

' 2 (\n) • 

(2) 

From Equations 1 and 2 we can obtain the 

power loss in the shield of a TF coil in a 

sinusoldally-varying flux. If the high-con­

ductivity limit applies 

P = (pp/Xu^)j (B2^+ 1/2 82,,) dJ, . (3) 

If the time variation is not sinusoidal, 

but given by the Fourier series. 

B(t) = B /_, a^ cos 2Tr nt/r , 

n=0 

with T the period, and if X = 6,, = (2p/ 

u u) ) ^ ' ^ = /rf Si, then Equation 3 becomes 
on -

P'= (pp/« A^j^'L + 1/2 B^„) 
(4) 

dl X) -̂  'n 
n-1 

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, expressed 

as the power dissipation per meter, are 

shown In Figure 4. The total ac losses 

for .the 3°K shield are 298.6 W per TF coil, 

with 147 W as the perpendicular field dis­

sipation and 151.6 W from the parallel field 

loss. The remaining shields will be re­

frigerated between 12.5°K and 23.5°K with 

a mean temperature of 18°K. The shields 

will be bonded to a stainless steel backing 

of 1 cr In thickness. The total ac losses 

of the 18°K shield is 8.531 kW per coil 

with 3.295 kW from parallel field and 

5.236 kW from perpendicular field losses. 

DC Field Soaking 

About 70» of the superimposing field is 

the dc field component. The dc field will 

soak through the aluminum shield in a time 
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FIGURE 4. AC Losses Distribution Along the 
TF Coil. 

constant of 6 minutes. The 6 minutes 

soaking time constant is considered rather 

long compared with the current ramping time 

of 2 s. Once soak through is complete, the 

dc field will remain as a static field 

Interacting with the TF coil current pro­

ducing 70% of the out-of-plane load pre­

viously calculated. 

Out-of-Plane Load in Shield 

The aluminum shield is now subject to 

the cyclic out-of-plane loads. If the 

superimposing fields had a time dependence 

that was a pure sine wave with no dc com­

ponent, then the out-of-plane load on the 

shield would be the same as it would be on 

the TF coil in the absence of the shield. 

The loads on the shield are now due to the 

forces exerted by the toroidal field on 

the eddy currents in the shield. The dis­

tribution of the out-of-plane load on the 

shield is very similar to that in Figure 3le) 

(load on TF coil with no shield) but at 

only 30% of the magnitude. There are, in 

addition, in-plane forces and twisting mo­

ments. Their magnitudes are such that their 

support appears manageable. 

Conductor Design and Coil Structure 

The full stability of the conductor will 

be assured if the conductor has good 

mechanical stability in a proposed coil 

structure. Careful Investigation on all 

the forces exerted on the TF coll conductor 

reveals that there are at least four sig­

nificant mechanical instabilities in a TF 

coll. 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) The Centering Force -

Conductors, insulators and structural 

materials in the TF straight segment at the 

Inner leg will experience a large radial 

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 con­

ductor in each coil weighs about 208 tons 

and is standing in a vertical plane could 

cause a problem in mechanical instability; 

(4) Other Bending Moments - Bending moments 

of a pure-tension TF coil may still exist 

if the coil shape is distorted because of 

imperfection In coil winding and the de­

flection of conductor and coil form due to 

g-load. Bending moments may also be de­

veloped if there is an in-plane coil dis­

placement due to the imperfection of coil 

fabrication and assembly. 

Based on the preceding design consider­

ations, it is proposed that a wide sheet 

conductor, as shown in Figure 5, be used in 

the TF coils if a field shield is provided. 

With two subdivisions in each TF coil and 

one turn per layer in each subdivision, the 

conductor stabilizer width will vary from 

'^ 0.5 m for the innermost layer to 0.3 m for 

the outermost layer. Reasonable thickness 

per layer is needed to increase the out-of-

.plane rigidity and to avoid troubles in 

handling wide and thin metal sheet. A 
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S L P E R C O N O U C T W G 
STBArC SOFT 
SOLDERED TO 
COPPER STABLlZER 

STAINLESS STEEL 
REiyFOflCEMENT FOR 
HOOP FORCE MO OUT OF _ - _ 
PLANE LOAD -

S U P E R O M X X T N G . 

COPPER STASILIZER 

-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 for copper 

sheet, stainless steel reinforced sheet and 

the proper superconductor cross section in 

each î ield region were chosen. The super­

conductor cross section was sized using a 

J-H curve with a temperature 0.5°K above the 

intended operating temperature. The con­

ductor is graded into nine field grades be­

tween 3 T and 10 T. This is because the 

outermost layer conductor in the outer TF 

leg will see a field of 3 T rather than zero. 

Substantial cost saving can be made if con­

ductor is graded in this manner. 

The proposed sheet conductor is made of 

a copper sheet an: many superconducting com­

posite wires stranded around it. This 

stranding is necessary to eliminate the 

self-field instability that win be sig­

nificant if the operational current is large. 

To assure good bonding, the strands are soft-

soldered to the copper sheet. 

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 cm^ per cm 

conductor length. The equivalent recovery 

heat flux per cm^ is about 0.3 V.. The coil 
form is stainless steel and Insulated with 

a micarta or G-10 sheet of 1 cm thickness. 

These sheets are grooved to provide 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 

multilayer stainless steel serves as a 

multishell stainless steel pressure vessel. 

For the out-of-plane load, the stainless 

steel Sheet increases the rigidity of the 

coil form tremendously. Since the radius 

of curvature near a 10 T region is 1.98 m, 

the overall average hoop stress in stainless 

steel is 26,000 psi and that in copper 

stabilizer is 14,500 psi. These stress 

levels are fairly conservative at 4.2°K 

temperature. 

Sumnation of Dissipation Loss and the Re-
friger^ion Requirements 

Heat dissipation in the TF coil system 

Is summarized in Table 2. A neutron wall 

load of 0.5 MW/m^ is used to compute the 

nuclear heating for both the 8 T and 10 T 

operation. As to the cryostat loss, the 

radiation loss between the 18°K field shield 

and the 3°K helium vessel is negligibly 

small. The radiation heat load from the 

300°K vacuum wall to the 18°K shield is 

64.5 W per TF coil or 1032 W for all 16 

colls provided that multiple layer 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. 
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Therefore, the total loss in the 3°K 

helium vessel is 6.40 kW for all 16 coils. 

The total loss in the 18°K normal metal 

shield is 137.5 kW for all 16 coils. If 

the TF coil is operated at 8 T, then the 

coils will be at 4.2°K. The ac loss in 

the 4.2°K helium vessel will be reduced by 

a factor of 0.64 relative to the 3°K use. 

The ac loss in the 18°K aluminum shield will 

also be reduced by a factor of 0.64. This 

is because the ac loss mainly is produced 

by the Eh coil and the plasma current. 

Therefore, at 8 T operation, the total 

losses in the 18°K normal metal shield are 

88 kW for all 16 coils. These losses, as 

well as the ac losses without field, are 

tabulated in Table 2. 

The Effects of Fabrication Tolerances 

The effects of TF coil fabrication toler­

ances include the Imperfection of coil 

winding, the tolerances of coil forms, the 

static g-load deflection, the error in the 

assembly and the possible errors due to 

thermal contraction. Fabrication tolerance 

has been studied in five categories as 

follows (see Figure b): (1) The TF coil 

shape may be distorted uniformly above or 

below the pure-tension shape by 5 cm; (2) 

The TF winding may be displaced radially or 

vertically by about 2 cm during assembly or 

cooldown; (3) The TF coil may be rotated 

by about 0.5° In the toroidal direction 

during the winding, cooldown or assembly; 

(4) The TF coil may be tilted about the 

Paratlcl 

ductor 

AC Loss 

Field Q. 

L091** 

r Coll Fc 

TABLE 2. TF Coil Heat Dissipation Summary 

0.16 

0.12 

not Inoludod, 

J EF Coll ramping, 2 e 
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FIGURE 6. Five Possible Fabrication Toler­
ances. 

horizontal axis 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 coll shape 

Is approximately 5 cm 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. 

- VERTICAL TMNSLMION Br 

- NO OISPUCEMCNT 

If the fabrication error falls into the 

third, fourth and fifth categories, the 

dominant effect is the unbalanced intercoil 

force in the toroidal direction as shown in 

Figure 8. It is seen that tilting and 

twisting by 0.5° will generate an additional 

attractive force on the order of 1 x 10^ 

kg/m while a rotation of 0.5° produces an 

intercoil force of 4 x 10^ kg/m. 

1 r T 1 1 1 ' I ' 

(=roT-

ROTMT 0-̂ ; 

-O.SM^'^^v^.,^^^^ 

(d) T.V1ST(^/VISTIN& A N G L E . - O S ' I 

FIGURE 7. Tension Distortion of Coil Dis-
placement and Coil Shape Deflection. 

FIGURE 8. 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 .6 coils at 

10 T. The operational current is 60 kA and 

the total Inductance is 16.7 H. This opera­

tional current is too large to allow one 

pair of leads out from each TF coil. In­

stead, only two leads, one from the number 1 

TF coll and the other from the number 16 

TF coil, are allowed to feed through the 

cryostat. All other connections between 

adjacent coils are done through intercoil 

tubing connecting the two adjacent cryostats. 

Therefore, for this design, the energy 

dumping circuit is shown in Figure 9. The 

dump resistor must always be connected to 
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CURRENT 
TRANSDUCER 

FIGURE 9. Dumping Circuit 

the coil. The coil system energy will be 

discharged through the dump resistor. The 

terminal voltage of the magnet will be no 

greater than the voltage across the dump 

resistor. The discharge voltage 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 the 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. 

Arcing 

Arcing is always a serious threat to a 

large superconducting magnet, a large safety 

margin must be used in designing the coil in­

sulation and the current leads insulation. 

For example, the 4000 V coil Insulation must 

be provided in order to allow a 2000 V 

operating condition. In fact, the entire 

system should be tested with a high voltage 

and extreme low current output power supply 

to test the insulation strength of the coil 

with respect to ground under the liquid 

helium environment. 

Coil Forces and Structure Stress 

The most critical hazards are those in 

which the design forces in the conductor 

and forces in supporting structures are ex­

ceeded. Therefore, strain gauges are used 

to monitor these situations. 

Cryostat Protection 

Each TF coil cryostat shall be equipped 

with pressure rupture discs to guard against 

pressure buildup in the helium vessel.. The 

pressure rupture disc can also protect the 

magnet coil in the event that large resistive 

heating occurs with rapid pressure rise. 

Then, at a preset pressure, the rupture disc 

breaks and the bulk of the liquid helium 

will be rapidly transferred from the dewar 

to an emergency dump tank. This will remove 

liquid helium quickly and the whole coil will 

become normal and coil energy will be uni­

formly dissipated throughout the winding. 

Short 

Shor*1ng from 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 
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the short must be developed. Potential taps 

for checking shorts after the coil is wound 

must be incorporated. 

Current Leads Protection 

If the discharge time constant is 8-1/2 

minutes, then the current leads must be 

designed to 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-

nother.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 monitor possible failures. All 

forces exerted on the connectors and joints 

must be carefully computed. The mechanical 

strength of joints and connectors must be 

thoroughly tested. In some instances, a 

redundant path should be provided. 

Bending Moments 

When two neighboring coils carry different 

currents, the unbalanced intercoil force is 

large. Furthermore, pure-tension TF coils 

will remain in pure tension only if all coils 

carry the same currents. If two coils carry 

different currents, large bending moments 

and peak stresses will occur in the coil and 

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 circumstances. 

Eddy Current Interaction 

If the magnet is discharged in 8-1/2 

minutes, large eddy currents will be de­

veloped in each vacuum vessel and the field 

shield. The interaction between 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 

Poloidal Field Coil Characteristics 

The poloidal field coils consist of the 

OH coils and the EF coils. The OH coils 

and the EF coils are superconducting and 

are located outside the TF coils, as shown 

1n Figure 10. 

Although the OH coils serve as the trans­

former primary for producing the plasma 

current and the EF coils provide equilibrium 

for the plasma, both coil systems have 

nearly identical problems, e.g. large stored 

energy, high operational current, rapid 

charging and discharging, and ring coil con­

figuration. For this reason, the concep­

tual design of the eight pairs of EF coils 

(coil numbers 1 to 8) and six pairs of OH 

coils (coil numbers 9 to 14) were carried 

out together. 

The desiij;! requirements for the Oil and 

EF coil systems were specified as a result 

of a detailed trade-off study. Burn cycle 

dynamic simulations of the plasma, the 

coupled OH and EF systems, and the plasma 

heating systems were performed. Free-

boundary plasma MHD equilibrium calcula­

tions were utilized in the design of an 

equilibrium field that would produce the 
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TABLE 3. OH Coil/EF Coil Magnet Characteristics 

OH Coil EF Coil 

Superconductor/Stabilizer 

Coil design 

Conductor design 

Stability 

Cooling 

Operating temperature (°K) 

Average current density (A/cm^) 

Magnetic field (T) 

in flux core 

at plasma center 

Ampere-turns (MAT) 

Total conductor length (MA meters) 

Maximum dB/dt in conductor (T/s) 

Stored energy in OH/EF/plasma field (HJ) 

Maximum operational current (kA) 

Number of turns 

Self inductance (H) 

Mutual couplings 

Power supply voltage (kV) 

Volt-seconds to plasma (V-s) 

Coupling coefficient to plasma ring 

2640 

•V 5 

67 • 

847 

6.7 

2262 

80 

837 

0.48 

48 

85 

•̂ OHP 

Nb-Ti/Cu 

Single layer 

Fully-transposed 
cable 

Cryostatic 

Pool boiling 

4.2 

2946 

1. 0.46 

± 18.6 

996 

•V 1 

80 

464 

0.52 

''OHEF 
0.015 

= -0.2422 

21 

50 

'̂ EFP 
= -0.2566 

13! 120 9 I30J 

FIGURE 10. Vertical Force per Length During 
Burn Phase. 

circular plasma. Characteristics of the OH 

and EF coils are given in Table 3. 

The Superconducting OH/EF Coil Design 

The poloidal coil design calculations 

were based on a design-basis burn cycle as 

shown in Figure 11. 

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. 

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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REFERENCE CYCLE TIME 

FIGURE 11. Reference Cycles for OH Coils, 
EF Coils and Plasma. 

field on the TF coil. Since the OH coil is 

at full negative value before the onset of 

plasma startup, the OH coil windings must 

also be distributed so that the field pro­

duced by the OH coils at the plasma are 

less than 10 G or so. This requirement must 

be fulfilled in order to guarantee a stable 

startup. With these considerations in mind, 

the OH colls are arranged as shown in Figure 

10. The winding dimensions are shown in 

Table 4, where Rj, Rz. Zl anti T-z represent 

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 would be tremendous diffi­

culties in coil assembly, disassembly, sup­

port, repair and maintenance, as well as in 

the assembly, disassembly and maintenance 

of the blanket and shield and the first wall. 

To avoid these problems, the EF colls are 

located 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 decoupling 

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 poloidal coil system, since 

all of the fourteen poloidal coils and the 

plasma ring contribute to the magnet field 

at any poloidal coil winding, the axial 

force and pressure of each coil depends on 

TABLE4. Poloidal Coil Winding Cenfigurations 

Coil 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

z, 
(m) 

3.25 

4.15 

7.0 

7.8 

7.90 

7.16 

6.48 

6.35 

0 

6.50 

6.90 

7.30 

7.80 

4.03 

(m5 
3.584 

4.417 

7.50 

8.30 

8.40 

7.44 

7.571 

7.081 

6.5 

5.9 

7.3 

7.6 

8.6 

4.1 

JmL 
12.0 

11.55 

8.85 

7.10 

5.60 

2.25 

2.10 

1.95 

1.62 

1.70 

1.75 

1.80 

3.80 

11.55 

R 

JmL 
12.15 

11.70 

9.0 

7.25 

5.75 

2.40 

2.25 

2.10 

1.77 

1.85 

1.90 

1.95 

3.95 

11.70 

Coil Pair 
NI 

(MAT) 

2.95 

2.36 

4.42 

4.42 

4.42 

- 2.48 

- 9.642 

- 6.46 

51.48 

3.17 

3.17 

2.38 

6.34 

0.55 

Coil Pair 
Cond. Lgth. 

(40 kA-r,l 

5599 

4309 

6195 

4980 

3939 

904 

3294 

2055 

13707 

883 

908 

700 

3857 

1012 
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excitation of all coils. Therefore, it 1s 

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 during the burn cycle 

with 7.58 MA plasma current, 5 T central 

field 1n OH coils and full excitation in EF 

coils. Note that some coils are subjected 

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. Also investigated are 

the vertical forces on each coil when the 

plasma current suddenly quenches, a highly 

probable case for an EPR. It is interesting 

to note that, for all cases investigated, 

the vertical forces for coil numbers 2, 3, 

4, 5, 6, 7, 11 and 13 will reverse their 

directions and coil supports for these coils 

must provide support in both directions. 

The vertical force on the long solenoid 

is a body force and little structural sup­

port is needed. The vertical forces on coil 

numbers 6, 7, 8, 10, i, and 12 will be 

transferred to the TF coil support cylinder 

with restraining rings for repulsive forces. 

Fortunately the remaining poloidal coils 

(namely, coil numbers 1, 2, 3, 4, 5, 13 

and 14) have rather weak forces (no greater 

than 83 x 10' kg/m). 

Although axial compressive stress for an 

ordinary solenoid is generally small, in com-

FIGURE 12. Axial Force per Unit Coil Length 
(10^ kg/m)'. 

parison with hoop stress, the axial pressure 

on the poloidal coils may be quite high be­

cause these axial forces result from many 

coil Interactions. Computations of axial 

compressive pressure distributions for four 

typical poloidal coils are shown in Figure 

13. It is seen that most poloidal coils 

have small compressive pressures (less than 

'V' lUO kG/cm^ or 1420 psi) with the exception 

of coil numbers 7, 8 and 9. The maximum 

compr»ssive stress in coil numbers 7, 8 and 

9 are 240 kg/cm^, 301 kg/cm^ and 592 kg/cm^, 

respectively. These do not present mechani­

cal problems. 
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FIGURE 13. Axial Pressure, P (kg/cm^), 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 jRB^ of that turn but 

also on the interaction body forces re­

sulting from the other turns pushing on it. 

The exact solution is further complicated 

by the inhomogenous coil structure. Since 

the proposed poloidal coils In the EPR will 

have one layer to avoid the high voltage 

insulation problem, the hoop stress in any 

given turn is independent of all other turns. 

The average hoop stress is given by 

r̂ = W V 
where W is the mean radius of the turn and 

B, is the axial field component averaged 

over the turn cross section. 

The averaged hoop pressure or magnetic 

pressure, assuming no body force interaction 

from neighboring turns among successive 

layers, can easi'y be shown to be 

^ = Javgt ^2. 

where t is the radial thickness of the turn. 

The computed r,, and T^ for the poloidal 

coils are tabulated in Table 5. It is in­

teresting to see that coil numbers 6, 7, 

10, 11 and 12 have hoop compression .rather 

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 kA 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 between two 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 

presents an awkward 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-IO 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 
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TABLE 5. Hoop Stress and Radial Pressure of Poloidal Coils During Burn Phase 

Coil 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

j 
(A/cm2) 

2946 

2946 

2946 

2946 

2946 

-2946 

-2946 

-2946 

2640 

2640 

2640 

2640 

2640 

2640 

t 

w 
0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

R 
(m) 

12.07 

11.63 

8.93 

7.18 

5.68 

2.33 

2.18 

2.03 

1.70 

1.78 

1.83 

1.88 

3.88 

11.63 

J iL 
0.012 

0.29 

0.13 

0.39 

0.83 

2.32 

0.12 

-2.83 

1.41 

-2.11 

-1.20 

-1.24 

1.38 

0.37 

( k p ^ ) 

0.62 

14.3 

4.9 

12.0 

19.8 

-22.8 

- 1.13 

24.1 

9.1 

-14.2 

- 8.2 

- 8.8 

20.3 

16.7 

(kpEi) 

0.007 

0.19 

0.08 

0.25 

0.53 

-1.48 

-0.08 

1.81 

0.8 

-1.2 

-0.68 

-0.71 

0.79 

0.21 

conductor is 15 cm. Based on the infor­

mation of axial compressive stress, this 

width will be adequate. 

The EF coils and OH coils will be cooled 

by pool boiling at 4.2°K and 1 atm pressure. 

Pool boiling Is simple, inexpensive, reliable 

and easy to control. Above all, since a 

rather small heat transfer flux is adequate 

to remove the conductor ac losses, the heat 

transfer flux ceases to be an important 

factor in determining the coil stability. 

The coil stability will depend on the con­

ductor and the extent of coil disturbances. 

However, it is important to recognize that 

pool boiling will work for an ac magnet 

only if the helium bubbles, 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 mm diameter 

as shown in Figure 14. In the basic strand 

LQLC' HELLW 
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^ S l H U C ' W B i . t L E r t N l 

FIGURE 14. 40 kA Cable for Poloidal Coils 

component, the copper to NbTi superconductor 

ratio is 2 to 1, with the NbTi cross-sec­

tional area of 2.3 x ID"* cm^, or 1171 fila­

ments with 5 m filament diameter. For a 

poloidal coil with a 5 T peak field, the 

conservative value of NbTi critical current 

density is about 117 kA/cm^. Therefore, 

the basic strand shall carry 27 A. As 

shown in Figure 14, to assure current 

sharing with a higher Cu/NbTi ratio, 20 
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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 coll 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 (i- 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. Since the sta­

bility of the 40 kA cable is built into the 

stability of the basic cable, the fact that 

the basic cable is insulated probably will 

hav.: no great effect on the stability of the 

40 kA cable. 

Finally, the 150 basic cables are banded 

together with spiral wrapping wetted fiber­

glass of 2 mm in thickness. 

As shown in Figure 15, the poloidal coil 

is wound with a -ingle layer wide cable of 

40 kA. 

The spiral wrapping fiberglass of 2 mm 

inch thickness will provide a turn-to-turn 

separation of at least 4 mm for adequate 

Insulator. The width of the fiberglass is 

2 cm and the wrapping pitch is 3 cm so that 

the liquid helium channel of 1 cm wide by 

FIGURE 15. Poloidal Coil Structure and its 
Cryostat Configuration. 

0.2 cm deep by 15 cm long will be provided 

on both faces of the cable. The bottom sup­

porting plate is machined to have an in­

clined surface in the radial direction so 

that gas venting will move radially outward. 

An 0.1 mm nomex paper is used between turns 

to prevent the bubbles from rising through 

the turns. These measures should provide 

good bubble venting, separate the gas-liquid 

flow and allow each turn to see only the 

bubbles generated by itself. 

The wrapped fiberglass is expected to be 

strong enough to transfer the hoop tension 

to the external rings, which are made to 

assist the hoop tension of the cable. The 

inner rings are made to overcome the hoop 

compression as well as to serve as the bob­

bin tor winding. Many 2 mm wide slits are 

cut in these rings to allow gas venting and 

liquid circulation. 

The axial compressive or repulsive forces 

of every 10 to 15 turns are supported by a 

2-cm thick G-10 or micarta plate. This 

arrangement shall reduce the accumulation 

of axial compressive or repulsive pressures 

exerting onto the cable, which otherwise 

might short out the basic cables and de­

teriorate the coil stability. 
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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 cm 

layer of stainless steel for a helium per­

meation barrier. The construction technique 

consists of fabricating the shell by fila­

ment winding or braiding around the coil. 

The stainless steel barrier is Installed 

after enough layers are built up to support 

it. Then fabrication continues until the 

required thickness is obtained. 

The cryostat Is insulated with high 

vacuum, plus a liquld-nitrogen-cooled radi­

ation shield of laminated construction to 

minimize eddy current heating in the nitro­

gen shield. Multilayer insulation is used 

between the outer vacuum jacket and the 

nitrogen shield. The multilayer insulation 

Is installed with the reflective coating in 

segments to avoid formation of eddy currents 

in the insulation layers. 

The Individual coils are supported in­

ternally as illustrated in Figure 15 with 

low thermal conductivity members. These 

supports are designed to take loads in both 

directions. The high loads per unit length 

of coil are distributed between supports by 

a stiff cryostat inner shell. 

Equilibrium Field Flux Penetration on the 
Blanket and Shield 

The magnetic field from the EF coils must 

penetrate the blanket and shield to act on 

the 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. 

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 the induced field 

to the applied field and as a phase and time 

delay.^ 
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TABLE 6. Induced Field in the Plasma Region Due to Eddy Currents 1n the 
Segmented or Subdivided Blanket and Shield 

Toroidal 
Segments 

1 

8 

16 
32 
48 
64 
lê ""' 

Blocks per 
Segment 

36 

Maximum 
Induced Field 

Bin/^ 

167%(^' 

42%(^' 

9.3% 

2.3% 

1.0% 

0.6% 

1.5% 

Phase Delay 

: 
10.5° 

2.6° 

1.1° 

0.7° 

1.8° 

Time Delay 
* 

• 

117 ms 

29 ms 

12 ms 

8 ms 

20 ms 

(a) Assumptions of model not valid for these cases. 
(b) The 43 blocks per segment in the reference design are represented by 36 

blocks per segment in the computational model. 
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TOKAMAK EXPERIMENTAL POKER REACTOR 
PRIMARY ENERGY CONVERSION SYSTEM * 

H C Stevens, M. A. Abdou, R. F. Mattas, V. A. Maroni 
j. S. Patten, D. L. Smith, and C. K. Youngdahl 
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A primary energy conversion system designed for the ANL Tokamak Experi­

mental Power Reactor consisting of, the first wall assembly, the blanket 

region, the magnet shield and the penetrations for plasma access are 

herein described. 

INTRODUCTION 
,1 A scoping study and a conceptual 

design of a tokamak experimental power 

reactor (TEPR) have been completed. The 

design objectives of the TEPR are to oper­

ate for 10 years at or near e lec t r i ca l 

power breakeven conditions v.'ith a duty 

factor >. 50% and to demonstrate the f eas i ­

b i l i t y of tokamak fusion power reactor 

technologies. A primary energy conversion 

system (PECS), capable of meeting these 

object ives, is herein described. The PECS 

consists of: (Figure 1 and 2 ) , the f i r s t 

wall assembly; the blanket region (a 28-cm 

zone irmiediately backing the f i r s t w a l l ) ; 

the primary coolant; the magnet sh ie ld ; 

and the penetrations which provide access 

for the vacuum system, neutral beam i n ­

j ec t i on , diagnost ics, and experimental 

f ac i l i t i e s . 

Major e f fo r ts ,".avc been undertaken a l 
1 2 3 4 

ANL ' and elsewhere ' to define the 

objectives of a Tokamak Experimental Power 

Reactor (TEPR). The uUimate ;oal of these 

studies has been to establ ish the scien­

t i f i c and engineering basis for a deta i led 

reactor design. This paper w i l l concentrate 

on the TEPR primary energy conversion sys­

tem (PECS) as developed i n the ANL study. 

The PECS is considered to include a l l com­

ponents that l i e between the plasma and 

the toro ida l f i e l d c o i l s , e . g . , the f i r s t 

w a l l , b lanket, magnet s h i e l d , coolant , 

penetrations for vacuum i n t e r f a c i n g , neu­

t r a l i n j ec t i on beam l i n e s , d iagnost ics , 

and maintenance access. Previous re­

ports ' have described the underlying 

philosophy used in developing design c r i ­

t e r i a fo r a PECS that would meet the needs 

of a TEPR. Reference 2 contains a de­

t a i l e d descr ip t ion for the PECS design 

that has evolved in the ANL/TEPR studies. 

This paper contains a summary of the de­

t a i l s re la t i ng to both the PECS f i r s t wall 

and b lanket /sh ie ld designs. Figures 1 and 

2 show, respect ive ly , the ve r t i ca l sect ion 

and plan view of the ANL/TEPR and give 

some perspective as to the locat ion and 

conf igurat ion of PLCS components. Features 

of many of the systems in te r fac ing wi th the 

PECS are described in other papers pre­

sented at th is meeting. 

Work supported by the U.S. Energy'Research and Development Adminis t rat ion. 
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FIGURE 1. Vertical Section of EPR 

• - i ^ ^ 

FIGURE 2. EPR Plan View 
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FIRST WALL 

The f i r s t wall system (see Fig. 3) con­

s ists of a vacuum wall and detachable 

coolant panels. The free-standing vacuum 

vessel is constructed from 16 cy l i nd r i ca l 

segments of 2-cm th ick stainless steel 

plate and is reinforced wi th an external 

r ing and spar framework. Locations of 

the'two circumferent ial support r ings and 

ten longitudinal spars on each segment are 

shown in Fig. 3. 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 

jo in ing surfaces in two of these rings to 

form a current breaker in the vacuum w a l l . 

The vacuum vessel wall is cooled by a 

separated pressurized water loop u t i l i z i n g 

an integral nondetachable panel wall sys­

tem as i l l u s t r a t e d in Figure 3. 

The surface of the detachable coolant 

panels facing the plasma is coated wi th 

100-200 microns of bery l l ium to control 

impuri ty contamination of the plasma by 

sta in less s t e e l . The substant ia l porosi ty 

(10-15%) and f ine microstructure obtainable 

wi th the plasma spray-coating process 

f a c i l i t a t e s gas re-emission, p a r t i c u l a r l y 

hel ium, and minimizes b l i s t e r i n g erosion. 

Water is supplied to these coolant 

panels by manifolds located in the connect­

ing rings that j o i n the f i r s t - w a l l segments. 

The toro idal vacuum wal l is supported by 

a three-point per segment, r o l l e r / s l i d e 

pad-type support from the blanket to the 

lower rings and spars. The three-point 

support minimizes the size of the r e i n ­

fo rc ing r ing and the r o l l e r / s l i d e support 

minimizes thermal stresses by al lowing for 
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FIGURE 3. First Wall Vacuum Vessel Assembly 
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expansion of the vessel . The f i r s t wal l 

design parameters are summarized in 

Table 1. 

Extensive thermal-hydraul ic , mechanical, 

mater ials response and rad ia t ion damage 

analyses have been performed to evaluate 

the f i r s t wal l performance and to determine 

the design l i m i t s . Results ire summarized 

in Table 2. The sta in less steel vacuum 

wal l should maintain i t s s t ruc tura l i n ­

t e g r i t y fo r the 10 year design l i f e under 

the nominal operating condi t ions, v i z . , 

integrated wal l loading of 2.5 MW-yr/m^, 

maximum annual neutron fluence of 6 x 10^^ 

n/m^ (2.8 dpa/year, 54 appm/year helium and 

133 appm/year hydrogen) and maximum wal l 

temperature of ± 500°C. For these condit ions 

the predicted rad ia t ion swel l ing of < 4% is 

to le rab le . The l i m i t i n g c r i t e r i o n is loss 

of d u c t i l i t y caused by displacement damage 

and helium generat ion. For temperatures 

below 500°C, the residual uniform elonga­

t i o n , which is estimated to be >. 1% at the 

end of the 10 year l i f e , i s considered to 

be acceptable. The l i f e t i m e of the low-Z 

coating is l im i t ed by erosion caused p r i ­

mari ly by D-T physical sput te r ing . A de­

sign l i f e of 5 years fo r a 100 to 200-um 

th ick bery l l ium coating appears feas ib le . 

Only l im i ted data ex is t wi th which to e s t i ­

mate the l i f e t i m e of the ceramic current 

breaker; however, bulk rad ia t ion ef fects 

w i l l l i k e l y be the l i m i t i n g c r i t e r i a . 

In addi t ion to the extensive rad ia t ion 

damage, the coolant panel w i l l be sub­

jected to severe thermal cycl ing produced 

by heat deposi t ion on the surface during 

the plasma burn. Temperature var ia t ions 

in the hot test coolant panel during oper­

a t ion are shown in Figure 4. The spike is 

caused by the rad ia t ion emitted when argon 

is in jec ted to terminate the burn. The 

s t r a i n range for the burn cycle depends on 

the d i f ference between the maximum and min i ­

mum values of AT during the cyc le , and the 

s t r a i n range for the plant warm-up/cool-down 

operating cycle is a funct ion of the average 

AT during the burn cycle. Assuming that 

the duration of the operating cycle is long 

enough that stress r e l i e f occurs, the 

s t r a i n range for the coolant panels wi th 

s l i d i n g supports is 0.085% for the burn 

cycle and 0.14% for the warm-up/cool-down 

operating cycle. These values correspond 

to fa t igue design l i fe t imes for the coolant 

panels of 5 x 101= burn cycles and 1 x 10^ 

operating cycles. Thus, thermal fat igue 

w i l l l i m i t the l i f e of the coolant panel 

to 5 years, which corresponds to "^ 10' burn 

cyc les, for the current design parameters. 

Although the current f i r s t - w a l l system 

design is based to a large extent on 

avai lab le materials and ex is t ing technology, 

i t appears that adequate mechanical i n ­

t e g r i t y of the system can be maintained 

fo r su i tab le reactor l i f e t imes under the 

postulated EPR condi t ions. 

BLANKET/SHIELD SYSTEM 

The b lanket /sh ie ld system consists of 

the b lanket , the inner bulk sh ie l d , the 

outer bulk shie ld and the penetrat ion 

sh ie lds . In order to insure penetrat ion of 

the equi l ib r ium f i e l d in to the plasma re­

gion without in to le rab le d i s t o r t i on or 

phase delay, the blanket and bulk sh ie ld 

are constructed of 688 e l e c t r i c a l l y insu­

la ted blocks, as i l l u s t r a t e d in F ig . 5. 

The blanket is made up of 0.28-m th ick 

sta in less steel b locks, as shown in F ig. 6. 

Each of the 16 segments of the vacuum 

chamber is covered by 17 blanket blocks. 

The blocks are cooled wi th pressurized 

water f lowing in a network of 1-cm diameter 

d r i l l e d channels, w i th each block having 

an independent cooling system. 
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TABLE 1. F i rs t -Wal l Design Parameters 

Design Descr ipt ion 

• Free-standing, s ta in less steel vacuum wall with r i b and spar re in fo rc ing . 

• Detachable, water-cooled sta in less steel panels to shie ld vacuum wall 
from plasma. 

. Low-Z coating on plasma-exposed face of coolant panel for high-Z impuri ty 
con t r o l . 

Design Parameters 

Vacuum chamber 

Material H ^ ^^ 
Design stress ( ks i ) 
Major radius (m) 

Experimental (1.5 m diameter) 
Total port area (m^" 

Length (m) 
Width (m) 

10 
6.25 

Minor radius (m) •̂'• 

592 
Volume (m') 
Wall area (m') 
Wall thickness (cm) ' 
Ring and spar (cm) 

Width \ 
Depth ' 

Ports 

Vacuum (0.95 m diameter) 32 

Heating (0.75 m diameter) 1° 

cnQk-imontal M R m diampter) 4 31 

Current breaker 

Material 
Form 
Preparation 

Coolant panel 

Material 
Number , „ 
Area per panel ( m ^ i " ^ 

CrzO, 
Coating 
Chemical bond 

316 SS 
352 

1-2 
1 

H I U U I I V l i ' / , 

Total panel thickness (cm) ^ ' 
Thickness f ron t wal l (cm) "•" 
Low-Z coating 

M <-„..,• l l Beryl l ium 
Material ,r,n ono 
Thickness (pm) 
Prei i r a t i o n 

Coolant 

100-200 
Plasma spray 

HzO 
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TABLE 2. F i rs t -Wal l Operating Parameters and Design L imi ts 

Hominal Operating Conditions 

Capacity factor {%) 
Operating cycle (s) 

Startup 
Burn 
Shutdown 

Neutron 

5 
35 
5 

Exhaust and replenishment 15 

Average power loading during burn (MW/m^) 
0.5 

Radiation, conduction, convection 0.13 

Operating Parameters 

Stainless steel vacuum wall 
Haximum temperature ( C) - * 500 
Minimum yield stress at 500 C (ksi) 17 
Maximum annual fluence (n/m^) 6 x lO^^ 
Neutron damage {dpa/yr) 2.8 
Helium generation (appm/yr) 54 
Hydrogen generation (appm/yr) " 133 

Stainless steel coolant panel 
Maximum temperature (°C) 380 
Minimum yield stress at 500 C (ksi) 17 
Maximum annual fluence (n/m^) 6 x 10^= 
Neutron damage (dpa/yr) 2.8 
Helium generation (appm/yr) 54 
Hydrogen generation (appm/yr) 133 •• • 
Maximum heat deposition (W/cm^) 5.5 
Maximum iT across panel, surface ( C) 20 
Maximum iT through panel face (''C) 

With Argon shutdown 100 
Without Argon shutdown 75 

Maximum 4T during burn cycle ( C) 100 
Maximum thermal strain range (%) 

Operating cycle 0.14 
Burn cycle 0.09 

Beryllium coating 
Maximum surface temperature { C) 407 
Helium generation (appm/yr) 780 
Hydrogen generation (appm/yr) 13 
Maximum erosion rate (ym/yr) 30 

Water coolant 
Maximum pressure (psi) . 2000 
Velocity (m/s) 1.6 
Inlet temperature — first panel ( C) 40 
Exit temperature -- eighth panel ( C) 310 
Pumping power (MW) < 1 

Vacuum wall 
Design life (yr) 10 
Integrated neutron wall loading (W-yr/m^) 2.5 
Yield strength -- 10 yr (ksi) 75 
Uniform elongation -- 10 yr (%) > 1 
Radiation swelling -- 10 yr (:.,) < 4 
Limiting criterion Ductility 

Coolant panel 
Design life (yr) 5 
Total burn cycles - - 5 y r 10^ 
Fatigue l i f e t ime (yr) 5 
Radiation l i f e t ime (yr) 8 
L imi t ing c r i t e r i o n Thermal fa t igue 

Low-Z coating 
Design l i f e (yr) 3-5 
Limiting criterion 0-T sputtering 

Based on a neutron wall load of 0.5 MW/m^'and a plant capacity factor of 50*. 
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o oisTRieuiiON 

SHIELDING orrsE TS 

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 B^C and stain­

less steel disposed so as to maximize the 

attenuation of neutrons and ganma 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 n 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 

HjO at near atmospheric pressure. 

Neutral beam lines, vacuum diicts and 

other penetrations of the outer blanket 

and bulk shield represent large (̂. 0.6 to 

1.0 m^ cross section) streaming paths for 

neutrons and require special shielding. 

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/50X B^C, followed by 0.05 m of lead and 

0.05 m of aluminum. 

A pneumatically operated shield plug is 

closed in the vacuum duct during plasma 

burn (see Fig. 1). This shield plug con­

sists of two blocks. Tlie inner block is 

0.32-m thick and is fabricated of stainless 

steel and cooled in the same manner as a 

blanket block. The outer block is 0.58-m 

thick with a material disposition (SS/B^C) 

similar to that of the inner shield. 

The blanket, shield and vacuum vessel 

assembly weighs over 2700 metric tons. 

This weight is supported from beneath the 
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reactor on 16 in(dividual frames. The 

frames can move v e r t i c a l l y approximately 

two meters to f a c i l i t a t e replacement of 

the blanket and shie ld blocks. The load 

is transferred through 32 columns from the 

reactor foundation to the 16 frames, which 

in turn support the reactor sh ie ld ing 

blocks. The blanket block layer rests on 

the ^'nner portions of the shie ld blocks on 

insulat ion r o l l e r pads to acconmodate the 

high temperature of the blanket and the 

accompanying thermal expansion. The 350 

metric ton vacuum vessel rests on the inner 

side of the lower blanket blocks. 

Extensive analyses have been performed 

to evaluate the performance of tfie blanket/ 

shield system. These analyses are based 

on a nominal neutral wall load of 0.5 MW/m̂  

and a plant capacity factor of 50%. Results 

are summarized in Tables 3 and 4. Radial 

d is t r ibut ions of the neutron heatinrj rate 

and of the atomic displacement are shown 

in Figs. 7 and 8. 

The 4-cm f i r s t wall and the 28-cm blanket 

region receive K. 90% of the gamma energy. 

For the most pa r t , the propert ies and re­

quirements of the blanket material are the 

same as those of the f i r s t w a l l . The 

radiat ion damage level adjacent to the 

f i r s t wall is -̂  1.7 dpa/year and drops by 

a factor of two ewery -v 7 cm going through 

the blanket. Operating temperatures in the 

load bearing portions of the blanl;et are, 

l i ke the f i r s t wall temperatures, re­

s t r i c ted to ^ 500°C, but may be allowed 

to r ise above th is level in non-structural 

components. In general, the less severe 

radiat ion environment of the blanket w i l l 

mean that property changes w i l l be less 

than in the f i r s t w a l l . Af ter 10 years at 

a wall loading of 0.5 MW/m̂  and a 50% 

capacity fac to r , the swel l ing in the blanket 

adjacent to the f i r s t wal l is expected to 

remain below Z%, the uniform elongat ion 

w i l l drop to '̂  3%, and the y i e l d strength 

w i l l increase to '^ 75 k s i . As the neutron 

rad ia t ion is attenuated through the blanket, 

the swel l ing w i l l be reduced to zero a f te r 

a few cm, and the tens i le propert ies w i l l 

approach those of uni r radiated material 

('^ 22% uniform elongation and ^̂  17 ksi 

y i e l d s t rength) . The e f fec t of creep and 

fa t igue w i l l be less than in the f i r s t 

wal l since the blanket is not exposed to 

the surface rad ia t ion from the plasma and 

w i l l not undergo the large thermal cyc l ing 

of the f i r s t w a l l . Helium production rates 

w i l l s t i l l be high in the f i r s t few cm, 

but the temperature l i m i t of 500 C should 

reduce the p o s s i b i l i t y of helium embr i t t l e -

menti which is observed at temperatures 

above 550°C. 

The bulk shie ld w i l l receive < 5% of 

the to ta l rad ia t ion energy produced in the 

EPR. No degradation of the bulk proper­

t ies of stainless steel is expected. The 

boron carbide located in the inner sh ie ld 

is a b r i t t l e material w i th moderate ten­

s i l e strength and high compressive st rength. 

The major e f fec t of rad ia t ion on boron 

carbide is the buildup of helium from (n,fi) 

reactions that can induce swel l ing and 

cracking i f i t is present in high con­

centrat ions. Neutron i r r a d i a t i o n can also 

subs tant ia l l y reduce the thermal and 

e l e c t r i c a l conduct iv i ty . The degree to 

which rad ia t ion af fects the bulk proper­

t ies d'pends to a large extent on the 

amount of porosi ty present in the un­

i r rad ia ted mater ia l . The f i r s t layer of 

boron carbide in the inner sh ie ld w i l l be 

the most ser iously affected by the neutron 

i r r a d i a t i o n . The f i r s t few cm of boron 

carbide w i l l produce '^ 3500 appm of helium 
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TABLE 3. Summary of Blanket Design Parameters 

Design basis operating life (yr) 10 

Nominal power during burn (MW) ^00 

Design basis neutron wall loading (MW/m^) 0.5 

Plant capacity factor (*) 50 

Blanket structure 

Thickness (m) O-^S 
Type metal/volume fraction 316-SS/0.9 
Type coolant/volume fraction H20/£0.05 
Penetration volume fraction 

Inner blanket "" 0-02 
Outer blanket "" 0-05 

Maximum temperatures ( C) 

In support structures 600 
In bulk materials 550 

Nuclear parameters 

Maximum heat deposit ion (W/cm') 3.5 ^ 
Maximum fluence at 2.5 MW-yr/m' (n/m^) 6 x 10 
Maximum dpa at 2.5 MW-yr/m' (dpa) 17 
Maximum helium production at 2.5/MW-yr/m' (appm) 230 
Maximum hydrogen production 2.5/MW-yr/m' (appm) 600 

Mechanical parameters 

Design stress in support s t ructure (ks i ) 
Minimum material y i e ld stress (ks i ) 
D u c t i l i t y at 2.5 MW-yr/m' (X uniform elongation) 
Swelling at 2.5 MW-yr/m' (% of i n i t i a l volume) i 2 
Maximum torque from pulsed f i e l d s ( f t - l b ) 125,000 

Coolant parameters 

Type 
Maximum pressure (psig) 
Pressure drop (psig) 

<. 10 
20 
i 3 

H2O 
2000 
< 15 

Maximum velocity (m/s) 2.4 
Pumping power (MWJ ^ ^ ' 
Coolant inlet temperature ( C) ^0 
Maximum coolant exit temperature ( C) 309 

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

Immediately after shutdown 
1 yr after removal 
10 yr after removal 
100 yr after removal 

3.5 
6.0 
7.0 
60 

X 
X 
X 

10' 
10' 
10' 
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TABLE 4. Summary of Shield Design Parameters 

Design basis operating l i f e (yr) 

Shield st ructure 

Thickness (m) 

Inner bulk shield 
Outer bulk shield 
Beam duct shield 
Evacuation duct shield (movable plug) 
Biological shield 

Materials 

Inner shield 
Outer shield 
Beam duct shield 
Evacuation duct shield (movable plug) 
Biological shield 

Temperature (°C) 

Coolant 

Maximum torque from pulsed fields (ft-lb) 

Maximum nuclear heating in bulk shield (W/cm^) 

Fraction of fusion power deposited in shield 

Maximum energy current at outer surface 
of bulk shield (W/cm^) 

Neutrons 
Gammas 

10 

0.58 
0.97 
0.75 
0.90 
1.5 

304-SS/B^C 
304-SS/Pb mortar/C/Al 
304-SS/B^C/Pb/Al 
304-SS/B^C 
Concrete 

<. 100°C 

H20 

253,000 

0.3 

< 0.05 
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FIGURE 7. Neutron Heating in the Hater Cool­
ant as a Function of Depth in the Blanket/ 
Shield for Three Locations with Respect to 
the Neutral Beam Duct: (a) at the wall of the 
beam duct, (b) at 10 cm from the wall of the 
beam duct and (c) at 30 cm 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

pected to induce significant swelling or 

cracking if a sufficient porosity exists 

to accommodate the gas. Helium escaping 

from the boron carbide must be vented to 

prevent buildup of gas pressure within the 

shield. For the conditions expected in the 

EPR, the graphite in the outer bulk shield 

will densify rather than swell. It is ex­

pected that the volume change of graphite 

due to Irradiation can be minimized by a 

suitable choice of material and should not 

present a problem. Helium production in 

the first few cm of the graphite with 1% 

boron will reach "• 770 appm after a 10 year 

lifetime. As with boron carbide, porosity 

and venting considerations must be factored 

into the shield design to acconmodate 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 the bulk properties should not be ad­

versely affected. The lead mortar and 

aluminum In the outer shield will operate 

at temperatures below 10C°C, which is well 

below the -v 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 two years operation is 3.5 x 10'= 

Ci/WJt and decreases by a factor of 4 one 

year after shutdow. and more rapidly for 

longer times. The curies per thermal mega­

watt are fairly Independent of neutron wall 

loading for the range of 0.1 to 5 W/m^. 

At shutdown, the decay heat is 2.5% of 

operating power and only drops about 20/i 

during the first few minutes after shutdown. 

E 10' 

10' 10' 10' 10* 10' I0« 10' I0» 10' 10'° 

TIME AFTER SHUTDOWN IN SECONDS 

FIGURE 9. Radioactivity and Biological Ha­
zard Potential as a Function of Time after 
Shutdown Following Two Years of Operation. 

which is the period of time that is very 

crucial to emergency cooling. 

During operation, the biological dose in 

regions external to the TF coils is about 

10^ mrem/hr, which is too high to permit 

access to the inside 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 6 x 10' mrem/hr at 

shutdown and after one year of cooldown 

the dose is 1 x 10'' mrem/hr. After one 

day of cooling, the dose is 600 mrem/hr at a 

position above the reactor at the location 

of the TF coils and 2 mrem/hr outside the 

TF coils. The latter result does not 

include the effect of penetration streaming 

or activation of the neutral beam injector. 

These calculations indicate that for a long 

period after shutdown the dose rate is too 

high to permit unshielded personnel access 

to the reactor building (in the region ex­

terior to the TF coils) unless all pene-
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t ra t ions and beam in jec tors are f u l l y 

shielded. 

The general approach to maintenance for 

the EPR is by use of remote handling 

apparatus. A l l large components w i l l be 

repaired in p lace, where possible. This 

Includes the vacuum vessel and the lov/er 

EF and OH c o i l s . Smaller components l i k e 

the blanket and sh ie ld blocks w i l l be re­

paired in the hot c e l l s . Special i n -

vessel remotely operated equipment w i l l be 

designed to repa i r , replace and inspect 

any portions of the vacuum vessel or f i r s t -

wall panels that have been damaged. Support 

f a c i l i t i e s fo r remote operations include a 

remotely-operated overhead crane/manipulator 

with a shielded personnel cab, f l oo r -

mounted snorkel type units for serv ic ing 

the ver t i ca l port ions of the reactor and 

basement-positioned apparatus for main­

ta in ing the lower components of the 

reactor. A f u l l - s c a l e , quarter section 

mockup of the reactor is v i t a l to a l l 

remote'operations because i t w i l l be used 

to program the repair apparatus and per­

form pract ice runs. 
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IMPURITY CONTROL IN NEAR-TERM TOIWMAK REACTORS 

Weston M. Stacey, J r . , 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 f i r s t - w a l l surface with a low-Z or low-sputter 

material are examined. A review of the sputtering data and an assessment 

of the technological f e a s i b i l i t y of various wall modif ication schemes are 

presented. The power performance of a near-term tokamak reactor is simu­

lated for various f i r s t - w a l l surface mater ia ls, with and without a d iver­

t o r , in order to evaluate the l i k e l y ef fect of plasma contamination asso­

ciated wi th these surface mater ia ls. 

The problem of plasma contamination by 

wal l -sputtered impuri t ies in near-term toka­

mak reactors is examined. A c r i t i c a l review 

of the relevant surface data is incorporated 

in a plasma-wall in teract ion model that is 

employed, together with a plasma power and 

par t i c le balance model, to evaluate Impurity 

contamination e f fec ts . Impurity control by 

charged-particle diversion and by modif ica­

t ion of the f i r s t - w a l l surface are con­

sidered, and the adequacy of these methods 

is assessed. 

A major purpose of th is work is to deter­

mine i f modif icat ion of the f i r s t - w a l l sur­

face can provide adequate impurity control 

for near-term tokamak reactors, in general, 

and the experimental power reactor (EPR), in 

par t i cu la r . A qua l i ta t i ve assessment of the 

technological f e a s i b i l i t y and l im i ta t ions of 

a low-Z coat ing, a low-Z separated l i n e r , a 

carbon cu r ta in , and a low-sputter coating is 

presented. 

I t is concluded from these studies that 

adequate control of sputtered impuri t ies to 

sustain burn pulses on the order of a minute 

and to achieve net power conditions can be 

*Work supported by the U. S. Energy Research 
and Development Administrat ion. 

obtained in an EPR by suitable modif ication 

of the f i r s t - w a l l surface. Of the wall 

modifications considered, a low-Z material 

(e.g. beryl l ium) coated on a s t ructura l sub­

strate appears the most technological ly 

feas ib le . 

COMPUTATIONAL MODEL 

The basic computational model consists of 

a set of time-dependent, space-independent 

par t i c le and power balance equations for the 

plasma, and a plasma-wall in teract ion model. 

Coupled balance equations for D-T ions, a l ­

pha par t i c les , wal l-sputtered impur i t ies, 

electron temperature, and ion temperature 

are solved. Neutral beam and fusion-alpha 

heating and power loss by radiat ion and 

transport are t reated. Transport processes 

wi th in the plasma are modeled with par t i c le 

and energy confinement parameters which are 

computed from a multireqime (pseudo-classical, 

neoclassical , trapped-particle-mode) model 

depending upon the value of the co l l i s i on 

frequency. 

The plasma-wall in teract ion model is 

depicted schematically in Fig. 1 . Charged 

(D'^, T" ,̂ He'^*, impuri ty) and neutral (D", 

T", n) pa r t i c le fluxes emerge from the plasma 

and s t r i ke the w a l l , with the charged p a r t i ­

cle fluxes being reduced by a factor n due 
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FIGURE 1. Plasma-Wall Interact ion Model 

to par t ic le removal (e.g. by a d i ve r to r ) . A 

fract ion of these par t ic les are re f lec ted , 

predominantly as neutrals from the wall wi th 

ref lect ion coef f ic ient R. The impinging 

part ic les produce wall erosion by sputtering 

with coef f ic ient S. The returning par t ic les 

are ei ther ionized in the plasma or may i n i ­

t i a te a series of charge-exchange interac­

tions leading to the re-emergence of a 0° or 

T° from the plasma with a probabi l i ty A 
at 

which depends upon the re la t ive charge-
exchange and ionizat ion cross sections and 

R includes backscattering and re-emission. 

upon neutral t ransport . 

Energy-dependent physical sputtering coef­

f i c i en t s for the incident pa r t i c l es , v i z . , 

D , T , He , and impurity Ions, on c«ndidate 

f i r s t - w a l l materials are used for the calcu­

l a t i on . Since Insu f f i c i en t experimental 

sputtering data are avai lable fo r the range 

of parameters of in terest (1-5 are general 

references th«t give a good indicat ion of 

the state of technology), the sputtering 

coef f ic ients used for the ca lcu la t ion have 

been developed from both theoret ica l and 

empirical considerations. The shapes of the 

energy-dependent sputtering curves are 
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developed pr imar i ly from Sigmund's theory 

and the mtgnitude of the coef f ic ients have 

been adjusted in some cases to better con­

form with avai lable experimental data. 

Since the Sigmund theory does not ade­

quately predict l i gh t ion sputter ing at low 

energies, energy-dependent sputter ing y ie ld 

curves for l i g h t ions (deuterium, t r i t i u m , 

and helium) have been obtained by combining 

the theoret ical curve at higher energies 

wi th an empirical re la t ion for the lower 

ion e n e r g i e s . ' " The empirical curve assumes 

a d i rec t energy dependence of the sputter ing 

y i e l d , which is In general agreement wi th 

reported helium sputtering data for a number 

of target m a t e r i a l s . ' * ' The t rans i t i on be­

tween the two segnents forms a peak in the 

sputter curve at the ion izat ion cu t -o f f 

energy calculated from the Kinchin-Pease 

t h e o r y . ' * ' The threshold energies for sput­

ter ing have been determined by the method 

of Ho ts ton . ' ^ ° ' Since the curves developed 

In th i s manner' ' ' give y ie lds that are sub­

s t a n t i a l l y higher than experimentally 

observed y i e l ds , these curves have been 

adjusted In magnitude to better conform to 

the avai lable experimental data. Curves 

for the deuterium and t r i t i u m sputtering 

y ie lds have been reduced by one order of mag­

nitude and those fo r helium have been reduced 

by a factor of f i v e . Figure 2 presents the 

-nTrmi' i r rrrrni-T—rmiTIl--i-rrnra 

PiBTlCLE EIHBGT. •V 

FIGURE 2. Energy-Dependent Physical 
Sputtering Yields of Potential F i r s t -
Wall Materials I r radiated wi th Mono-
Enerqetic 0* ions. 

resul tant monoenergetic sputtering curves for 
deuterium on several wall materials of i n ­
te res t . Similar curves have been developed 
for t r i t i u m and helium. Experimental data in 
the low-energy range are shown in Fig. 3. 

tf 

3 
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FIGURE 3. Plot of Selected Energy-
Dependent He** Sputtering Data 

Figure 4 compares the selected energy-depen­

dent l i gh t - i on sputtering curves with avai la­

ble experimental data on niobium. As i nd i ­

cated, the sputtering curves developed here 

FIGURE 4. Plot of Light Ion Sputtering 
Curves for Niobium Showing Comparison 
wi th Available Experimental Data 

for niobium are in f a i r l y good agreement wi th 

s imi lar curves proposed by Behrisch fo r 

the same target mater ia l . In general, the 

present development gives sputter c o e f f i ­

cients that are s l i g h t l y higher than the cor­

responding experimental data for low-Z wall 

mater ia ls , and coef f i c ien ts that are s l i g h t l y 

lower than the corresponding experimental 
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data for the higher-Z wall mater ials. 

Sputtering by the neutral 0° and T° p a r t i ­

cles are assumed to be ident ical to those 

for 0* and T* ions, respectively. 

In the present study three of the f i r s t -

wall materials of interest are compounds, 

v i ; ; . , BeO, B^C, and 5iC. Since sputtering 

data for these compounds are very l im i t ed , 

yields equivalent to those for bery l l ium, 

boron, and s i l i c o n , respect ively, have been 

assumed for these compounds. This assump­

t ion appears plausible in view of the data 
(121 

of Kelly and Lam,^ ' which indicate that 

sputter y ie lds produced by lO-keV Krypton on 

a number of stable oxides are within a factor 

of 2-3 of the corresponding metals. The 

yields for these compounds are assumed to 

correspond to the i r stoichiometry, e . g . , 

four boron atoms to one carbon atom for Bî C. 

The Sigmund theory is a better represen­

tat ion of the y ie lds observed for heavy 

(impurity) ion sputter ing. Therefore, the 

sel f -sput ter coef f ic ients used for the ca l ­

culations are derived from the Sigmund 

theory with s l i gh t modifications at low ener­

gies to compensate for electronic losses. (7) 

At the lower energies the curves are adjusted 

to approach a slope of unity on the log S 

versus log E p lo t . Figure 5 shows the energy-

dependent se l f - ion sputter coef f ic ients fo r 

beryl l ium, niobium, and tungsten. 

FIGURE 5. Energy-Dependent Sel f - Ion 
Sputter Coefficients for Beryl l ium, 
Niobium, and Tungsten 

Large variat ions in the 14-McV neutron 

sputter y ie lds have been reported in the 

l i t e ra tu re for various t rans i t i on metals. 

(1-5,13-18) .pijgjg differences are due p r i ­

mari ly to chunk-type deposits that have been 

observed by some inves t iga to rs . ' ' ' 

Recent analyses indicate that y ie lds for the 

chunk-type sput ter ing, which are dependent 

on both surface roughness and degree of 

cold-work, are t yp i ca l l y less than 10"'' 

atoms/neutron.' ' Single-atom sputtering 

y ie lds in the range 10" ' to 5 x 10"'' have 

been r e p o r t e d . ' ^ ' " ' * ' A to ta l y i e ld of 10"" 

atoms/neutron is considered reasonable for 

the present analysis. Since the contr ibu­

t ion of neutron sputtering to the to ta l 

sputter ing y i e l d turns out to be very small 

for near-term reactors, the results are not 

very sensi t ive to var iat ions or uncertain­

t ies in the neutron sputtering coef f i c ien t . 

Chemical in teract ion between the incident 

par t i c le and the target material can i n f l u ­

ence sputtering rates because of the ef fect 

of compound formation on l a t t i c e displace­

ment energies, on sputter ing mechanisms, and 
(19) 

on the nature of the sputtered products.* ' 

Although th is so-called chemical sputtering 

occurs in a number of systems, i t is most 

conmonly associated with the formation of 

hydrocarbons upon bombardment of carbon or 
(19-27) 

graphite by the hydrogen Isotopes.* ' 

In l ine with the chemical Interact ion ener­

gies, the chemical sputter ing coe f f i c ien ts , 

1n contrast to the physical sputter ing coef­

f i c i e n t s , are sensit ive to the target or 

wall temperature. For example, great ly 

enhanced (approximately IDX) chemical sput­

ter ing leading to CHi, formation has been 

observed for H Ion bombardment of graphite 

at temperatures of WO-TOO'C.'^" '^* ' Sput­

ter ing y ie lds of nearly 0.1 atom/ion are 

reported by these invest igators. For the 

present invest iga t ion , chemical sputtering 

coef f ic ients fo r deuterium and t r i t i u m i n c i ­

dent on carbon were assumed to be a factor 
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of 10 higher than the physical sputtering 

y ie ld at temperatures of 300-750°C, and neg­

l i g i b l e at higher and lower temperatures. 

Simi lar enhancement of sputtering y ie lds for 
(20 

s i l icon-carb ide has not been observed,* ' 

^^•^®' and hydrides of the s t ructura l metals 

are not stable under ant ic ipated wall condi­

t i ons . Therefore, chemical sputter ing has 

been considered in the present analysis only 

for the case of carbon or graphi te. 

The " r e f l e c t i on " coe f f i c ien t , R, used in 

the plasma-wall in teract ion model includes 

both backscattering and re-emission. The 

backscattered par t ic les are the incident 

par t ic les that return from the wall v ia 

e las t i c and ine las t ic co l l i s ions («'\ s) 

whereas the re-emitted par t ic les are those 

which have penetrated the wall at an ear l i e r 

time and are subsequently released by d i f f u ­

sion to the surface or by erosion of the 

wall mater ia l . Several models have been 

developed and experiments conducted to i n ­

terpret the backscattering and re-emission 

of l i gh t ions (H* and He ) from several 

m a t e r i a l s . ' ^ ' ' ^ ^ ' The backscattering coef­

f i c i e n t s for the l i g h t ions t yp i ca l l y i n ­

crease wi th a decrease in Incident ion energy 

below 1 keV, and the values may exceed 50« 

at energies below 100 g V . ' ^ ' • ^ ' • • ' ^ ' The use 

of such coef f ic ients is appropriate only fo r 

the i n i t i a l s tar tup, since the concentrations 

of l i g h t atoms (helium, deuterium, and t r i ­

tium) in the surface regions bu i ld up in a 

matter of hours during operat ion. Therefore, 

re-emission of the hydrogen isotopes and 

helium from the surface of the f i r s t wall 

w i l l occur during normal operation. Data of 

several invest igators indicate that high 

percentages of l i g h t ions injected into a 

variety of target materials are re-emitted 

a f ter fluences of the order of 1 0 " ion/cm^. 

(30-38) j ^ . j re-emission Is fur ther enhanced 

by the elevated wall temperatures. For pur­

poses of the present calculat ion i t is 

assumed that a steady-state is reached and 

that the combination of backscattering and 

re-emission results in the return of almost 

a l l of the incident l i gh t pa r t i c les . 

For the case of se l f - ions Incident on the 

f i r s t w a l l , a high st ick ing probab i l i t y is 

expected for a clean metal surface. In addi­

t i o n , the measured sputtering coef f ic ients 

probablyinclude any backscattered component. 

Therefore, a near-zero re f lec t ion coef f ic ien t 

can be assumed for se l f ions. 

These surface data were incorporated into 

the calculat ional model as fo l lows. The 

mono-energetic sputtering coef f ic ients were 

averaged over Maxwellian d is t r ibu t ions of 

incident par t i c le energies, with the 

Maxwellian being characterized by the plasma-

edge temperature. These results are given 

in Table 1. A neutron sputtering c o e f f i ­

c ient S = 0.0005 was used for a l l mater ials, 
n 

and a chemical sputtering coef f ic ient Ŝ ^̂  = 

0.07 was used for carbon. Par t ic le re f lec­

t ion coef f ic ients R„x ° "a ° ° ' '® "^' '^ "^'"^ 

in the calculat ions to represent unity 

re f lec t ion probabi l i ty and an allowance for 

a small loss during operation through ports 

in the vacuum w a l l , and R = 0.05 was used 

to represent the high retention probabi l i ty 

for an ion of the surface mater ia l . 

The charge-exchange re-emission proba­

b i l i t y was computed from 

oV + aV, 

y , 

where ov and ov, are averages of the 
ex Ion 

charge exchange (0* , T* " D»,T») and i on i ­

zation cross sections of Refs. 39-43 over 

Maxwellian d is t r ibu t ions corresponding to the 

plasma edge ion temperature. The results are 

A = 0.50 at T ' J« ' = 100 eV, A = 0.56 at 

yedge = 200 eV, and A^^ = 0.73 at T=:je'' = 

1 keV. The factor y represents the proba­

b i l i t y that a primary charge-exchange event 

for an incident neutral w i l l resu l t in the 

re-emergence of a neutral (e i ther d i rec t l y 

or as the resu l t of subsequent secondary 
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TABLE 1. Maxwellian-Averaqed Physical Sputtering Coeff ic ients 

Material 

Be 

BeO 

C 

B̂ C 

SIC 

Fe 

Nb 

W 

(a) S„^ = 

(b) Self-

Plasma 
Edge 

Temperature 
(eV) 

60 
200 

1000 

60 
200 

1000 

60 
200 

1000 

60 
200 

1000 

60 
200 

1000 

60 
200 

1000 

60 
200 

1000 

60 
200 

1000 

js„4s,. 
sputter ing. 

Spu 

r (a) 
DT 

0.016 
0.028 
0.018 

0.016 
0.028 
0.018 

0.007 
0.015 
0.012 

0.011 
0.022 
0.016 

0.0055 
0.016 
0.033 

0.0015 
0.005 
0.016 

0.006 
0.002 
0.009 

0.0001 
0.0003 
0.0016 

t t e r i ng Coeff ic ient 
(atoms/part) 

S 
a 

0.017 
0.070 
0.115 

0.017 
0.070 
0.115 

0.016 
0.050 
0.079 

0.017 
0.060 
0.098 

0.015 
0.048 
0.160 

0.0046 
0.015 
0.067 

0.0016 
0.005 
0.023 

0.0004 
0.0012 
0.0061 

S (b) 
z 

0.26 
0.35 
0.36 

0.26 
0.35 
0.36 

0.26 
0.35 
0.36 

0.26 
0.35 
0.36 

0.26 
0.47 
0.64 

0.27 
0.59 
1.49 

0.29 
0.83 
2.62 

0.11 
0.35 
1.61 

charge-exchange events) from the plasma. 

V = 0.75 is used in th is work. 

The wall-sputtered impurit ies entering the 

plasma affect the energy balance both through 

the transport loss, which goes as Z ^ , for 
erf 

pseudoclassical and neoclassical scaling and 

coronal equilibrium calculations have been 

been shown to be good approximations under 

reactor conditions by comparison with the 

results of a more general radiative-

collisional model.'^"'^^' 

•"•he model may be summarized as follows: 

through the radiative power loss. The radi­

ation model is a modification of a model pro­

posed by Hopkins,' ' which is based on the 

results of calculations using coronal equili-

The results of the brium mode l s . ' " ^ - " ) 

P̂  , = n n [K.Z'T^ + K Z V*! + K,Z V "] 

meter In W/m\ n 1s the electron density 
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and n is the ion density of the z-th ionic 
z 

species, T is the electron temperature in 

keV, and T is the ionization potential, in 

keV, for the beryllium-like ion sequence. 

K, = 4.8 « 1 0 - " , Kp = 1.82 •< 10-3", and 

K, = 4.13 ' 10-'*'', when T is in keV and n in 

K T ' . When T^ ̂  T^, we insure P^^^ > 0 as 

T * 0 by using. 

vj^^^^^vx'^^3^^^'''i 

(8) T is given by* ' 

T (keV) = [1.033 x 10-'(Z - 3 ) ' + 3.4266 

X 10-3(Z - 3)2 -f 5.5574 

« 10-MZ - 3) + 0.529 •< 10-3] . 

The to ta l radiated power is thus given by 

rad ^ - rad 

where the sum includes a l l ionic species. 

The above model was developed from radia­

t ion loss studies for nuclei with nuclear 

charge in the range 5 i Z ^ 18. For impuri­

t ies with Z •' 30, the model was modified to 

account for radiat ion from high-Z materials 

which are not completely stripped at the 10-

keV operating temperatures. In the formula 

for radiat ion loss, the nuclear charge, Z, 

was replaced by the actual ionic charge 

attained by the impurity at the plasma tem­

peratures. Ionizat ion potent ia ls for various 

ions up to Z = 103 have been tabulated.* 

The radiat ion loss is reduced by a substan­

t i a l factor for high-Z ions (e .g . 20 for 

tungsten), re la t i ve to a calculat ion using 

the atomic number. This reduced radiat ion 

power is consistent with resul ts reported in 

Ref. 51. 

ANALYSIS 

The analysis was carried out for a speci­

f i c tokamak reactor model wi th parameters 

that are character is t ic of the ANL EPR design: 

R = 6.25 m, A = 2.98, I - 6.4 MA, q(a) = 2.5, 

B = 4.4 T. The confinement times were scaled 

up from the theoret ical predict ion by a factor 

a,r™ = 1.79 so that i gn i t i on would obtain at 

f = 10 keV, in the absence of wal l-sputtered 

impuri t ies and without helium recyc l ing, in 

the trapped-ion-mode (TIM) transport regime. 

The thermonuclear power output of a reactor 

operating under these conditions at 6^ = 

2.25 is P.J = 410 MWt. 

The analysis consisted of a dynamic simu­

la t ion of the ent i re burn pulse. Ions 

escaping from the plasma were assumed to be 

recycled back as described in Fig. 1 , so 

that essent ia l ly to ta l (98X) recycling of 

deuterium, t r i t i u m , and helium occurred un­

less the pa r t i c le removal (e.g. d iver tor ) 

e f f ic iency n > 0. Deuterium and t r i t i u m ion 

densit ies were maintained at the i r maximum 

allowable value by re fue l ing , subject to the 

constraint that Bp(t) i Bp"" = 2-25. Wall-

sputtered impurity ions were assumed to be 

able to penetrate i tmediately 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 

radiat ive power loss as described in the pre­

vious sect ion, modify the par t i c le and energy 

confinement times (T - Z^^^ for TIM scaling) 

and reduce the allowable D-T ion density for 

a f ixed B"^ " . Supplemental neutral beam 

heating, up to a maximum power of 80 MW, was 

used in some cases to o f fse t excessive rad i ­

at ive power losses. The burn pulse simula­

t ion was carried out to the point at which 

the accumulation of helium and w a l l -

sputtered impuri t ies quenched the plasma. 

A f igure-o f -mer i t for the burn cycle per­

formance is the net e lec t r i ca l power 

averaged over the burn pulse. 

r u. 
" R E F " ^PUMP 

U„ 

"psl^ 
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PUMP 

U 

plasma thermal enerqy to wall 
during burn pulse 
beam heating enerqy during 
burn pulse 
re f r igerat ion 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 

/ " ;pi dt 

n i thermal-to-electrical conver-
^ sion efficiency = 30% 

r, = neutral beam power efficiency 
* = 35« 

n ^ energy transfer efficiency 
•"̂  = 95?, 

4t = length of the burn pulse. 
burn 

The compressive refrigeration power for the 

superconducting toroidal field coils was 

U „ = 660 MJ, the coolant and vacuum pump-
REF 

ing energy was ^^^^^ - 0.02 U^, and the 
energy transferred by the plasma driving 

system was U^^ ;: 2400 MJ. 

The quantity P̂ ^̂ . is plotted in Fig. 6 as 

FIGURE 6. Effect of First-Wall Surface 
Material on Power Performance 

a function of the length of the burn pulse 

for several first-wall surface materials. 

The assumed edge temperature is 200 eV for 

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

cluding -^ s for startup. In this case, the 

burn pulse is ultimately {'•^i7 s) quenched 

by the accumulation of helium, and the maxi­

mum value of P , is 66.5 MW. 
net 

Wall-sputtered impuri t ies from a stainless 

steel (represented by i ron) or ref ractory 

metal (niobium) f i r s t - w a l l surface have a 

devastating e f fec t . A substantial supple­

mental beam heating is required to maintain 

the plasma at thermonuclear temperatures, 

resul t ing in a negative P^^^., on the order 

of -200 MWe. The maximum length of the burn 

pulse could be extended beyond •̂ .20 s by i n ­

creasing the beam heating power P̂^ > 80 MW, 

but th is would resul t in an even more nega­

t i ve P . I n i t i a l l y , the D-T sputtering 

net 

is the main contr ibutor to plasma contami­

nat ion, but as the impurity concentration 

builds up to on the order of 1%, se l f - i on 

sputtering becomes a major contr ibutor , as 

may be inferred from Table 1. The s i tuat ion 

is somewhat improved i f the plasma edge 

temperature is less than the 200 eV used in 

these ca lcu la t ions; however, even for T^^^^^ 

= 60 eV, P i -100 MWe and the maximum 
net 

burn pulse is •v20 s. Thus, i t appears 

extremely unl ike ly that a reactor of th is 

type w i l l be able to operate wi th a s ta in ­

less steel or refractory metal wall without 

some form of impurity con t ro l . 

One form of impurity control is suggested 

by F ig. 6, namely to interpose between the 

plasma and the st ructura l f i r s t wall a low-Z 

mater ia l , e i ther as a coating or as a stand-

-o f f l i n e r . Burn pulses of •^45-55 s can be 

achieved with very low-Z surfaces, v i z . , 

bery l l ium, carbon (without chemical sputter­

ing ) , B^C, which resul t in P about one-

half of the value that obtains without wall 

sput ter ing. With a small supplemental beam 
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heating (P = 10 MW) to o f fse t rad iat ive 

losses, burn pulses in excess of 60 s with 

maximum P of 35 MWe can be achieved with 
net 

a beryl l ium surface. I f a carbon surface 

operates in the temperature range •>.400-700°C, 

then chemical sputtering precludes P^^^ > 0, 

which implies that carbon would be sui table 

as a standoff l i ne r operating at temperatures 

in excess of 1000°C but would be unsuitable 

as a coating operating at 400-600°C. Sur­

faces with s i l i con or oxygen compounds are 

less sat is factory for impurity control in 

reactors of th is type. In the case of bery l ­

lium oxide, P ^ 28 MW was adequate to o f f ­

set rad iat ive losses, but the accumulation 

of oxygen in the B - l im i ted plasma forced a 

reduction in the D-T density which eventually 

quenched the plasma. For the beryl l ium sur­

face, the se l f -sput te r ing rate is about half 

the D-T sputter ing ra te , the alpha-sputtering 

rate is about 5% of the D-T sputtering ra te , 

and the neutron-sputtering rate is neg l ig ib le . 

Another poss i b i l i t y for reducing plasma 

contamination is to use a low-sputtering 

f i r s t - w a l l material such as tungsten. 

Although the plasma performance is better 

with tungsten than with stainless steel or 

niobium as the f i r s t - w a l l surface mater ia l , 

the performance with tungsten is considerably 

i n f e r i o r to that with a low-Z material such 

as beryl l ium. Moreover, the plasma perfor­

mance is much more sensit ive to var iat ions 

in the sputtering coef f ic ients for a high-Z 

material than for a low-Z mater ia l . In the 

case of tungsten, the se l f -sput ter ing rate 

is •̂ 30% of the D-T sputter ing rate and the 

neutron sputter ing rate is •̂ 10% of the D-T 

sputter ing rate. 

The performance summarized in F ig. 6 is 

based upon a plasma-edge temperature of 200 

eV, which corresponds to the maximum in the 

beryl l ium sputter ing y ie ld curves. Reduced 

sput ter ing, hence improved performance, 

occurs i f the plasma-edge temperature is 

higher or lower for bery l l ium, as shown in 

F ig. 7. At an edge temperature of 60 eV, a 

burn pulse of lOZ s with a maximum P^^^ = 

57 MWe is obtained with a beryl l ium surface, 

which is close to the performance in the 

absence of wall sput ter ing. The ef fect of 

the plasma-edge temperature is even more 

dramatic for s i l i con-carb ide , with P^^^ > 

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 s t r i ke 

the wall — e.g., by means of a magnetic 

d iver to r . This process can be represented 

by the ef f ic iency of charged par t i c le removal, 

T,. Results of a series of calculat ions for a 

stainless steel f i r s t - w a l l surface and v a r i ­

ous values of the charged-part icle removal 

e f f ic iency are shown in F ig. 8. For a very 

low plasma-edge temperature (60 eV) and a 

very e f f i c i e n t charged par t i c le removal 

mechanism (n = 0.9) , to lerable equi l ibr ium 

iron (0.03«) and helium (1.5X) concentrations 

are maintained and the burn pulse is v i r t u ­

a l l y unl imi ted. For a more r e a l i s t i c value 

of 0 - 0.5, the performance is marginal and 

P > 0 requires a low plasma-edge tempera­

ture (60 eV) in addit ion to substantial sup­

plemental beam heating (Pj = 44 MW). I f the 

plasma-edge temperature is 200 eV, a very 

high charged par t i c le removal e f f ic iency (n 

= 0.9) and some supplemental beam heating 

(p = 15 MW) are required to achieve P^^^ > 

0 . " Thus, i t appears that the success of a 

d iver tor or other impurity control mecha­

nisms based upon charged par t i c le removal 

depends c r i t i c a l l y upon the achievement of 

high pa r t i c le removal e f f ic iency and upon 

the operation of the plasma with a low edge 

temperature. These calculat ions have not 

accounted for the s ign i f i can t reduction in 

energy* of those charged par t ic les which 

cross the d iver tor sweep-out region before 

' p r i va te communication from A. Mense, ORNL. 
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FIGURE Effect of Divertors on Power Performance 
for Bare Stainless Steel Wall 

s t r i k ing the w a l l . This might improve the 

performance of divertors re la t ive to the pre­

dict ions of Fig. 8. 

Combining a low-Z surface with a charged 

par t i c le removal mechanism reduces the c r i t i ­

cal dependence upon high pa r t i c le removal 

e f f i c iency . Performance obtainable wi th 

beryl l ium and s i l icon-carb ide surfaces are 

shown in F ig. 9, fo r a range of charged 

par t i c le removal e f f i c i enc ies . With a 

82 



FIGURE 9. Effect of Divertors on Power Performance 

for Low-Z Coated Walls 

beryl l ium surface, n >_ 0.5 suff ices to 

achieve very long burns. 

The quant i ta t ive results discussed above 

depend upon the par t icu lar reactor model and 

values for the sputtering coef f ic ients used 

in the ca lcu la t ions, as well as upon the 

various assumptions in the calculat ional 

model, and are subject to change as under­

standing of the various processes improves. 

However, the general qua l i ta t i ve features 

should be re la t i ve l y independent of the 

reactor model and the data. 

TECHNOLOGICAL FEASIBILITY OF FIRST-WALL 

SURFACE MODIFICATIONS 

On the basis of f a b r i c a b i l i t y , vacuum 

propert ies, and economic impact, fusion reac­

tor f i r s t walls constructed of t rans i t i on 

metal a l loys such as stainless steel are 

favo red . ' ^ ^ ' However, as indicated by the 

previous ca lcu la t ions, sat is factory plasma 

performance can only be attained with very 

low incident pa r t i c l e energies and an e f f i ­

c ient d iver tor and/or supplemental heating. 

The unacceptable plasma performances were 

caused pr imar i ly by the high radiat ive losses 

produced by the high-Z t rans i t ion metal 
impur i t ies . An addit ional factor that w i l l 
fur ther degrade plasma performance w i l l be 
the substantial erosion of the wall by the 

(1-5,54-58) c „ , . „ H 
b l i s te r ing phenomenon.* hor a n t i ­

cipated condi t ions, erosion rates of struc­

tura l materials such as niobium or stainless 

steel bv b l i s te r i ng are greater than those 
(54-58) 

by physical sput ter ing.* ' These erosion 

rates are temperature-dependent and peak at 

the temperature ranges of i n te res t , v i z . , 
. , ^ 1 (57-58) 

400-500''C for stainless s tee l . * 

Although complete agreement on the contr ibu­

t ion of the b l i s te r i ng phenomenon has not 

been reached because of uncertaint ies in i n ­

cident par t ic le energies and par t i c le energy 

d i s t r i b u t i o n , the data obtained by monoener­

getic bombardments may be a reasonable repre­

sentation of the 3.5-HeV contr ibut ion of the 

alpha-part ic le wall current. Effects produced 

by th is component are probably independent of 

the other low-energy e f fec ts . An erosion rate 

greater than 10"' atom/ion may be expected for 

stainless steel af ter a few days operation. 

(56,57) i.j,.|j contr ibut ion substant ia l ly 
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exceeds that produced by He sputtering at 

the low energies ('100 eV) and approaches 

the sputtering yields of D and T at low 

energies. Possible synergist ic effects such 

as sputtering and vaporization of b l i s t e r 

skins have not been investigated and, a l ­

though l i ke l y to be detr imental, cannot be 

assessed at th is time. Therefore, the con­

clusions presented in the previous section 

for the plasma performance with a stainless 

steel wall are probably quite opt imis t ic . 

Several concepts for modifying the f i r s t -

wall surface are qua l i ta t i ve ly assessed in 

th is sect ion: (a) a low-Z material coating 

on a structural substrate; (2) a separated 

monolithic low-Z material l i ne r ; (3) a car­

bon cloth l i ne r ; and (4) a low-sputter mate­

r i a l 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

t ion to the impurity control problem in 
(53) 

EPR.* This concept u t i l i zes the t rans i ­

t ion metal (stainless steel) substrate for 

structural support and the low-Z coating to 

protect the plasma from the high-Z t rans i t ion 

metal atoms. Major considerations in th is 

concept are the f l e x i b i l i t y in f i r s t - w a l l 

design provided by the variety of low-Z 

coating materials that are considered feas i ­

ble and the variety of coating procedures 

avai lable. The coating selection and prepa­

ration can be optimized on the basis of i t s 

surface character is t ics, and the substrate, 

which provides the structural support, can 

be selected pr imari ly on the basis of desira­

ble bulk propert ies. 

Fabrication should not be much more d i f ­

f i c u l t than for the simple metal wall d is ­

cussed above. A substantial technology base 

exists for applying a variety of coatings to 

a number of substrate m a t e r i a l s . ' ^ ' ' Much 

of th is technology has been obtained recently 

under space and f iss ion reactor programs. 

Although plasma spraying, chemical vapor 

deposi t ion, chemical bonding, and sputter ing 

can a l l be used to coat most of the materials 
(59) considered, the plasma spray process 

appears to be the most appropriate for the 

present app l icat ion. Deposition rates neces­

sary to obtain the desired coating thicknesses 

(•vlOO um) can be achieved. The porosity and 

grain size can easi ly be varied in the plasma 

spray process to obtain optimum microstruc­

tures.^ " ' Graded coatings, which can 

also be prepared by the plasma spray process, 

may be desirable for better coating adherence. 

However, addit ional development work and 

modif icat ion of ex is t ing coating technology 

may be required to optimize selected proper­

t ies for the present app l ica t ion . Since the 

coating material is not required to serve as 

a s t ructura l member, a wider var iety of mate­

r i a l s may be feas ib le . Materials requirements 

are minimized, since only th in coatings are 

being considered. As a r e s u l t , materials 

cost and a v a i l a b i l i t y of more exotic mate­

r i a l s are less r es t r i c t i ve for coatings than 

for low-Z monolithic st ructures. 

The poss ib i l i t y of in s1tu coating may 

provide addit ional benefits for fabr icat ion 

and repair of f i r s t - w a l l systems. Remote 

coating preparation by plasma spray, chemical 

vapor deposit ion, chemical bonding, and sput­

ter ing are a l l considered feas ib le , since the 

required environments can be attained in the 

vacuum chambers. However, fur ther development 

work is required to develop an in s i t u coating 

technology. 

The plasma performance calculat ions i nd i ­

cated tha t , on the basis of predicted physical 

sputtering and re f lec t ion coe f f i c ien ts , net 

power could be achieved in the EPR with 

several low-Z l i n e r mater ia ls. However, 

other potent ial sources of wall impuri t ies 

such as b l i s t e r i ng and thermal evaporation 

were not considered in these calculat ions. 

S igni f icant erosion rates from a b l i s te r i ng 

phenomenon can occur under certa in condi­

t ions. In some cases the b l i s t e r i ng y ie lds 
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(54-58) 
exceed those from physical sput ter ing. 

However, the b l i s t e r i ng phenomenon is 

strongly affected by the microstructure of 

the target m a t e r i a l . ' " ' Erosion rates 

produced by helium bombardment are much less 

for sintered mater ia l , both beryl l ium and 

aluminum, than for cast or sheet mater ia l . 

Microstructures s imi lar 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 s ign i f i can t ranges. I t appears 

that erosion by the b l i s te r i ng phenomenon can 

be maintained at acceptable levels by appro­

pr iate choice of coating parameters. 

Depending on the proposed operating tem­

perature and coating mater ia l , thermal vapori­

zation may also contr ibute to impurity e f fec ts . 

Thin coatings on a convectively cooled sub­

strate tend to minimize th is contr ibut ion by 

maintaining the low-Z material at lower tem­

peratures than are attained wi th separated 

l i ne r concepts. Also, more ref ractory- type 

low-Z materials such as B̂ C and beryl l ium 

oxide can be used i f necessary to a l l ev ia te 

th is problem. 

Two types of Impurity effects may be 

Important wi th regard to the select ion of 

the l i ne r mater ia l . One relates to the 

presence of high-Z impuri t ies 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 qua l i ty base material can be 

e f fec t i ve l y used to minimize hlgh-Z concen­

t ra t i ons . Predominant impuri t ies t yp i ca l l y 

picked up during coating preparation are 

oxygen and ni t rogen. Since these elements 

are f a i r l y low-Z, moderate amounts are not 

p roh ib i t i ve . A major source of plasma impuri­

t ies in present day physics machines Is the 

desorption of gaseous impuri t ies from the low 

temperature (room or cryogenic temperature) 

f i r s t wal ls . This problem w i l l be considera­

bly d i f fe ren t for power reactors in which the 

f i r s t - w a l l is operated at elevated tempera­

tures. For example, beryl l ium reacts chemi­

ca l ly with oxygen at elevated temperatures 

to form a very stable compound. At elevated 

temperatures selected coating materials w i l l 

chemically react wi th the impur i t ies , e . g . , 

beryl l ium wi th oxygen, to form stable com­

pounds which w i l l reduce the tendency for 

plasma contamination by gaseous impurity 

desorption. This e f fec t , which Is a major 

source of impuri t ies in low-wall temperature 

devices, may not be of s ign i f i can t importance 

for power reactors. 

Vacuum properties of coated walls should 

not d i f f e r substant ia l ly from those of a 

metal w a l l ; in f ac t , sputter coating of walls 

In present day physics machines is used to 

produce clean w a l l s . ' " ' High helium genera­

t ion rates are typ ica l of low-Z mater ials. 

Since steady-state release rates are reached 

in rather short t imes, th is produces another 

impurity source. This ef fect is not s i g n i f i ­

cant for th in coatings, however, as discussed 

below, i t may be s ign i f i can t for thick low-Z 

l i ne rs . 

The mechanical i n teg r i t y of the low-Z 

coating is an important consideration as i t 

relates to the r e l i a b i l i t y , l i f e t ime l i m i t a ­

t i o n , and f a i l u re mechanisms of the coating. 

An advantage of the coating concept i s that 

the substrate provides the structural sup­

por t . As a resu l t , micro-cracking of the 

coating caused by swel l ing, gas production, 

or d i f f e r e n t i a l thermal expansion may not 

seriously degrade the effectiveness of the 

coating as long as i t adhered to the sub­

s t ra te . By judicious select ion of coating 

material and coating preparat ion, optimum 

properties can be obtained to acconmodate 

these e f fec ts . For proposed coating th ick­

nesses of a few hundred micrometers, l i f e ­

times of three to f i ve years are predicted 

on the basis of sputtering erosion rates in 
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the EPR. However, evidence exists that a 

s ign i f icant f ract ion of sputtered f i r s t - w a l l 

material is redeposlted on the wa l l . 

The fa i l u re mechanism of most concern for 

the coatings is f lak ing or loss of adherency 

over s ign i f i cant areas. Excessive f lak ing or 

spal l ing of the coating is not to lerab le , 

since exposure of more than a few percent of 

a high-Z substrate surface, e . g . , stainless 

s tee l , 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 capabi l i ty . Any loose par­

t icu la te material collected at the bottom of 

the vacuum vessel would l i ke l y revaporize 

during each cycle because of the lack of 

heat removal capabi l i ty . This problem may 

be al lev iated i f the flakes are vaporized 

and subsequently vapor-deposited on the wall 

at the end of a burn cycle. In ei ther case, 

a capabi l i ty for recoatlng appears essent ia l , 

and an in s i tu coating capabi l i ty may have 

important consequences. 

2. Low-Z Separated Monolithic Liner 

With respect to effects on plasma perfor­

mance, a low-Z separated l iner has much in 

cofiFion with the low-Z coating discussed above. 

The major differences relate to the techno­

logical aspects of f ab r i cab i l i t y and mechani­

cal i n t eg r i t y . Therefore only the s ign i f i can t 

advantages and disadvantages of the separated 

l iner in comparison with the coating w i l l be 

discussed. 

Although fabr ica t ion , i n s t a l l a t i o n , and 

repair of separated l iners appears to be more 

d i f f i c u l t than that for coatings, several 

poss ib i l i t i es have been proposed that appear 

technologically feasib le.* ' A major 

difference from the coating relates to the 

much larger quantity of material required, 

which has a s ign i f icant impact on cost and 

materials ava i l ab i l i t y i f the more exotic 

low-Z materials are used. Since a separated 

l i ne r must provide a degree of i t s own struc­

tura l support, the materials select ion is 

probably more l im i t ed , and since most concepts 

operate with rad ia t ive ly cooled separated 

l i ne r s , problems inherent to high temperature 

operation w i l l be encountered. 

In most cases the impurity control capa­

b i l i t y of a separated l i ne r should be simi­

lar to that for a coating of the same mate­

r i a l , since the physical sputter ing and 

re f lec t ion coef f ic ients should be the same 

in both cases. I f chemical sputtering is 

Important, as in the case of carbon or graph­

i t e , the wal l temperature becomes c r i t i c a l . 

A separated l i ne r w i l l probably operate at 

temperatures above the chemical sputtering 

range for carbon, while the operating tem­

perature of a coating is probably near the 

peak of the chemical sputter ing range. I t 

is assumed that monolithic separated struc­

tures of the sintered product type can be 

used to maintain " b l i s t e r i n g " erosion rates 

at acceptable leve ls . However, th is require­

ment may fur ther l i m i t the select ion of 

mater ia ls. 

Impurity contr ibut ions from thermal vapori­

zation w i l l be more c r i t i c a l for the stand-

-o f f l i ne r than for the coating because of 

the Inherently higher operating temperature 

of the rad ia t ive ly cooled l i n e r . Decreases 

in thermal conduct iv i ty of the l i ne r mate­

r i a l as a resul t of thermally induced or 

radiation-induced micro-cracking w i l l lead 

to higher surface temperatures that may 

subsequently cause excessive thermal 

vaporizat ion. Lower thermal conduct iv i t ies 

character is t ic of materials wi th substantial 

porosi ty, which is required to f a c i l i t a t e 

gas release and to minimize b l i s t e r i n g , w i l l 

also af fect the operating temperature 

l im i ta t i ons . 

Addit ional impurity ef fects produced by 

binders, which are commonly used in many 

sintered ceramic l i ne r mater ia ls , must be 

considered. Helium generation in thick 
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low-Z l iners may also produce s ign i f i can t 

ef fects i f complete helium release occurs 

at high temperatures, as expected. For 

example, the helium generation rate in an 

ISSEc' ' could exceed the helium generation 

rate from the fusion react ion. However, th is 

is not expected to be excessive for l i ners 

less than 1 cm th ick . 

The fusion reactor vacuum requirements 

w i l l be qreater for a separated, monolithic 

l i n e r of e i ther the bumper or shingle type, 

since the to ta l surface area in the vacuum 

vessel w i l l be substant ia l ly increased, i . e . , 

probably a fac tor of three or four . The 

pumping problem may be fur ther complicated 

by the geometric considerat ion, v i z . , the 

th in annulus behind the l i ne r which is con­

nected to the toro idal chamber. 

Several problems re la t ing to the r e l i a ­

b i l i t y and mechanical i n teg r i t y appear to be 

more severe for the separated l i ne r than for 

the coating concept. Since the l i ne r must 

provide i t s own s t ructura l support, micro-

cracking and dimensional i n s t a b i l i t i e s 

caused by thermal and neutronic ef fects may 

lead to premature f a i l u r e . Accelerated 

deter iora t ion of the l i n e r caused by higher 

temperatures and more severe thermal cycl ing 

may also occur as a resul t of reduced ther­

mal conduct iv i ty of the l i ne r material dur­

ing operat ion. Erosion of the l i ne r by 

sput ter ing, b l i s t e r i n g , e t c . , should not 

seriously a f fec t the useful l i f e t ime of the 

l i n e r . 

The f a i l u r e mechanisms associated wi th 

the monolithic separated l iners appear to be 

more c r i t i c a l than those of the coating con­

cept wi th respect to the ef fect on reactor 

operation and subsequent repair and mainte­

nance. Fracture of a l i ne r section not only 

could expose the plasma to substantial areas 

of high-Z vacuum w a l l , but the fractured 

remnants could be a source of excessive plas­

ma contamination caused by overheating and 

vapor izat ion. Repair and maintenance of the 

separated l i ne r plates would probably be more 

d i f f i c u l t than in s i t u recoatlng. 

3. Carbon Curtain Liner 

Since the carbon curta in l i ne r has much in 

common with the separated monolithic l i ne r s , 

only those factors that are unique to the cur­

ta in w i l l be discussed. The fabr ica t ion con­

siderations with respect to technological 

f e a s i b i l i t y , materials cost, and materials 

a v a i l a b i l i t y are a l l favorable fo r th is con­

cept. However, methods of attachment of the 

curta in have not been analyzed in d e t a i l . 

Since carbon is pa r t i cu la r l y susceptible to 

chemical sput ter ing, high-temperature opera­

t i o n , with i t s attendant problems, is manda­

to ry . Gross differences in the behavior of 

carbon c lo th a f ter bombardment by helium and 
, (20-25,69) 

hydrogen have been observed. 

Thermal vaporization of graphite may be 

c r i t i c a l for th is concept because of thermal 

conduct iv i ty ef fects related to the geometric 

considerations. Low thermal conductivi ty 

through the cloth related to strand-to-strand 

heat t ransfer coef f ic ients for the large num­

ber of f ibers (of the order of a thousand per 

thread bundle) may create excessive tempera­

tures at the plasma surface, leading to 

vaporizat ion. 

Vacuum properties of the graphite c loth 

w i l l require addit ional pumping capabi l i ty 

re la t i ve to a metal or low-Z coated w a l l . 

I n i t i a l outgassing w i l l be much more d i f f i ­

cu l t than for some of the other concepts, 

because of the addit ional surface area and 

structure of the c lo th . 

Mechanical i n teg r i t y l im i ta t ions and un­

a t t rac t i ve f a i l u r e modes may l i m i t the use­

fulness of th is concept. Although substan­

t i a l var ia t ion in the degradation of graphite 

c lo th from neutron and ion bombardment has 

been reported in the l i t e r a t u r e , severe 

degradation of the c loth has been reported 
(21,25,69) „ .^ 

for several condit ions. i t is 

well known that neutron radiat ion ef fects in 

graphite are strongly dependent on the type 
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of structure. The structure of the graphite 

fi laments is simi lar to structures in which 

radiation-induced swelling and damage is 

large. Light ion i r rad ia t ion can also lead 

to severe degradation of the c loth f i be rs . 

A major concern with the graphite c loth con­

cept is the mode of f a i l u r e . Degradation and 

fraying or breaking of the f i l iments as a 

resul t of neutron and ion bombardment may 

cause accelerated deter iorat ion of the c loth 

and enhanced contamination of the plasma. 

Frayed or broken filaments protruding toward 

the plasma region w i l l have a reduced heat 

transfer capabi l i ty and w i l l probably over­

heat and vaporize, fur ther increasing plasma 

contamination. This potent ial for enhanced 

degradation of the c loth l i ne r resul t ing from 

accelerated damage of frayed or fragmented 

pieces hanging in the plasma region is a 

major concern re la t ing to the v i a b i l i t y of 

th is concept. 

4. Low-Sputter Coating 

As indicated by the l i gh t ion sputtering 

curves in Fig. 2, some mater ia ls , par t icu­

l a r l y tungsten, have much lower sputtering 

coef f ic ients at low incident par t i c le ener­

gies than do the other materials. Tungsten 

also has a re la t i ve ly high threshold energy, 

e . g . , 217 eV for D*,^^°^ for l i gh t ion 

sput ter ing. As a resu l t , the f e a s i b i l i t y of 

a low-sputtering f i r s t - w a l l surface has been 

assessed. Although the l i gh t - i on sputtering 

coef f ic ients are "^ery low at ion energies be­

low 1 keV, the allowable plasma impurity 

levels of these high-Z ions are extremely low. 

Therefore, impurity contr ibutions from other 

sources such as b l i s te r ing and neutron sput­

te r ing , which were negl ig ib le for the low-Z 

surfaces, become more important for th is 

concept. 

Tungsten is considered to be the prime 

candidate for the low-sputtering surface. 

Because of fabr icat ion d i f f i c u l t i e s with 

tungsten, v i z . . welding and machining, the 

most appropriate near-term approach for th is 

concept is a th in tungsten coating on a s ta in ­

less steel substrate. This approach minimizes 

the quanti ty of material required and a l l e v i ­

ates many of the fabr ica t ion and jo in ing d i f ­

f i c u l t i e s . Several coating procedures such 

as plasma spray, chemical vapor deposit ion 

(CVD), and sputter ing have been used fo r 

applying tungsten coatings 
(59) 

As in the 

case of the low-Z coatings, the plasma spray 
(59,60) 

or detonation gun processes' are pre­

ferred in order to obtain appropriate micro-
. . . i., . ^ - (62»63) 

structures to minimize b l i s t e r i n g . ' 

Most of the other technical considerations 

and the f a i l u re mechanisms w i l l be s imi lar 

to those discussed above for the low-2 coat­

ings. Since tungsten has favorable high-

temperature propert ies, thermal vaporization 

should be minimal. The maximum temperature 

l im i ta t ions w i l l probably be established by 

the substrate. A low-sputtering tungsten 

coating appears as technological ly feasible 

as a low-Z coat ing; 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 

y ie ld with an increase In incident ion energy. 

The plasma performance becomes extrwiely 

unfavorable for the tungsten l i ne r i f i n c i ­

dent ion energies exceed a few hundred eV. 
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The Tokamak Engineering Technology Fac i l i t y (TETF) is a neutral beam 

driven D-T machine wi th a major radius (R) of 3 m and a plasma current ( I ^ ) 

of 1.4 HA based on the counterstreaming-ion-torus node of operat ion. I t 

can be used to demonstrate fusion reactor technology required for the 

Experimental Power Reactor and to serve as a radiat ion test f a c i l i t y . 

PLASMA PHYSICS AND REACTOR PERFORMANCE 

The TETF plasma w i l l be fueled and heated 

by 0 and T neutral beams, in jec ted para l le l 

and a n t i p a r a l l e l , respect ive ly , to the 

toro idal magnetic f i e l d . These beams are 

used to stack large densi t ies of oppositely 

t rave l ing D and T ions, which together wi th 

neut ra l i z ing e lec t rons , form a CIT (counter-
3 

streaming-ion torus) plasma. This system 

of counterstreaming ions has a large fusion 

r e a c t i v i t y , even for rather modest i n jec t i on 

energies, because of nearly head-on nuclear 

co l l i s i ons between D and T ions. This mode 

of operation o f fe rs the most powerful means 

of generating a large fusion-ncutrnn f lux in 

a smal l -s ized tokamak wi th modest confine­

ment parameters. 

Ideal CIT operat ion is a t ta inable only 

I f the Inward d i f f us i on of low-energy neu­

t ra l s and ions to the react ing region is 

small compared wi th the rate of energetic 

pa r t i c le in jec t ion by the neutral beams. 

With an increasing population of low-

energy ions, the reactor performarrce is 

degraded; in the l i m i t i n g case, the plasma 

must operate in the TCT (two component 

torus) mode, fueled and heated by D and T 

i n jec t i on . For in jec t ion energies "~ 60 keV, 

the ideal CIT has a Q ( fusion power/ in­

jec t ion power) about s ix times that of the 

TCT. The key to achieving optimal reactor 

[lerformance is adequate pumijiny uf the neu­

t ra l g?s in the scrape-off channel outside 

the discharge, in order to minimize the i n ­

f lux of recycled plas:i:a. 

The present design spec i f ics plasma 

operation in the t rans i t i on regime between 

the ideal CIT and TCT modes. In jec t ion of 

15 IM of 60 keV D° beams and 15 HW of 90 

keV T° beams maintains a plasma of <n > = 

91 



4 X 1 0 " cm"3 and T^ = 4.5 keV wi th energy 

confinement of m^ = 2.6 x 10'^ sec/cm^. 

The Q value is 0.70, or 45% of the ideal 

CIT value. Other important plasma param­

eters are B = 4.0 T, ver t i ca l elongation 

< 1.5 and I = 1.4 MA. The 14 MeV neutron 
P 

production rate during the burn is 7.3 x 10'^ 

sec"^, which leads to a peak neutron current 

of 7.1 X 10'^ n/cm^/s. Plasma performance 

parameters are summarized in Table 1 for 

operation in the CIT mode. 

TABLE 1. TETF Plasma Performance Parameters 

Aspect r a t i o , A = R/a 

Safety fac to r , q(a) 

e (excluding alphas) 

Magnetic f i e l d on ax i s , B 

Plasma current , I 

Energy confinement, "̂ n > jp 

Electron densi ty, <n > 

Electron temperature, <T > 

Q 

Beam Power 

60 keV 0° 
90 keV T° 

Thermal Power 

14 MeV n e u t r o n power f l o w t o w a l l 

14 MeV peak n e u t r o n c u r r e n t 

5 .45 

3.0 

3.6 

4 . 0 T 

1.4 HA 

2 . 6 X 1012 

4 . 0 X 1 0 " 

4 . 5 keV 

0.7 

15 Hi.iJ 
15 MW 

51 MW 

0 . 1 3 0 MW/m= 

7 .1 X 1 0 " 

sec / cm^ 

cm 3 

n/cm^/sec 

Al l fue l ing is carr ied out by the i n ­

jected beams, and the f lux swing of the 

ohmic current transformer allows a burn 

time of '-.' 1 min. with a duty cycle of 

•x- 757.. The nominal burn cycle is given 

in Table ?.. Even lonnin' burn tinics are 

possible when a s ign i f i can t por t ion of the 

plasma current is drivc-n by Lhe slreaming 

ions. 

REACTOR LAYOUT 

Tlie reactor, which weighs 2000 tons, is 

assembled inside the TLTf f a c i l i t y . A cross 

section of the torus is shown in Figure 1 

and p r inc ip le geometrical psraniotcrs are 

given in Table 3. The e l l i p t i c a l / o v a l -

shaped plasma has a minor radius of 0,55 m 

and an elongation ra t i o of <. 1.5, 

Surrounding the plasma is a type 316 

stain less steel f i r s t - w a l l vacuum vessel 

consist ing of twenty-four oval-shaped 

toro idal segments 2.2 m high by 1.7 m wide. 

These twenty-four segments are flanged and 

bolted together to form an i r regu la r torus 

whose major diameter is 6 m. lhe inner 

surface of the vessel is coated with a low-

Z mater ia l . An experimental volume, "^ 0.20 m 

wide by 0.8 m h igh, has been provided wi th in 

the vessel in tlie c .itor wall region, f i r s t 

wall vessel segments have been designed to 

be removed and replaced wi th re la t i ve ease 

to extend the f l e x i b i l i t y of the reactor as 
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TABLE 2. Burn Cycle Sequence 

In jec t gas and form target plasma at 
I •v 500 kA 
P 

Begin i n j e c t i o n , raise Ip to 1400 kA, 
a t ta in equ i l ib r ium plasma 

Burn (continuous in jec t ion ) 

Shut-of f beams and ramp-down plasma 
current 

Exhaust torus to 10"^ t o r r and charge 
OH transformer primary 

0 - 0.5 s 

0.5 - 2 s 

2 - 44 s 

44 - 46 s 

46 - 60 s 

'*»« I,,.,-»...1 

Ilk / / 
• i>'' " I ' l ' ry:. I j j 

FIGURE 1. TETF Cross Section 
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TABLE 3. Geometrical Parameters 

Major radius, R 

Plasma 

radius, a 
elongation 
scrape-off region 
volume 

Vacuum chamber 

nominal dimensions (oval) 
nominal wal1 area 
tes t region on outside 
nominal volume 

Magnet shie ld thickness 

inside 
outside 
top and bottom 

To ro ida l - f i e l d co i l s (12) 

bore (pure-tension "D") 
thickness ( inc luding cryostat) 

Support cyl inder thickness 

Central core radius, r 

a i r core 
including Cu OH co i ls • 

0.55 m 
< 1.5 
0.2 m 
30.7 m̂  

1.5 m X 2.25 m 
131 m2 
% 0.2 m X 0.8 m 
58.5 m̂  

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 

a test f a c i l i t y . A l l surfaces of the vessel 

are water cooled. 

Shield blocks, '^ 1 m th i ck , surround the 

f i r s t wall vessel. The blocks are of a 

slab-type geometry. Ten pieces are used to 

shield two adjacent f i r s t wall segments for 

a to ta l of 120 major blocks for the en t i re 

reactor. Inner and outei- shie ld block 

arrangements are d i f f e ren t . The inner 

blocks located l)etween tfie f i r s t woll and 

the centei- core of the reactor are made 

of al ternate Livers of stainless steel and 

B4C to give high radiat ion attenuation in 

the l imi ted space. The outer shie ld blocks 

are dominantly lead mortar and are water 

cooled using a separate cooling system. Re-

iiiovdl of lhe bhipid hlotks has been s imp l i ­

f ied to dccommod.ite experiments and f i r s t 

wall replacement. The outer shie ld ing 

blocks can be modified to house many types 

of experiments wi th a minimum cost . 

TOROIDAL FIELD COILS 

To ro ida l - f i e l d co i l s surround the reac­

tor f i r s t wall and sh ie ld block assembly. 

Each co i l is approximately 7 m high by 

4.7 m wide and "^ 0.6 m t h i c k , weighing 

'\' 35 tons. The TF co i l s are supported by 

an inner cryogenical ly-cooled cy l i nd r i ca l 

support spindle common to a l l TF co i l s 

and a lower support leg extending down 

and outward *:o the reactor bu i ld ing f l oo r . 

The TF co i l system includes load dump re­

s i s t o r s , torque suppoi't frame, cryogenic 

and power supply systems. Superconducting 

toro idal f i e l d co i l parameters are shown 

in Table 4, 

POLOIDAL FIELD COILS 

The ohmic heating (OH) co i l system con­

s is ts of twelve r ing co i l s and a central 
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TABLE 4. TETF Superconducting Toro ida l -F ie ld Coil Parameters 

Materials 

superconductor 
s t a b i l i z e r 
Insu lator 
support 

Coil dimension 

bore (pure-tension "D") 
thickness ( inc lud ing cryostat ) 

Number of co i l s 

F ie ld r i p p l e , maximum 

Access between c o i l s , maximum 

Operating temperature 

Peak f i e l d 

Superimposed ac f i e l d 

Operational current (10 T) 

Average current density (10 T) 

Ampere-turns 

to ta l 
per co i l 

Stored energy 

to ta l 
per co i l 

NbTi 
Cu 
fiberglass epoxy 
316 stainless steel 

3 . 6 5 m X 6 . 0 m 
0 . 5 5 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/cm^ 

59.5 MA-turns 
4.96 HA-turns 

3100 HJ 
258 MJ 

solenoid. All coils are water-cooled 

copper. The 6 m high central coil, weighing 

'K, 45 tons, is positioned in the center of 

the TF coil inner support spindle. Four 

thin ring coils are located above and four 

coils below the central coil. Two sets 

of larger ring coils circumscribe the 

reactor TF coils from above and below the 

midplane; the largest being 11 m in diameter. 

The outer OH coils are supported and re­

strained in the magnet support/torque frame, 

which is attached to the reactor floor. The 

inner coils are supported through the cen-. 

tral pedestal foundation. 

Twelve equilibrium-field (EF) coils com­

plete the magnet coil system. Eight coils 

are clustered adjacent to the inner OH coil 

sets; four above and four below the reactor, 

while four larger ring coils are distributed 

synmetrically around the outer extremities 

of the TF coils. The largest reactor coil 

is the outer EF coil whose diameter is 13 m 

and whose weight is 58 tons. The LF coils, 

like the OH coils, are of water-cooled 

copper design and arc supported and re­

strained by the same magnet support/torque 

structure. Ancillary systems include the 

power supply, switch gear, power leads and 

water •-oolanl system. Water-cooled copper 

poloidal field coil parameters are shown 

in Table 5. 

VACUUM PUMPING 

A large vacuum system is required to 

limit plasma recycling. Twenty-four 0.75 m 

diameter ports are located symmetrically 

around the first wall between TF coils both 
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TABLE 5. TETF Water-Cooled Copper Polo ida l -F ie ld Coil Parameters 

Equ i l i b r ium- f ie ld Coils 

Conductor 

material 
volume 
current density 

Power d iss ipat ion 

instantaneous 
cycle-averaged 

Inductive stored energy 

Operational current 

Operational voltage 

Ampere-meters 

Volt-sec to plasma 

Fie ld at plasma 

Number of co i ls 

Cu 
20.4 m' 
1500 - 750 

21.5 HW 
15 HW 

68 MJ 

30 kA 

5 kV 

153 X ID'S 

A/cm^ 

7.8 vol t -sec 

0.28 T 

12 

Ohmic-heating Coils 

Conductor 

material 
volume 
current density 

Maximum peak f i e l d 

Power d iss ipat ion 

beginning of cycle 
end of cycle 

Inductive stored energy 

Operational current 

Operational voltage 

Ampere-meters 

Volt-sec to plasma 

startup 
burn 

Number of coi ls 

Cu 
6.3 m3 
2534 A/cm2 

6.37 T 

64 HW 
77 MW 

116 MJ 

30 kA 

5 kV 

321 X ID*-

4.2 v o l t -
5.0 v o l t -

sec 
sec 

12 plus solenoid 

above and below the reactor center l ine . 

Each of the ports extends outward in to an 

annular shie ld plug volume containing a 

quick-closing valve in i t s oui-er ext remi ty . 

Trapped gases w i l l flow through the 

annulus provided around the centered shie ld 

plug and out in to a removable Y-shaped ex­

tension duct to two 25,000 l i t e r / s e c or 

larger cryosorpt ion pumps. The pumps are 

operated one at a time al lowing for on­

l i ne regeneration of the o f f - cyc le un i t . 

I so la t ion valves are provided to allow for 

th is regeneration purpose. In addit ion to 

the cryosorpt ion pumps, a series of blowers 

and d i f fus ion pumps are supplied for i n i ­

t i a t i n g the pumpdown in the f i r s t - w a l l 
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torus from atmospheric condi t ions. The de­

sign provides a method to accumulate fuel 

from a l l components including any leakage 

of fuel from the vacuum system during any 

of the operational procedures, Mainte­

nance and repair of a l l vacuum components 

is accomplished through i s o l a t i o n , removal 

and replacement using special remote-

operated flange connections, valves and 

l i f t i n g do l l i e s . 

A l l major vacuum equipment w i l l be l o ­

cated wi th in the reactor containment s h e l l , 

wi th the exception of the helium com­

pressors. This is a safety measure to 

minimize hazards. 

NEUTRAL BEAMS 

Eight neutral beam in j ec to r u n i t s , each 

containing two ion sources, r ing the 

reactor. The beams are aimed tangent ia l l y 

in to the plasma in a symmetrical pattern of 

clockwise and counterclockwise d i r e c t i o n . 

Each beam enters on the center l ine of the 

vacuum vessel at an angle of "" 45 to the 

l ine of tangency through an 0.55 m wide by 

0.8 m high rectangular opening, grazing 

the inside plasma toro ida l cen ter l ine . 

The in jec to r duct is shielded as i t leaves 

the reactor. Each in jec to r is attached 

to the reactor v.'ith an Iso la t ion valve. 

Each beam l i ne consists of a source, 

accelerator, separator, neut ra l izer and 

anc i l l a ry vacuum and energy recovery 

eguipment. Two l ines are stacked in each 

in jec to r and they aim into the torus from r, 

above and 6° below the median plane. The 

beam length to the reactor f i r s t wal l i s 

•v. 7 m. Table 6 shows neutral beam i n ­

jec t i on system parameters. 

POWER SUPPLIES 

Major power supply equipment is located 

in the adjacent bu i l d ing . However, hookup 

is made with special lead l ines and step-up 

transformer units placed at the base of 

the in jec tor un i ts . A neutral-beam test 

f a c i l i t y is located on the reactor f l oo r 

w i th in the reactor containment s l i e l l . This 

area, enclosed by rad ia t ion sh ie ld ing , 

contains remote maintenance and hookup 

equipment and a permanent power supply. 

The power supplies fo r the OH co i l s and 

EF coi ls are based on normal conducting 

copper windings wi th an opt ional super­

conducting design. An important feature 

is that the level of powers for both co i l s 

are w i th in the range of operation for 

pulsing d i rec t l y o f f the power l i n e . 

The OH co i l provides 4.2 V-s to heat 

the plasma and 5.0 V-s to maintain plasma 

current during the burn phase, and is 

charged to 30,000 A in one d i rec t ion pr io r 

to heating and discharged to zero in two 

seconds for heating. After crossing zero 

f i e l d , the co i l current is increased slowly 

to maintain the plasma current. A f u l l 

5.0 V-s requirement during burn requires 

a co i l current of 35,700 A. Resist ive 

power loss in the co i l reaches 53.9 MW at 

30,000 A. 'The co i l time constant is 3.35 s. 

The power supply envisioned to meet these 

requirements is a phase-control led, poly­

phase SCR r e c t i f i e r driven d i r e c ' l y o f f 

the power l i n e . The main consti tuents of 

the power supply are the polyphase trans­

former, the SCR r e c t i f i e r banks, the SCR 

reversing switches and an optional f i l t e r . 

The EF co i l is designed to operate at 

30,000 A and store 68 HJ of energy. The 

peak res is t i ve power loss in the co i l is 

21.6 M\'), but because the magnet must 

be able to reach 30,000 A in 2 s, the 

poss ib i l i t y ex is ts for drawing as much as 

79.3 MW from the l i n e . However, the time 

for which EF co i l power is increasing 

roughly corresponds to the time that the 
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TABLE 6. TETF Neutral Beam Injection System 

Neutral beam power (MW) 

Neutral beam energy (keV) 

Number of injectors 

Number of ion sources per 
injector 

Ion beam current per source (A) 

Beam composition (X /X2/X3) 

Plasma emission current density 
(A/cm2) 

Type of grid 

Tr i t ium to torus (gm/hr) 

Gas e f f i c iency 

Pulse length 

Overall neutral in jec to r 
e f f i c iency 

15 

60 

4 

2 

69 

0.75/0.18/0 

0.300 

.07 

mul t i -aper ture 

-
0.45 

dc 

0.56 - 0. 59 

15 

90 

4 

2 

46 

0.75/0.18/0.07 

0.245 

mul t i -aper ture 

-v 15 

0.45 

dc 

0.56 - 0.59 

OH co i l is feeding energy back in to the 

l i n e . The system is designed to take 

advantage of the energy balance to reduce 

the peak power demand during th is 2 s 

period. 

After the EF co i l reaches f u l l current , 

the co i l voltage can be reduced to j u s t 

sat is fy res is t i ve power requirements. 

Again, the power supply would be a phase-

cont ro l led, SCR r e c t i f i e r type without the 

reversing c i r c u i t s . The peak charging 

voltage required by the LF co i l power 

supply is 2550 vo l t s . 

The TF co i l power supply represents 

no major design d i f f i c u l t y . I ts size is 

en t i re ly dependent on how rapid ly the 

co i l is to be charged. A 70 KW supply 

w i l l charge the co i l in twenty-four hours 

and the 4?5 KW supply w i l l charge the 

co i l in four hours. 

The neutral-beam power supply must pro­

vide approximately 22.5 MW at GO kV for 

the D beams and 22.5 MW at 90 kV for the 

T beams. The power is taken o f f the 

e l e c t r i c a l g r i d . Polyphase SCR r e c t i f i e r s 

are the most l i k e l y choice fo r developing 

these voltages. Spark protect ion probably 

can be provided by vacuum switch tubes for 

these voltage ranges, A high frequency 

polyphase SCR r e c t i f i e r w i th a saturated 

time delay transformer (STDT) could be 

considered as an a l te rna t i ve to the above 

system-

Character is t ics of these power supplies 

are surmiarized in Table 7. 

TRITIUM HANOI IfJG 

Essent ia l ly a l l of the t r i t i u m entering 

the torus during operation of the TETF is 

del ivered by the T° neutral i n jec to rs . 

Maintaining a feed rate to the torus of 

'V 15 gram/hour r'equires that '\' 120 

gram/hour be supplied to the T neutral 

i n j ec t i on system. Coupling these feed 

rates wi th other considerations related 

to i n jec to r pump turn-around t imes, 

processor hold-ups and reserve storage 

requirements has led to an estimated 

t r i t i t m i inventory for the TETF of 'v- 650 



TABLE 7. TETF Power Supply Parameters 

Power pulsed d i r e c t l y o f f - l i n e 

power 
voltage 

OH co i l system (copper co i ls ) 

type 

peak voltage 

EF co i l system (copper co i ls ) 

type 

peak voltage 

TF coil system 

Neutral beam injection system accelerators 

type 

D i n j ec t i on (60 kV) 
T In jec t i on (90 kV) 

100 m 
132 kV 

polyphase SCR 
r e c t i f i e r 

2150 v o l t 

polyphase SCR 
r e c t i f i e r 

2650 v o l t 

70 kW 

polyphase SCR 
r e c t i f i e r 

22.6 MJ 
22.5 HW 

grams. TETF fuel recycle and processing 

is based on four T " neutral i n j e c t o r s , each 

equipped wi th two interchangeable gas 

pumping systems that are turned over for 

regeneration on an hourly basis. The 

t r i t i u m inventory w i th in each in jec to r is 

cleaned up twice a day by one of three 

para l le l exhaust processing systems. 

Pumping and processing for the four D 

neutral in jec tors is carr ied out in 

essent ia l ly the same manner as described 

above fo r the T " i n j ec t i on systems. The 

plasma exhaust i s processed by a separate 

system and is turned around once a day. 

Each of the three processing systems ( fo r 

the T° i n j e c t o r s , D" in jec to rs and the 

plasma exhaust) contains: a p u r i f i c a t i o n 

t r a i n to remove non-hydrogeneous impur i t ies 

and a cryogenic d i s t i l l a t i o n cascade to 

carry out the required hydrogen isotope 

separations. Character is t ics of the 

t r i t i u m systems are summarized in Table 8. 

The TETF f i r s t wall consists of a type 

316 sta in less steel vacuum vessel made up 

of twenty-four oval cross sect ion toro ida l 

segments, 2.2 m high and 1.7 m wide. The 

twenty-four segments are flanged together 

to form an i r regu la r torus wi th a major 

diameter of 6 m. The wal ls of the chamber 

are formed from two pa ra l l e l layers of 

integrated cooling panel (overa l l thickness 

<. 2 cm/panel) that are welded to the ra t i ng 

end flanges of each segment and cross braced 

wi th la te ra l spars for addi t ional support. 

The surface of the inner cooling panel 

facing the plasma is coated wi th a low-Z 

material to minimize degradation of plasma 

performance by sputtered high-Z mater ia ls . 

Both of the f i r s t - w a l l panel layers are 

cooled wi th water and the maximum tempera­

ture reached at any point i n the vacuum 

vessel is < 400"c. Even in the regions 

of highest f l ux the strength propert ies 

of the 316 sta in less steel s t ruc ture w i l l 

be sa t is fac tory for a period in excess 

of f i ve years. 

The TETF shie ld consists of a scr ies 

of slab-type blocks surrounding the vacuum 

vessel. The inner shie ld blocks (between 
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TABLE 8. TETF Tr i t ium System Character ist ics 

In jec t ion system requirements 

T° i n jec t i on rate to plasma 
T° input rate to in jec tors 
Tr i t ium inventory per in jec to r 

Inventory d ispos i t ion 

In jec tor systems (4) 
Processors for i n jec to r recycle (3) 
Plasma exhaust and processing system (2) 
Contingency reserve storage (1) 

Total 

Tritium consumption rate 

Tritium accumulation in first wall H^O coolant 
after 1 year of operation 

15 1 
120 
15 ! 

120 
45 
350 
120 

650 

880 

103 

gm/hr 
gm/hr 
jm 

gm 
gm 
gm 
gm 

gm 

gm/yr 

- IO"* Ci 

the vacuum vessel and interior straight 

section of the D-shaped TF coil) are com­

posed of stratified layers of stainless 

steel and Bî C in a configuration designed 

to maximize the radiation attenuation 

in an 0.9 m thick zone. The upper, 

lower and outer shield blocks are 

composed of a 1.05 m thick zone of stain­

less steel, lead mortar and a limited 

amount of B4C. 

Characteristics of the first wall and 

magnet shield are summarized in Table 9. 

The nuclear performance is summarized in 

Table 10. 

TABLE 9. TETF First wall and Magnet Shield Parameters 

Material 
Thickness 
Construction 

Coolant 

temperature ( i n l e t / e x i t ) 
pressure 

Maximum temperature in SS 
Maximum AT through coolant panel 
Maximum AT during bum cycle 
Maximum thermal s t ra in var ia t ion 

f u l l y restrained 
restra ined against bending 

Magnet Shield 

Material 
Thickness 

inside 
outside 
top and bottom 

Coolant 
Maximum s t ruc tura l temperature 

low-Z coated 316 5S 
4 cm 
2 layers of integrated 

coolant panel 

38°C/< 100°C 
< 2000 psi 

290*̂ 0 
150°C 
140°C 

0.35^ 
0.16% 

SS/B^C/Pb-mortar 

0.9 m 
1.05 m 
1.05 m 

H2O 
< 200' 0-
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TABLE 10. Summary of the Nuclear Performance of the TETF First 
Wall and Shield 

Average neutron wall loading 0.2 MW/m 

Assumed duty factor 

First Wall 

50% 

l O " n/cmVs Average fusion neutron current to wall 8 

Maximum neutron fluence (0-15 MeV) 2.25 x 10- ' n/cmVyr 

Maximum gamma-ray fluence (0-15 MeV) 4.94 x 10^" photon/cmVyr 

Surface heating (plasma and beam ions, ^ 
neutrons and rad ia t ion) 25 W/cm-

Maximum nuclear heating 2.1 W/cm3 

Atomic displacement 1.1 dpa/yr 

Helium production 

Hydrogen production 

Specific radioactivity (curies/cm' 
after 5 years of operation) 

21 appm/yr 

52 appm/yr 

20 

Maximum Values in TF Coil 

Neutron fluence 2-1 >' 1" '^ n/cm^/yr 

Gamma-ray fluence 2.9 X 10'^ photon/cm'/yr 

Radiation-induced r e s i s t i v i t y in Cu , , , „ , 

s t a b i l i z e r (1 HW-yr/m') 6.6 x ID-!" n-cm 

Dose to mylar (1 MW-yr/m^) 1-0 x 10" rad 

Nuclear energy deposit ion per co i l H ™ t t 
Total nuclear energy deposit ion (12 co i l s ) 132 watt 
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REVIEW OF THE ANL PROGRAM ON LIQUID LITHIUM 
PROCESSING AND TRITIUM CONTROL TECHNOLOGY* 

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

ARGONNE NATIONAL LABORATORY 

Bench-scale experiments are currently In progress at ANL to remove 

tritium and other nonmetallic elements (H, D, C, N, and 0) from molten 

salts. Results are reported for sparging experiments in which 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 sparge gas. These 

results give firm evidence that a molten salt 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 will be used to study the molten salt extrac­

tion concept on a larger scale. In a second project at ANL, experiments 

to measure hydrogen permeation through selected materials are continuing 

1n an effort to develop barriers to tritium migration. Results are pre­

sented for experiments performed on metallurgically bonded aluminum 

bronze/304-SS multiplexes and on Haynes alloy 188 in the temperature 

range 200 to 700°C and with hydrogen (protium) driving pressures of 

from 0.3 to 200 Torr. A high resistance 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 technology 

As demonstration of ustained D-T fusion to contain and control tritium in fusion re-

approaclies, it is becoming increasingly more actor systems. From an economic viewpoint, 

imperative to develop the support technology it is essential to minimize costly tritium 

required to transform proof-of-theory plasma Inventories. This will require efficient 

experiments into practical power generating recovery of tritium from the fusion reactor 

devices. An important aspect of this trans- 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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D-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 

progress at Argonne National Laboratory to 

evaluate and develop selected aspects of the 

required tritium technology. The projects 

currently being pursued are (1) permeation 

experiments to develop barriers to tritium 

migration through reactor structures and (2) 

developmental work on reactor blanket puri­

fication systems which can maintain 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. 

LIOUIDLITHIUH 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 proven to be a formidable 

task since lithium has great tenacity for 

hydrogen isotopes'^' and since it will prob­

ably be necessary to maintain tritium levels 
(2 3) 

in the lithium blanket at ^1 ppm.* • A 

method under development at ANL which shows 

promise in achieving the required low tri­

tium level is the molten salt extraction 

process.''''^' Besides being well suited for 

tritium control, this process has the addi­

tional advantage of simultaneously removing 

other nonmetallic impurities (e.g., H, D, C, 

N, and 0) from the lithium blanket, thus min­

imizing the corrosive effects of lithium. 

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.^ ' 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 evaluate 

gas sparging and electrochemical techniques 

as possible methods for removing deuterium 

and protium (used as substitutes for tritium) 

from molten salts.'^' 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

tacting operation 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) 
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Ll + HCl •<• LiCl + 1/2 H^. (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 experimental procedure are 

given elsewhere.'^'^' 

Initial experiments examined recovery 

of deuterium from LiCl-KCl eutectic as a 

function of such parameters as (1) the con­

centration of LID, (2) the concentration of 

Li, (3) the amount of HCl, and (4) the salt 

temperature. Results which typify this 

series of experiments are given in Fig. 1, 

where the concentration of HD above the salt 

(as 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 HD is generated as HCl is added to 

the system. Once the reactions have reached 

completion, the gas stream Is directed 

through a hot titanium bed which getters out 

the hydrogen Isotopes as shown in Fig. 1 by 

the return of the HD signal to its original 

base'line. The spontaneous generation of 

HD is unexpected and was at first attributed 

to residual acidity or impurities in the 

system.^ However, when excess metallic 

lithium, which should tie up impurities and 

chloride, is added to the salt, as in Fig. 

1, the spontaneous generation of HD persists. 

In fact, no amount of Li or LiD appears to 

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 

1s recovered as HD. For the experiment in 

Fig. 1, only 38X 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 of H^ was significantly improved 

MOLTEN SALT-LiCI/KCI EUTECTIC 
SALT TEMPERATURE-bOQ-C 
QUANTITY OF SALT-l,000g (ISmoles) 

125 Torr-i HCl (6.8 m mole) 

175 mg I iD(l9m molel , 

+ 33mg Li(4.7m mole)j\ 

INSERT TITANIUM BED 
(550 "O 

0 I 2 3 ' 4 6 8 10 
RELATIVE TIME,hours 

f^<'^f^^ 1. Results of a Typical Gas Sparging Experiment to Recover 
Deuterium from a Solut ion of LiD in LiCl-KCl Eutect ic 
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(compared to the HD recoveries) being in the 

range of 70 to lOOX; 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 Hj,. This suggests 

that Dj was formed in the LiD experiments 

and that the observed HD concentration was 

controlled by the amount of Hj, available 

for the exchange reaction 

Dj + Hj J 2HD. (3) 

The reason f o r the spontaneous generation 

of 0- and H2 is bel ieved to be associated 

wi th the molten s a l t which was selected. 

I t has^previously been recognized that me­

t a l l i c l i t h i u m can reduce the potassium 
tl 81 

cat ion in L1C1-KC1.* ' ' I t also appears 

that l i t h i um hydride can reduce potassium 

cations by the react ion 

LiH + KCl J LiCl + K + 1/2 H^. (4) 

The potassium generated by the above reac­

t ion vaporizes; thus, the s a l t i s a sink 

fo r l i t h i u m and any hydride in the sa l t 

w i l l decompose. The impl icat ions of the 

above react ion do not favor the use of 

LiCl-KCl eutec t ic i n any large-scale ex­

t rac t i on process since s i g n i f i c a n t amounts 

of potassium metal would d issolve in the 

l i q u i d l i t h i um stream return ing to the 

reactor blanket. 

Experiments were, there fo re , i n i t i a t e d 

on a molten sa l t which contains no potassium. 

An a 1 l - l i t h i u m hal ide s o l i d so lu t ion (9.5 

w/o LIE, 22.1 w/o L1C1, and 68.4 w/o L1Br) 

was prepared and experiments to recover LiH 

MOLTEN SALT - Li F /L iC l / -L i Br 
SALT TEMPERATURE-500°C 
QUANTITY OF SALT - 9 0 0 g 

l l5moles) 

2 0 0 Torr- .< HCl (10.9m moles) 

I5.5mg Li H (1.95m moles) 

59.9mg Li (8 .6m moles) 

TITANIUM BED INSERTED 
(550° C) 

I 

RELATIVE TIME, hours 

FIGURE 2. Results of a Typical Gas Sparging Experiment to Recover 
Protium from a Solut ion of LiH in LiCl-KCl Eutect ic 
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from th i s sa l t were performed. Results fo r 

one such experiment are given in F ig . 2. 

Note that spontaneous generation of H^ did 

not occur when LiH was added to th i s s a l t . 

The hydride remained in the sa l t u n t i l i t 

was sparged wi th HCl. Recovery e f f i c ienc ies 

fo r ext ract ion of LiH from the a l l - l i t h i u m 

cat ion sa l t were t yp i ca l l y in the range 70 

to 100% for hydride concentrations of 5 to 

2 wppm. For F ig. 2 , the recovery was 84% of 

the 2 wppm hydride concentration in the sa l t . 

Also note that the protium came out of t h i s 

sa l t an order of magnitude faster than when 

using LiCl-KCl. This very rapid ext ract ion 

Is consistent w i th 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 vaporizat ion 
(8) 

of potassium a f te r i t s reduct ion.* The 

secondary r i se upon addi t ion of HCl in the 

L1C1-KC1 experiments is contro l led by the 

rate of Isotopic exchange of the hydrogen 

isotopes [eq. ( 3 ) ] . 

Using the a l l - l i t h i u m s a l t , ex t rac t ion 

of LID was also examined. In these exper i ­

ments, the three mass peaks of i n te res t (H^, 

HD, and Dj) were cont inual ly scanned by the 

mass spectrometer. Results for one such ex­

periment are given in F ig. 3. In the exper­

iment shown, 100 T o r r - i of Do added to the 

cover gas was reacted wi th l i t h ium added to 

the sa l t (not shown in Fig. 3). The f i r s t 

l i th ium addit ions did not lower the 0 , cover 

gas concentration presumably due to the 

l i th ium react ing wi th HCl or impur i t ies in 

the s a l t . Further addit ions of l i t h i u m re­

duced the Dp concentrations to background 

leve ls . (An experiment such as th is was un­

successful when LiCl-KCl eutect ic was used 

as the molten sa l t medium.) At t ime, t = 15 

minutes in F ig. 3, the LiD previously formed* 

was sparged out of the sa l t w i th 400 To r r - t 

FIGURE 3. Recovery of 0.1 g LiD from 900 g 
L IF-L iCl -L iBr at 500°C. At t ime, t = 15 
min, 400 To r r - t of HCl was added to the 
sparge stream, and at t = 50 min, the gas 
stream was d i rected through a hot t i tanium 
bed. 

of HCl. As i s seen, H^, HD, and Dj are a l l 

generated from the sparging react ions. The 

re l a t i ve heights of the three molecular iso­

topes confirm that they are equi l ib ra ted 

via eq. (3 ) . The amount of deuterium ex­

t racted e i ther as HD or 0 , is 96% of the 

o r i g ina l amount added to the s a l t . This 

represents, w i t h in experimental e r ro r , total 

recovery of the deuterium. 

The ex t rac t ion of LiH and LiD from a 

molten s a l t (L iF -L iC l -L iBr ) by sparging has 

been successful ly demonstrated as described 

above. Removal appears to be complete wi th­

out adding excess HCl. The complication of 

having the sa l t saturated w i th meta l l i c 

l i t h i um does not In te r fe re w i th the recovery 

process beyond requ i r ing addi t ional amounts 

of HCl to react out the metal . In shor t , 

gas sparging has proven to be a viable tech­

nique for removing hydrogen isotopes from 

molten sa l ts at the <5 wppm l e v e l . With 

fu r ther opt imizat ion and refinement of the 

106 



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 methodology 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 

mass spectrometer. A hollow porous electrode 

is used both as the gas bubbler and the anode 

of the cell so that the 0^ generated by elec­

trolysis is swept out of the salt by the cir­

culating argon before the lithium which sat­

urates the salt can back react with the Do. 

The cathode is a stainless steel rod. Exper­

iments are performed by applying a constant 

voltage across the cell and then adding 5 to 

10 mg of LiD to LiF-LiCl-LiBr molten salt 

('i.gOO g). Present plans are to test three 

different types of porous electrodes: (1) 

a porous graphite electrode, (2) a porous 
(9) 

graphite electrode with a ceramic coating, 

and (3) a porous metal electrode made of 

sintered 316L stainless steel. To date, both 

types of graphite electrode have been exam­

ined. Typical results for the uncoated and 

coated electrodes are given in Figs. 4 and 

5, respectively. 

MOLTEN SALT-LiF/LiCI/LiBr 

SALT TEMPERATURE-500° C 

QUANTITY OF SALT-900g 

ELECTRODE V0LTAGE-0.9V 

I 2 
RELATIVE TIME, hours 

_J 
3 

FIGURE 4. Results of a Typical Electrochemical Experiment to Evolve 
Deuterium using a Graphite Electrode 
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When the uncoated graphite electrode is 

used and the applied potent ia l is at or be­

low 0.8 v o l t s , no s i gn i f i can t change in 

ei ther the current through the sa l t or the 

0 , concentration in the argon stream is 

detected when LiD crysta ls are dropped in to 

the molten s a l t . However, when LiD is added 

wi th 0.9 vol ts or more across the e lectrodes, 

both^the current and D^ concentration i n ­

crease, as shown in Fig. 4. Note that the 

shape of both curves are consistent w i th 

what is expected for the electrochemical 

evolution process. The current increases 

sharply when the LiD is added and then de­

creases as the deuteride ion is depleted 

from the sa l t . The 0^ gas concentration 

grows in more slowly and levels o f f as the 

e lec t ro lys is progresses. Recovery e f f i c i e n ­

cies (as D̂  and HD) are t y p i c a l l y 25 to 50% 

for these experiments. No buildup of LiD 

is occurring in the s a l t , which implies that 

the deuterium is coming out i n some other 

molecular form. This supposition is sup­

ported by the observance of a decrease in 

the recovery e f f i c iency as the electrode 

potent ia l increases. Two possible mechanisms 

for the loss of D^ are (1) decomposition of 

the sa l t allowing the D, to react to form 

DBr, and (2) in te rac t ion of D̂  wi th the 

graphite electrode to produce hydrocarbons 

( e . g . , CD̂  or C^D^). 

When using a ceramic-coated graphite 

electrode, D̂  is generated only above 2.5 

vo l t s , but the D̂  recovery e f f i c iency is 

great ly improved. For the par t i cu la r exper­

iment shown in F ig. 5, 935̂  of the deuterium 

was recovered as D^. This high recovery 

e f f ic iency is typ ica l of ext ract ion exper i ­

ments carr ied out down to 1 wppm deuterium. 

In comparing the experimental resu l ts fo r 

the two electrodes, an obvious feature is 

The coated electrode generates 0^ much fas ter 

MOLTEN SALT-LiF/LiCI/LiBr 
SALT TEMPERATURE-500*C 
QUANTITY OF SALT - SOOg 
ELECTRODE VOLTAGE-2.5 V 

20 40 60 

RELATIVE TIME, min 

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

than the uncoated, possibly because the 

ceramic layer Inhibits back reaction of the 

Do with Li in the salt. However, the ceramic 

most likely stabilizes a polarization layer 

around the electrode which accounts for the 

much higher potential required to liberate 

the D^ compared to the uncoated electrode. 

It is apparent from the electrochemical 

experiments which have been completed to 

date that back reaction of 0^ with the lith­

ium which saturates 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 
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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 isotopes from 

molten salt extractants. 

Lithium Processing Test Loop 

With the successful demonstration of 

bench-scale experiments for (1) the extrac­

tion of tritium from lithium to molten salts 

and (2) the recovery of hydrogen isotopes 

from selected molten salts, plans to build 

a facility which Integrates these experi­

ments into an extraction processing system 

have begun. A multipurpose 50-gallon forced 

circulating lithium processing test loop 

(LPTL) has been designed which will (1) test 

the effectiveness of semi-continuous molten 

salt extraction using one vessel that acts 

as a pseudo mixer-settler; (2) evaluate the 

efficiency of an elevated temperature getter 

trap (probably containing zirconium) and a 

thermally regenerative cold trap (in series 

with the getter trap) for removing nonmetal­

llc 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 getterlng materials, 

and heat-exchanger mock-ups. A simplified 

schematic drawing of the processing loop Is 

shown in Fig. 6. The facility is being fab­

ricated from 304L stainless ste-.l and will 

operate at or below SSCC. Construction of 

the loop components Is under way and opera­

tion is expected to begin in the Fall of 

1977. 

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-

u,- .• (10,11) 

scribed in previous publications. 

A major finding of the studies carried out 

to date has been that aluminum bronze (10 w/o 

Al, 4 w/o Fe, Bal. Cu), a conmercially 

available high-strength corrosion-resistant 

copper alloy, develops appreciable resis­

tance to hydrogen permeation on standing in 

relatively clean environments at elevated 

temperature.'^°' Because of the substantial 

technology base that exists with respect to 

the preparation of mechanically and metal­

lurgically bonded copper/stainless steel 

composites, current efforts are focusing on 

the use of aluminum bronze as a permeation 

inhibitor in stainless steel systems. 
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Development of Bronze Permeation Barr iers 

Recent experiments have been di rected t o ­

wards examination of the permeation charac­

t e r i s t i c s of meta l lu rg ica l l y bonded aluminum 

bron2e/304-SS mul t ip lexes. Two such metal­

lurg ica l mul t ip lexes, a 304-SS/aluminum 

bronze sample and a 304-SS/aluminum bronze/ 

304-SS sample, prepared by the ANL Mater ials 

Science D iv is ion , were subjected to hydrogen 

permeation using the a l l -meta l high-vacuum 

system descr'ibed in reference 11. The hy­

drogen permeabil i ty of both samples was 

found to drop from a value near that expected 

for a comparably th ick piece of pure s ta i n ­

less steel to a value some 30 tim,es lower 

over a period of a few weeks. Examination 

of the 304-SS/aluminum bronze/304-SS m u l t i ­

plex a f ter permeation experiments showed 

that the sample had delaminated at both i n ­

terfaces and tha t , i n spi te of the completely 

weld-enclosed nature of the in ter face regions 

(see reference 10 or 11 fo r sample conf igura­

t i o n ) , both surfaces of the bronze inner 

layer were visably oxidized. A s im i la r de-

lamination of the 304-SS/aluminum bronze du­

plex is suspected to have occurred; however, 

at the time of w r i t i ng the sample had not 

been dismantled for examination. 

Results fo r the 304-SS/aluminum bronze 

duplex are shown in F ig . 7. In the study 

of th is duplex, the sample was i n i t i a l l y 

oriented wi th the bronze layer facing the 

downstream side of the permeation apparatus 

(an extremely clean environment in our sys­

tem), but a f ter nearly two months of study, 

the sample v/as re-ersed so that the brnnze 

layer faced the upstream side. L i t t l e change 

in penneation rate was observed fo r the re­

versed sample when resul ts wer^ compared to 

the lowest curve in Fig. 7. 

The observed reduction in hydrogen perme­

at ion rate for the aluminum bronze m u l t i ­

plexes over the course of the permeation 

TEMPERATURE, C 

_700 600 500 400 300 
in-" n, . , , • 

FIGURE 7. Hydrogen Permeation Data for the 
304-SS/Aluminum Bronze Duplex 

measurements was assumed to be associated 

with the delamination and subsequent sur­

face oxidation of the bronze. The cause 

of the delamination was attributed to (1) 

Inadequate surface cleaning prior to the 

bonding step and/or (2) reduction 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 layers -- probably aluminum oxide 

or a ternary 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 

110 



to 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 weeks. This drop 

In thermal conductivity has been 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 

surfaces of vanadium structures) that are 

air-stable af elevated temperatures (600 to 

1000°C). The Haynes series of alloys offer 

one potentially useful class of materials 

for this application because their upper 

operating temperature limit in -ir is in 

excess of 1000°C. Assuming that the hydro­

gen permeability of vanadium in a Haynes 

alloy/vanadium/liquid lithium configuration 

would remain relatively high* ovel-

TEMPERATURE , °C 

800 TOO 600 500 400 300 ?00^ 
FT—I \ 1 T 

HAYNES 188 

HAYNES as (WEBB) 

FIGURE 8. Hydrogen Permeation Data for 
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 hydrogen permea­

tion study carried out in our laboratory 

(during the first quarter of calendar 197G) 

for Haynes 188 (38 w/o Co, 22 w/o Cr, 22 w/o 

Ni, 14.5 w/o W, 3 w/o Fe, 0.15 w/o C, 0.15 w/o 

La). The results were obtained for upstream 

hydrogen pressures in the range from 0.3 to 

180 Torr and temperatures in the range from 

200 to 720''C. Over this entire range of 

temperatures and pressures, the rate of per­

meation was found to be proportional to the 

half-power of the hydrogen driving pressure 

(0.5 ± 0.05) as shown in Fig. 9. The per­

meation curve for Haynes 25 as reported by 
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UPSTREAM HYDROGEN PRESSURE,Torr 

FIGURE 9. Pressure Dependence of Hydrogen Permeation 
Rate for Haynes-188 

(12) 

Webb 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,O40/RT), 

cc(STP).mm/cm •hr-atm̂ ''̂  

* (Haynes 25) = 327 exp(-15,100/RT). 

cc(STP)-mm/cm^-hr-atm^''^ 

Depending on the actual permeability of 

vanadium in the clad configuration discussed 

above, the rate of hydrogen permeation through 

a Haynes 188 or 25 clad could approach that 

which would obtain if the vanadium were not 

even present. At temperatures above SOO^C, 

the need for additional permeation barriers 

in Haynes clad vanadium structures appears 

to be essential. However, it is important 

to note that the effects of air oxidation 

on the exterior surfaces of the Haynes alloys 

might lead to increased permeation resistance 

if, for example, stable oxide layers can be 

made to persist. 
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TRITIUM PROCESSING AND CONTAINMENT TECHNOLOGY 
FOR FUSION REACTORS: PERSPECTIVE AND STATUS* 

Victor A. Maroni 

ARGONNE NATIONAL LABORATORY 

This paper reviews the status of selected tritium processing and contain­

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

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

recycle systems, the containment and cleanup systems, the blanket processing 

systems, and two unique problems relating to tritium interactions in neutral 

beam injectors and first wall coolant circuits. The major technical prob­

lem areas appear to lie in the development of (1) high-capacity, rapid recycle 

plasma chamber evacuation systems; (2) large-capacity (ilOO,000 cfm) air 

handling and processing systems for atmospheric detritiation; (3) tritium 

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

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

handling and containment that guarantees near zero release to the environment 

at a bearable cost. 

INTRODUCTION 

The tritium handling and containment re­

quirements of both near-term and longer-

range fusion devices have been under study 

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 terms of (1) defin­

ing the criteria for fusion reactor tritium 

facility operations and (2) identifying 

tractible design solutions in a number of 

eminent problem areas. By coupling this 

progress with the rather sizeable tritium 

technology base that already exists as a 

result of other tritium related programs at 

Savannah River Laboratory, Mound Laboratory, 

Lawrence Livermore Laboratory, Los Alamos 

Scientific Laboratory and other research 

and development centers, it is now possible 

to define in broad terms the scope of much 

of the work that will be required to full-

fill the tritium handling and containment 

requirements for the first generation of 

DT burning fusion devices and for those 

that lie beyond. 

The purpose of this paper is threefold: 

(1) to provide some perspective on the 

nature of the tritium processing and con­

tainment problems currently envisioned for 

DT burning fusion devices, (2) to identify 

the areas v.iiere major research and develop­

ment -"fforts will be needed, and (3) to 

highlight some of the more significant ad­

vances of recent years in terms of criteria 

development and solution of problems. Al­

though many of the discussions contained 

herein are 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

cussions following this introduction con­

tain summaries of the technological require­

ments associated with (1) the mainstream 

fuel cycle (with emphasis on DT burning de­

vices), (2) containment and cleanup systems, 

(3) blanket processing systems, and (4) sev­

eral unique problem areas associated with 

systems that interface with the tritium 

handling systems. Table 1 contains an out­

lined summary of research and development 

items for each of the discussion areas. 

Table 2 contains a sumnary 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 DT 

burning fusion reactors. Because only a 

few percent of the fuel delivered to the 

plasma chamber is actually consumed during 

a typical burn cycle (tokamaks, mirrors, or 

theta-pinches), it is absolutely essential 

that the unburned fuel be recycled from an 

economic viewpoint alone. The principal 

functions of ttie mainstream fuel recycling 

system are (1) to provide for evacuation of 

the plasma chamber in a way that permits ac­

cumulation and consolidation of a21 the un­

burned fuel in an easily recycleable form; 

(2) to reduce particulate debris (from 

plasma wall interactions) and non-hydrogenous 

impurity element concentrations in the fuel 

to levels that are acceptable for refueling 

purposes; (3) to remove protium ( H) from 

the D-T mixture and to adjust the D/T ratios 

to values required for direct refueling, en­

ergetic neutral injection, pellet fueling, 

etc.; and (4) to provide the means for cir­

culation, compression, adjustment of physical 

and chemical state, and interim storage of 

the fuel. A summary discussion of each of 

these functions is given below; more compre­

hensive discussions may be found in refer­

ences 1 through 8. 

Plasma Chamber Evacuation Systems 

Several recent studies' ' have provided 

some perspective on the evacuation require­

ments for experimental tokamak reactors. 

Clearly, there will be need to handle large 

gas loads (on the order of 5 Torr-liters per 

thermal MW) in short time periods and to do 

so repetitively with little or no interrup­

tion. The pumping equipment must be reliable 

and maintainable, must operate in a high 

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 bo compatible with and must provide 

a high degree of containment for large quan­

tities of tritium. 

Three bu»1c types of high-speed, large-

capacity pumping methods have been consid­

ered for use in near-term experimental reac­

tors'^ '^'^. (1) dynamic evacuation using 

diffusion or turbomolecular pumps, (2) get­

terlng 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 

containment. 

3. Establish interface-technology 

with plasma chamber and with re­

generation systems. 

4. Determine consequences of radi­

ation effects and maintenance 

requirements. 

B. Impurity Removal and Monitoring 

1. Analyze debris transport mech­

anisms and determine conse­

quences. 

2. Develop debris separation and 

handling technology. 

3. Develop nonmetallic element 

removal methodology. 

4. Develop helium removal method­

ology. 

5. Establish impurity monitoring 

methods. 

C. Hydrogen Isotope Enrichment 

1. Define separations and enrich­

ment needs. 

2. Identify usable enrichment tech­

nology. 

3. Determine optimum processing 

modes (batch « . continuous). 

4. Develop low temperature isoto-

pomerlc equilibration methods. 

5. Establish cost/benefit factors 

affecting alternative enrich­

ment strategies. 

6. Proof test instrumentation and 

control systems for enrichment 

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 tritium 

containment. 

E. Integrated Systems Tests (Fuel Cycle 
Simulation) 

1. Verify identification of all 

processing steps. 

2. Optimize processing sequence. 

3. Determine hardware and component 

Interfacing requirements. 

4. Conduct fuel cycle simulation 

studies. 

II. Containment and Cleanup Systems 

A. Primary Containment 

1. Establish optimum structural 

materials (e.g., permeation re­

sistant, nonembrittling). 

2. Develop leak-free assembly tech­

nology for permanent and 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 

mechanisms at low driving pres­

sure. 

B. Sccmdary Containment 

1. Identify secondary containment 

requirements. 

2. Develop and test peripheral 

jacketing methods. 

3. Determine optimum flow patterns 

and geometries. 

4. Establish access and mainten­

ance requirements. 
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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 tes t h igh-ve loc i ty 

. a i r c i r c u l a t i o n and processing 

systems. 

2. Identify, characterize, and op­

timize oxidation catalysts, ad­

sorber beds, thermal 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 

Involving tritiated species in 

ambient atmospheres. 

6. Establish cost/benefit factors 

for alternative cleanup strate­

gies. 

u. Waste Disposal Technology 

1. Develop strategies and method­

ology for maximum tritium recycle. 

2. Establish technology for safe, 

compact, low long-tenn release 

tritiated .laste disposal. 

E. Integrated Systems Tests 

1. Verify Integrated operation of 

the three levels of containment 

(primary, secondary, and terti­

ary). 

2. Carry out realistic deliberate-

release experiments. 

III. Storage, Shipping, and Safeguards 

A. Storage 

1 . Develop and tes t fuel storage 

concepts. 

2. Establish c r i t e r i a for storage 

vau l t i n t e g r i t y . 

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 

requirements 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 maintainability and re­

liability of blanket processing 

systems. 

B. Solid Blanket Concepts 

1. Verify adequacy of tritium re­

lease rates from solid blanket 

materials. 

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 tritium con­

tainment on injector maintenance. 

C. Coolant/Tritium Interactions 

1. Identify and characterize modes 

of tritium insertion into cool­

ant systems. 

2. Establish tritium buildup rates 

for hydrogenous 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 paralleling redun­

dant systems to permit simultaneous pumping 

and regeneration. 

In terms of all of the above considera­

tions, cryosorption pumping at 4 K appears 

to offer the best prospects for meeting 

plasma chamber evacuation requirements in 

both near-term and longer-range tokamak 

reactors and in related devices with sim­

ilar evacuation needs. This contention is 

generally well supported by the recent 

studies of Watson and Fisher' " ' and by 

the earlier work of Stern ct al."^'^ ' 

Impurity Removal 

The principal impurities identified thus 

far that will in all likelihood 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 al.) 

ML (L. J. Witten­
berg, W. R. Wilkes 
et al.) 

ANL (V. A. Maroni, 
B. Misra et al.) 

LASL (J. L. Ander­
son, R. H. Sherman 
et al.) 

Containment and LLL (T. R. Gallo-
Cleanup Systems way, A. E. Sher­

wood, M. F. 
Singleton et al.) 

Nature of Work 

Blanket Chem­
istry and 
Blanket Pro­
cessing Tech­
nology 

ML (W. R. Wilkes, 
L. J. Wittenberg, 
E. A. Mershad, J. 
Kershner et al.) 

LASL (J.L. Ander­
son, D. Carstens 
et al.) 

ORNL (J. S. Wat­
son, J. B. Talbot, 
J. T. Bell, F. J. 
Smith, G. M. Begun 
et al.) 

BNL (J.R. Powell, 
R. H. Wiswall et 
al.) 

ANL (W. F. Calaway, 
E. Veleckis, V. A. 
Maroni et al.) 

Univ. of Wisconsin 
(E. M. Larsen, R. 
G. Clemmer, D. K. 
Sze et al.) 

Development of Cryopumping Technology 
Analysis of Fuel Cycle Strategies 

Fuel Cycle Strategies for Minor Devices 
Tritium Getterlng and Storage 
Materials and Hardware Assessments 

Surveys of Existing Technology 
Hydrogen Isotope Separations 
Metal Tritide Technology 

Analysis of Fuel Cycle Strategies 
Analysis of Enrichment Strategies 

Fuel Cycle Strategies for 6-Pinches 
Fuel Recycle in the INS 

Analysis of Cleanup and Containment 
Strategies 

Tritium Oxidation, Adsorption, and 
Getterlng 

Tritium Containment in Laser Fusion 
Tritium Containment in the RTNS 
Experiments with Air Detritiation 

Systems 
Analysis of Cleanup and Containment 
Strategies 

Tritium Waste Treatment 
Tritium Effluent Control 

Studies of Liquid Metal Alloy Extraction 
Concepts for Processing Liquid Lithium 

Tritium Removal from Lithium Alloys 
Tritium Sorption from Liquid Metals 
Thermodynamic Studies of Hydrogen 

Isotope Solutions in Lithium and 
Lithium Alloys 

Analysis of Breeder Blanket Strategies 
Experimental Studies with Solid Blanket 

Materials 

Studies of Molten Salt Extraction 
Concepts for Tritium Removal from 
Liquid Lithium 

Thermodynaiiiic Studies of Hydrogen 
Isotope Solutions in Lithiurn and 
Lithium Alloys 

Development of Lithium Processing 

Technology 

Development of Liquid and Solid Blanket 
Design Concepts 

References 

4, 9, 10, 

35 

7, 17, 18, 
19, 27 

3, 13, 14, 
15 

1, 2, 16 

8, 51 

7, 27, 32, 
33 

3, 13, 28, 
29, 31 

35, 36, 44 

37, 38 

41, 45 
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Research and 
Development 

Area 

Hydrogen Iso­
tope Permea­
tion and Other 
Physicochemical 
Studies 

Laboratory and 
Cognizant 
Personnel 

LLL (P. C. Souers, 
J. W. Pyper, R. G. 
Hickman et al.) 

Princeton Univ. 
(R. C. Axtman, 
E. F. Johnson, 
H. K. Perkins 
et al.) 

ANL (E. Van 
Deventer, V. A. 
Maroni, B. Misra 
et al.) 

ORNL (J. T. Bell, 
S. D. Clinton, 
J. D. Redman, F. 
J. Smith et al.) 

Sandia Livermore 
(W. A. Swansiger 
et al.) 

N. C. State Univ. 
(T. S. Elleman 
et al.) 

Nature of Work References 

Physicochemical Studies of Deuterium 7, 49, 50 
Tritide (DT) 

Tritium Implantation Effects 

Hydrogen Permeation at Low Pressures 21, 22, 43 
Tritium Holdup Due to Coatings 
Chemical Engineering Analyses of Tritium 
in Molten Salts 

Development of Permeation Barriers 23, 38 
using Multiplex Materials 

Kinetics of Reactions Involving 

Tritiated Species 

Tritium Permeation through Steam Generator 20, 35 
Materials 

Oxidation of Permeating Tritium 
Sorption Pumping by Deep Beds 
Hydrogen Isotope Permeation through Metals 25 

Tritium Diffusion in Metals and Ceramics 24 

out or reattach itself to the first wall, 

plans.must be made to accommodate the migra­

tion of some particulate material into the 

vacuum pumps and beyond them. Because the 

first wall will become highly radioactive 

after only a few days of operation even at 

modest wall loadings (0.2 to 1.0 MW/m^), 

the debris will also be highly radioactive 

and maintenance of the vacuum pumps and 

the equipment immediately downstream of them 

will be subject to increased complexity. 

Large quantities of debris in the torus ex­

haust gases could have an adverse effect on 

pump lifetime and performance, but any at­

tempt to microfilter the debris in advance 

of the vacuum pumps (between the plasma 

chamber and the pumps) would it.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 of the 

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 separation 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, 
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oxygen, carbon, nitrogen, and other nonme­

tallic impurities in the torus exhaust of 

prototypal fusion devices will, for all 

practical purposes, be unavoidable. In 

keeping with the concept of fuel recycle, 

and in order to reduce impurity levels in 

the preburn fuel mixture as far as is pos­

sible, it will be necessary to provide for 

continuous removal of nonmetallic elements 

in the plasma exhaust. This should cer­

tainly be done in advance of the isotopic 

enrichment step and perhaps done again in 

advance of fuel storage so that the capac­

ity of the storage material is not reduced 

by reaction with impurities. 

Impurity removal can probably be carried 

out In a relatively straightforward manner 

using appropriately selected catalytic and/ 

or getter-type beds designed to (1) crack 

water, hydrocarbons, and other hydrogenous 

compounds and (2) actively remove the im­

purities by reaction to form stable, non­

volatile, nonhydrogenous compounds. If the 

getter bed is also employed to clear the 

plasma chamber evacuation system, it should 

be designed to sorb and release hydrogen 

over a relatively narrow temperature range, 

should be reasonably compact, and should be 

readily disposable. It is expected that 

these getter beds will have to reduce 0, N, 

C and related nonmetallic impurities in the 

fuel stream to the sub-ppm range. The he­

lium present in the cryopump exhaust either 

could be allowed to carry over into the 

enrichment system and be removed therefrom 

as an 1nert/nonco..densible phase (providing 

this carryover 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 

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

terlng 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 0 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 tlie above isotopic enrichment pro­

cesses In DT burning reactors will depend to 

a large extent on the relative isotopic con­

centrations involved, the magnitude of sep­

aration to b« 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-

grapliy, electrolysis, laser stimulated sep­

arations, and thermal diffusion), the match­

ing of method with application will undoubt­

edly depend on economy and reliability. Con­

sidering the largo spent fuel flow rate for 

even experimental scale reactors (e.g., 

several kilograms per day of DT for tokamak 

experimental power reactors' • '), cryogenic 

distillation appears to be the most practical, 

reliable, and economic method for mainstream 

enrichment. 

A number of recent studies have addressed 
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the question of hydrogen isotope enrichment 

for near-term fusion devices^ ' ' ' . 

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 re-establish or alter the isotopomeric 

equilibria among the six isotopomeric forms 

of hydrogen (H^, D^, T^, 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-safe fuel 

storage methodology will be essential to 

the development of a minimum credible im­

pact tritium handling facility for DT fueled 

fusion power plants because, in all proba­

bility, the major fraction of the tnitium 

contained within such plants will be in the 

storage reservoir. Although a comprehensive 

design basis remains to be established for 

these storage systems, it is reasonable to 

assume that they will be disaster proof, 

barricaded vaults containing parallel and 

series arrangements of storage cells con­

structed in such a way that failure to op­

erate of one or perhaps several cells does 

not constitute an unresolvable maintenance 

problem. Plausible concepts for the stor­

age cells include (1) compressed gas cylin­

ders, (2) thermally regenerative metal 

hydride beds, and (3) cryostated liquid 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

livery systems. References 1 through 7, 13, 

14, and 17 discuss some strategies and meth­

ods for fuel storage that would be applicable 

to most fusion reactor concepts. 

Materials and Hardware 

The selection, qualification, and speci­

fication of materials, fabrication practices, 

and hardware items required to assemble fuel 

handling and transfer systems will be an in­

tegral part of the fuel cycle development 

program for coming generations of fusion de­

vices. Included in this phase of the program 

would be consideration of (1) structural 

materials used in transfer lines, valves, 

pumps, compressors, vessels, secondary con­

tainment systems, and related hardware; (2) 

elastomers, gasket and sealing materials, 

lubricants, coating substances paints, and 

other materials employed in nonstructural 

applications; and (3) the general hardware 

methodology to be applied in tritium trans­

fer and compression operations. 

For applications at ambient temperature, 

the 18-8 stainless steels are regarded^ 

as being qualified for use in a high level 

tritium environment. Welding is the pre­

ferred joining method, but junctions employ­

ing metal gasket seals could be used where 

removable couplings are needed to connect 

integrated sections of the fuel cycle. It 

is generally recommended that joining methods 

which employ polymer seals be kept to a 
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minimum and be r e s t r i c t e d to low level t r i ­

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 welded will probably require a 

secondary containment shell with a proces-

sible atmosphere. Valves with all-welded 

bellows-type construction are available for 

use at gas pressures ranging from hard vac­

uum to 2500 psi and at temperatures up to 

350°C. Valves of this type that are ade­

quate in size for most fuel cycle applica­

tions are available; but large, high conduc­

tance gate-type valves suitable for use at 

the vacuum system/plasma chamber interface 

will require some development. Several 

types of fully welded diaphragm and bellows-

type pumps and compressors have been used 

successfully for tritium transfer opera­

tions^ ' but the throughput rates could 

stand considerable increase. In many cases 

the long-term performances of these and re­

lated hardware items needs to be examined 

under the conditions of radiation environ­

ment, magnetic field, and temperature that 

are anticipated for their use in fusion de­

vices. References 3, 13, 18, and 19 con­

tain discussions of criteria for materials 

and hardware selection, component dcsiqn 

definition, and fabrication methodology in 

tritium systems. 

CONTAINMENT AND CLEANUP SYSTEMS 

Accepting the notion that extremely strict 

tritium containment guidelines will be set 

for future fusion power plants 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 systems. 

Primary__Containment 

As a part of the primary containment 

level, consideration would be given to the 

Identification of materials, hardware, and 

fabrication methods that offered (1) a high 

degree of protection against leakage and 

permeation, (2) high component reliability 

with minimum maintenance, and (3) adequate 

containment without an excessive cost burden. 

Among the materials selection criteria would 

be the requirement that primary materials be 

resistant to embrittlement and other forms 

of deterioration that can occur in a tritium 

environment. Resistance to permeation by 

tritium will be important, particularly in 

elevated temperature (>300°C) structures. 

This will undoubtedly result in the need for 

special permeation barriers such as multi­

plex materials, ceramic surface coatings, 

and other related preparations. There have 

been numerous studies in recent years con­

cerning the nature of hydrogen permeation 

under anticipated fusion reactor conditions. 
f20 25) 

A series of reports^ ' that provide some 

perspective as to the general scope and 

direction of currently ongoing programs is 

included in the references to this paper. 
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Secondary Containment 

The secondary containment systems w i l l 

consist of in tegra l jackets and other close 

f i t t i n g enclosures around t ransfer l i nes , 

valves, and other fuel cycle hardware. 

Gloveboxes, fumehoods, and portable en­

closures would also be u t i l i z e d to house 

ent i re t r i t i u m f a c i l i t y systems that re ­

quire hands-on operation or maintenance at 

regular i n te rva l s . In pa r t i cu la r , portable 

enclosures would be employed during a l l 

routine and off-normal maintenance opera­

tions where a potent ia l for t r i t i u m release 

ex is ts . In a l l cases, the atmosphere in 

these secondary containment systems (be i t 

a i r , n i t rogen, argon, helium, e tc . ) would 

be t o t a l l y separated from breathing a i r 

systems, would be monitored continuously, 

and would be processed to remove t r i t i u m on 

whatever schedule is necessary to maintain 

breathable a i r conditions in the reactor or 

"tr i t ium f a c i l i t y bui ld ings. References 3 

and 13 contain some general information on 

the scope of and experience wi th secondary 

containment systems. 

Tert iary Containment 

Ter t iary containment applies to the a i r 

handling and d e t r i t i a t i o n systems servic ing 

the reactor ha l l and other f a c i l i t y rooms 

where potent ia l for e i ther entry or egress 

of t r i t i u m ex i s t s . Preliminary assessments 

have shown that the requirements imposed 

by the need to provide large-scale atmo­

spheric d e t r i t i a t i o n in even experimental 

scale reactor bui ld ings are a major concern 

from the standpoint of (1) maintenance ac­

cess during reactor down periods, (2) com­

pactness of t r i t i u m handling equipment, (3) 

l im i ta t ions to the spread of t r i t i u m contam­

ina t ion , and (4) overal l t r i t i u m f a c i l i t y 

costs. During the past year, several stud-

ies^ ' ' • ' have addressed the scope of 

these requirements with respect to gas 

handling ra tes , exigencies of the cleanup 

schedule, and the dominant features of the 

cost /benef i t a lgor i thm. The essence of 

these studies is summarized below. 

Consider a large reactor ha l l of volume, 

V-rr,y, havInQ a baseline t r i t i u m l e v e l , N°. 

Assume that the room a i r i s processed at a 

volumetric f low r a t e , V, and that the pro­

cessor e f f i c i ency is e. The rate of t r i t i u m 

removal i s given by 

dN. , £-V-N / , . 
Ht V ^ ' 
01 ^OT 

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' J . io\ 
^r^ ^ = c y t (2) 

" ^TOT 

Values of V for selected values of N'/N'', 

e, and t are given in Table 3 for a room 

with V-TAT = 10^ cu. ft. {'^ EPR size)^^\ 
(26) 

According to Engelhard Industries^ , 

the largest unit they have evaluated to date 

called for 6 x 10" cfm at a cost of '\-10̂  $ 

for the equipment alone. Because the tri­

tium released to the hall will rapidly soak 

into the surfaces of the reactor hardware 

and the building itself, it is advantageous 

to have the capability for cleanirig up 

spills within hours after a release. If, 

for example, the limit is set at ^5 hours, 

then the V requirements would be 'v-lO times 

those for the two-day case in Table 3 and 

would be 100 times greater than the maximum 

size unit upon which Engelhard has made a 

quote. 

A second approach to the massive release 

problem might be rapid cyclic flushing of 

the reactor hall by alternately compressing 

its contents (reducing room pressure by a 

factor n) and backfilling with clean air or 

an alternative cover gas. If the compressed 
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TABLE 3. Analysis of Recycle Flow Scenario 

Amount 
Released 

1 gm 

100 gm 

10,000 gm 

M) 

10" 

108 

9.2 

13.8 

18.4 

V, cfm 

2 days 
0.9 

6.4 X 10 3.5 X 10^ 

5.3 X lO"" 

7.1 X ID** 

t ' 14 days 
0.5 = E = 0.9 

9.1 X 10-̂  5.0 X ID-' 

1.4 X lo" 7.6 X 10^ 

1. 

(a) Assuming N° = 5 pCi/m and V-TOT 
10 cu. ft. = 2.8 X 10-̂  m ,5 „3 

TABLE 4. Analysis of Cyclic Flushing Scenario 

V' in cfm (for pumpout time = t°/2) 
(b) 

Amount /N'\'^' 

Released \N°; 

1 gm lo'' 

100 gm 10^ 

10,000 gm 10^ 

(a) Assuming N° = 5 

(b) t° = 4 hours. 

-(^) 
9.2 

13.8 

18.4 

3 
uCi/m and 

t = 2 
0.8 = n 

8.0 X lo'' 

1.2 X 10^ 

1.6 X 10^ 

^OT = '°' 

days 
= 0.99 

6.3 X lo'' 

9.7 X lo'' 

1.4 X 10^ 

cu. ft. = 2.8 

t = 14 
0.8 = n 

1.1 X lo'' 

1.7 X lo" 

2.2 X lo'' 

in5 3 
X 10 m . 

days 
= 0.99 

9.0 X ID-* 

1.4 X lo'' 

1.8 X lo'' 

gas could be stored at 14,000 psi in tanks 

whose total volume is 10 cu. ft., the tanks 

would then hold 10 room volumes of gas which 

could be cleaned up over an extended time 

period (several weeks) by a state-of-the 

art sized scrubbing system. The cleaned up 

gas could then be stored for subsequent 

flushing operations. For the case where 

the room is evacuated to 1/n of its normal 

operating pressure and backfilled every t° 

hours, one obtains Eq. (3). 

^ = !VN (3) 
dt t^ 

Integrating Eq. (3) for the cases that 

were considered in Table 3 gives 
(4) 

The resul ts fo r t h i s type of atmospheric 

cleanup are summarized In Table 4 . (The 

ejector/compressor v e l o c i t i e s , V ' , are based 

on pump-out«times that are equal to t ' ' / 2 . ) 

In order to keep compressor requirements 

wi th in reasonable l i m i t s , i t is necessary 

that t be on the order of a few hours. 

A value of t = 4 hours was selected fo r 

the study shown in Table 4. (This is con­

sidered to be reasonable based on ex i s t i ng 

experience at several NASA space tes t ing i n ­

s ta l l a t i ons . ) 

Comparison of the resul ts in lables 3 and 

4 shows that there is no pract ica l advantage 

in terms of gas c i r cu la t i on requirements to 

the evacuation approach as compared to the 

more conventional continuous scrubbing ap­

proach. The major concern wi th respect to 

these massive t r i t i u m releases, i . e . , soaking 

of t r i t i u m in to reactor hardware and bu i ld ing 

surfaces, w i l l have to be invest igated in 
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considerable de ta i l to determine what cleanup 

durations are acceptable. C lear ly , the re ­

quirements of cleanup in two days or less 

imposes large gas c i r cu la t i on requirements 

and the assocated equipment can be expected 

to scale accordingly. 

A reasonable comprehensive analysis of 

large-scale atmospheric d e t r i t i a t i o n for 

fusion power plants has been presented by 

Galloway et al (27) In their study, they 

consider the question of large-scale cleanup 

from the standpoint of catalyst performance 

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 performance. This ap­

proach permits the evaluation of both perfor­

mance and cost simultaneously. The method 

described by Galloway et al.^ ' was used 

in one EPR study^ ' to determine air cleanup 

requirements and costs. The conclusions 

were that cleanup of a 100 gm tritium release 

to the atmosphere in a reactor hall having 

a volume of 10 cu. ft. could be made in 

about two days with a 10 cfm air handling 

system having a capital cost of from 20 to 

30 million dollars. Overviews of atmospheric 

cleanup requirements and prospective strate­

gies for fusion devices are given in refer­

ences 1. 3, 6. 7. 8, 27, and 29. The status 

of, and recent progress in, development work 

on ambient and inert atmosphere cleanup sys­

tems is discussed in references 30 through 33. 

BLANKET PROCESSING 

The capability to recover tritium from 

breeder blankets at a rate equal to the 

breeding rate and to maintain a minimal 

blanket tritium inventory is essential to 

the concept of DT fueled fusion power plants. 

Lithium in some form is still regarded as 

the only substance capable of yielding a 

breeding gain greater than unity in currently 

conceived DT fusion reactors. The principal 

materials options considered to date have 

been liquid lithium, lithium-containing al­

loys (e.g., Li-Pb, Li-Al, Li-Si) and ceram­

ics (e.g., Li-Al-0, Li-Be-O, Li-Si-O, Li^O), 

and molten salts (e.g., LiF, Li-Be-F). Com-

(34) 

parisons of the different tritium breed­

ing concepts have been made with respect to 

(1) required construction materials, (2) 

breeding ratio, (3) blanket tritium inventory, 

(4) prospects for adequate tritium recovery, 

and (5) ease of containment of tritium within 

the confines of the blanket structure. These 

comparisons generally indicate that ceramics 

and molten salts currently offer the best 

prospects for meeting anticipated blanket 

handling and processing requirements and 

that less development will, in all probability, 

be required for ceramics and molten salts 

than for liquid lithium. Fewer facts are 

available on solid-alloy blankets, but these 

materials appear to approach the ceramics in 

terms of inventory and recovery character­

istics. Although some encouraging progress 

has been made in recent years, the develop­

ment of practical steady-state tritium-

recovery techniques for low concentrations 

remains a major technical uncertainty for 

liquid-lithium blankets. Also, the magneto-

hydrodynamic compatibility of liquid lithium 

with magnetic-confinement concepts (insofar 

as pumping power requirements and perturba­

tions to plasma confinement are concerned) 

must still bo verified. Nonetheless, in 

terms of breeding potential, heat transfer 

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 summary 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' ' on the subject of fusion reactor 

blanket technology. 

Methods for Processing Liquid-Lithium Blankets 

Methods for processing liquid-lithium 

blankets have received a great deal of at­

tention. The most promising methods cur­

rently being considered are; (1) exothermic 

solid getters (e.g., yttrium and zirconium), 

(2) permeable metal windows (e.g., niobium-

or vanadium-base alloys), (3) liquid-alloy 

getters formed from rare earth-transition 

metal eutectics, and (4) molten-salt extrac­

tion (e.g., with LiCl-LIF or LiF-LiCl-LiBr). 
(371 

Methods employing cold trapping* ' 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 behavior of solutions of hydrogen 

Isotopes ili liquid lithium have been sum­

marized in several recent publications ' 

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,' further experiments under 

carefully controlled conditions are recom­

mended. Major technical uncertainties that 

need near-term exploration are potential 

passifying effects of Impurities (including 

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 

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. 

FexTmable (jindous. 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 wppm can be maintained with 

large but reasonable window areas. Major 

technical uncertainties in need of near-term 

investigation relate to (1) "fogging" ef­

fects of im;»urities (e.g., 0, N, and C) and 

mass-transported metals (in dissimilar metal 

systems only) that may be deposited on the 

upstream side of the window, (2) "fogging" 

effects on the downstream side of the win­

dow, and (3) fundamental limitations osso-

ciated with surface kinetics. The possible 

use of downstream recovery methods employing 

either liquid getters or protective coatings 

coupled with gaseous getters should eventu­

ally come under study. Limitations imposed 

by temperature effects on window integrity 

will eventually need study as well. 

Liquid alloy getters. Recent work at 

LASL 
:39) ndicates that binary liquid eu­

tectics consisting of a rare-earth metal 

(e.g., Ce, La, Y) and a transition metal 

(Co, Ni, Fe, or Hn) make highly effective 
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getters fo r removing hydrogen isotopes from 

l i q u i d l i t h i um. In p r i n c i p l e , these l i q u i d 

al loys would be capable of maintaining t r i ­

tium concentrations in l i t h ium blankets 

well below 1 wppm. Current uncertaint ies 

in th is technique include mutual s o l u b i l i ­

t ies of the get ter a l loy and l i th ium and 

the d i f f i c u l t y in recovering t r i t i u m from 

the getter a l l oy . Compat ibi l i ty of the 

getters wi th stain less steel needs to be 

invest igated. Because of the potent ia l 

promise of these l i q u i d ge t te rs , near-term 

e f fo r ts should include examination of the 

above-mentioned problems. I den t i f i ca t i on 

of other low melt ing compositions (possibly 

ternary and higher-order mixtures) i s rec­

ommended. 

Molten-salt extraction. Work cur rent ly 

under way at ANL^ ' ' indicates that molten-

sa l t extract ion may bo a sui table means of 

recovering t r i t i u m from l i q u i d l ithi-um. 

Results lo date show that adequate d i s t r i b u ­

t ion coef f i c ien ts (2 to 4 on a volumetric 

basis in favor of the sa l t ) can be achieved, 

and po ten t ia l l y sui table methods for recovery 

of t r i t i u m from the sa l t are being i nves t i ­

gated. This technique may permit the main­

tenance of t r i t i u m levels as low as 1 wppm 

in l i q u i d l i t h i um. Areas requir ing study in 

the near fu ture include (1) ef fects of mutual 

s o l u b i l i t i e s on both neutronics and sa l t pro­

cessing, (2) compat ib i l i t y of mater ia ls , (3) 

survey of sui table minimum-entraimiK^nt con­

tact ing and separating methods, and (4) dem­

onstrat ion of su i tab le means for recovering 

t r i t i u m from the s a l t . (38) 

Tritium Recovery from Solid Breeder RIankets 

Analytical * and experimental 

work on solid blankets has been restricted 

mainly to performance characteristics that 

might Influence tritium recovery, inventory, 

and containment. Results achieved in the 

BNL program on ceramic breeding materials 

have been reasonably encouraging with re­

spect to steady-state recovery under minimum 

inventory conditions (<<1 wppm). Similar 

results 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

ical stability toward the sweep gas; (2) 

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 (B 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 breeding and tritium 

extraction) should be made. Oesign optimiza­

tion of sweep gas processing methods must 

ultimately be completed. 

Tritium Recovery from Molten-Salt Blankets 

Recovery of tritium from molten-salt 

blankets appears to be reasonably straight­

forward, ~ ' and inventories well below 

1 wppm should be achieveable. Past analyses 

of sparged and unsparged desorbcrs have in­

dicate'- that efficient removal of tritium 

from the salt is readily attainable in forms 

well suited for efficient regeneration. 

These analyses require 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,' the neutral injector systems 

that would be used to provide these energetic 

particles represent a direct access to the 

plasma chamber, and, hence, to the tritium 

contained in it during a burn cycle. The 

beam line, the neutralizer, and the acceler­

ator Itself are all subject to tritium back-

flow from the plasma chamber. Thus, tritium 

can enter the neutral beam pumping systems 

and the neutralizer vapor circulation sys­

tem, and pass through the electrostatic 

grid structure into the grid coolant. The 

objective of neutral beam injector interface 

studies should be to identify significant 

tritium interactions and to evolve and test 

designs that will permit the making of a 

workable injector/reactor interface. This 

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 from any fusion power plant. In 

this section, however, the only case that 

will be addressed will be one in which the 

first wall of a near-term experimental reac­

tor is cooled with a fluid that neither 

contains breeding material nor interfaces 

In any way with a breeder blanket; i.e., 

the only source of tritium entry into the 

coolant fluid is by permeation of fuel from 

the plasma chamber through the first wall 

structure and into the coolant channels. 

Although a variety of coolant fluids and 

structural materials could be considered 

in the context of this discussion, only 

helium and water contained in 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 regarding the 

consequences of tritium migration into and 

through the cooling circuits. The problem 

of tritium permeation through austenitic 

construction materials has long been recog­

nized as a major area of concern for fusion 

power plants. Although the principal focus 

of attention to this problem has been on 

migration of blanket tritium through heat 

transfer circuits and eventually to the en­

vironment, the tritium in the plasma chamber 
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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 transfer 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 10 cm (approximating pre­

sently conceived tokamak EPR's^ '). The 

total volume of the first wall cooling water 

circuit was assumed to be 10 liters and the 

tritium partial pressure in the plasma cham­

ber was estimated at 10" Torr. Existing 

hydrogen permeation data for Type 316-SS 

(data from reference 23 were used in this 

case) were divided by '̂'3 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 (D2O) circuit 

of typical experimental heavy water reac­

tors^ " ^ after a period of about two 

years. It is, therefore, reasonable to 

assume that the inventory of tritium 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 (10 liters) every 

two to three years should pose no insurmount­

able problems, and is probably preferable 

(from an economic viewpoint) to installing 

for the first „.(«) a tritium extract jn plant 

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 Ĥ O and Oj, impurity 

expected to be present in helium circuits. 

This HTO could then be gettered or desiccated 

out of the helium in a relatively straight­

forward manner, such that tritium buildup 

beyond trace levels is not possible. For 

the cases considered in Fig. 1, but with 

helium cooling, the total tritium handled in 

the helium scrubbing system would not exceed 

10 grams/year. 

OPfRiTING TIME, HOURS 

FIGURE 1. Tritium Accumulation in the First 
Wall Cooling Water Circuit. Material = 
316-SS, Wall Area = 6 x 10"̂  cm̂ .̂ Wall Thick­
ness = 5 mm, Coolant Volume = 10^ liters. 
Tritium (Tj) Pressure = 10"'* Torr. 
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ISOTOPIC ENRICHHFNT OF PLASMA EXHAUSTS FROM CONTROLLED 
THERMONUCLEAR REACTORS BY CRYOGENIC DISTILLATION 

Balabhadra Misra and Victor A. Maroni 

Chemical Engineering Division 
Argonne National Laboratory 
Argonne, I l l i n o i s 60439 

The feas ib i l i t y of recycling the spent fuels from presently conceived 

tokamak-type power reactors via cryogenic d i s t i l l a t i o n has been analyzed. 

As an essential step in analyzing complex mixtures consisting of the six 

isotopomeric forms of molecular hydrogen in widely varying ranges of 

concentrations, computer simulation of multicomponent d i s t i l l a t i o n was 

carried out using an exact method of solution of the governing equations. 

Two d is t inc t fuel in ject ion schemes were analyzed using a six-column 

d i s t i l l a t i o n cascade and a five-column d i s t i l l a t i o n cascade, respectively. 

The two systems are: (1) 90X cold fuel in ject ion with T/D ra t io 2L l - l 

and neutral beam inject ion of deuterons (D°) comprising 10% of the de­

livered fue l , and (2) Injection of equal atomic fractions of neutral 

t r i tons (T°) and neutral deuterons (D°). The results of the analyt ical 

studies show that the separation of the isotopomeric species cf hydrogen 

can be carried out to any degree of pur i ty by judicious selection of (1) 

the design and operating parameters and (2) the number of d i s t i l l a t i o n 

columns, appropriately interspersed with chemical equi l ibrators. 

INTRODUCTION 

Since the m1d-1960's, interest in the 

technological implications of energy pro­

duction from controlled thermonuclear reac-

* tions has escalated rapidly. Although the 

sc ien t i f i c and engineering aspects of the 

handling and recovery of t r i t ium in D-T 

(deuterium-tritium) fusion reactor breeder 

blankets have received considerable atten­

t ion in recent years, l i t t l e concentrated 

e f for t has been focused on the teciinical 

features of the mainstream fuel processing 

and recycle systems. This neglect has 

stenmed, at least in part, from a conviction 

that the pur i f ica t ion, c i rcu la t ion, con­

di t ioning, storage, and delivery of the 

fuel could be accomplished with exist ing 

or reasonably extrapolated technology. 

Although the aforementioned conviction 

may turn out to be largely correct, there 

are several technical areas where much 

more detailed analysis remains to be per­

formed. One of these areas — the question 

of meeting hydrogen Isotope enrichment re­

quirements - - is the subject of this paper. 

The estinutod fuel burn-up rate during 

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 f u e l ; hence, 

based on economic considerations alone, i t 

is essential that the unburned fuel (the 

Work supported by the U.S. Energy Research and Development Administration. 
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plasma exhaust) be recycled. The gross 

composition of the to ta l fuel delivered 

to the plasma chamber, irrespective of the 

number and/or kind of d i f fe rent fuel i n ­

sertion methods required, is expected to 

be a mixture containing equal atomic f rac­

tions of deuterium and t r i t i u m with very 

l i t t l e (< 1 atomic i] impurity. As a 

resOlt of (1) the principal thermonuclear 

reactions (D-T) which produce ''He, (2) 

the side reactions (mostly D-D) which pro­

duce 'H and 'He, (3) the sputtering of 

f i r s t wall mater ia l , (4) transmutation 

reactions with the reactor structure, (5) 

permeation of hydrogen through the coolant 

containment, (6) anci l lary chemical reac­

tions, (7) out-gassing of the structure, 

and (8) probably some other less well de­

fined phenomena, the gases remaining In 

the plasma chamber af ter a burn cycle are 

expected to contain a s igni f icant quantity-

of impurity species In addition to the 

unburned deuterium and t r i t i u m . The ex­

tent to which this spent fuel Is suitable 

for reuse without processing af ter 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 fract ional processing rates. 

The chemical and physical state of the 

impurities in the plasma exhaust is also 

subject to speculation at this t ime, but 

i t seems reasonable to assume that the nor­

mal ambient impurit ies ( e .g . , H, 0, N, C) 

and perhaps some so l id debris (dislodged 

from the f i r s t wall by energetic par t ic le 

impacts) w i l l accompany the unburned deu­

terium and t r i t i um through the plasma 

chamber evacuation systems. 

Several scenarios have been developed 

for the fuel cycles of near-term conceptual 

fusion power reactors, and a number of 

1-5 
these are reported in the l i t e ra tu re . 

I t is not the subject of this paper to deal 

with the ent ire fuel cycle of a prototypal 

fusion reactor; hence, the reader should 

refer to the above l i te ra tu re 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, a l l of the Impurities 

except protium ('H) and perhaps helium 

have been removed from the rec i rcu lat ing 

deuterium-trit ium stream. I t 1s at this 

point that the processing steps which 

sat isfy hydrogen isotope separation re­

quirements for the fuel delivery systems 

must be undertaken. Among the hydrogen 

Isotope separation methods that are con­

sidered feasible for large-scale semi-

continuous enrichment, cryogenic d is­

t i l l a t i o n 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 

d i s t i l l a t i o n to*a range of plausible iso­

tope enrichment requirements for near-term 

D-T burning experimental fusion devices. 

LESCRIPTION OF THE CALCULATIONAL METHOD 

A variety of analytical techniques 

have been used in the design of mul t i -

component d i s t i l l a t i o n columns. While most 

of these methods are adequate to f u l f i l l 

the needs of the chemical process industr ies, 

the exact method of solution by matrix a l ­

gorithm appears to be most suitable for 

Isotope separations. (The inaccuracies 

inherent in empirical schemes and t r i a l -

and-error solutions make the l a t te r methods 

largely incapable of achieving the level of 

accuracy required in isotopic fuels anal­

ys is . ) Hence, at the outset, i t 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 l imited only 

by the accuracy of the thermodynamic and 

phase equilibrium data. 

A complex d i s t i l l a t i o n 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 p late) . Development of 

the computer simulation for a single dis­

t i l l a t i o n column was based on the general 

features shown in Figure 1. Once the 
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FIGURE 1. Schematic Drawing of a Complex 
Distillation Column. (See Nomenclature 
for detmition of symbols.) 

basic computer program that contained the 

essential characteristics of a single 

column was developed, other special fea­

tures were added by appropriately modifying 

the mathematical model. Several simpli­

fying assumptions, of necessity, were made 

before the development of the mathematical 

model was carried out. The ideal equilib­

rium stage concept in conjunction with 

the laws of conservation of mass and 

energy were utilized to describe the 

functional relations among the various 

components. These assumptions may be 

stated briefly as follows: (1) The pressure 

drop across the column is negligible so 

that the column may be assumed to operate 

at a constant pressure. (2) Heat losses 

are small so that the column may be assumed 

to be operating adiabatically. (3) The 

molar heat of vaporization of all compo­

nents is the same so that constant molar 

vapor flow may be assumed. (This is not 

a very restrictive assumption because the 

differences among the molar heats of vapori­

zation of the six isotopic species of 

hydrogen are small.) (4) The vapors and 

liquids of the isotopes form ideal mix­

tures. The last assumption is not unrealis­

tic for isotopes of the same element, es­

pecially at low pressures. Also, this 

assumption assures the validity of the 

laws of Raoult and Dalton; thus, the 

equilibrium relationship between the vapor 

mole fraction and liquid mole fraction 

may be represented by: 

(1) ^i = "/l 

(2) 

where 

y. = mole fraction of component i in 
vapor phase 
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XJ = mole f ract ion of component 1 in 
l iqu id phase 

= equil ibrium constant for component 
i between the two phases 

p. = part ia l pressure of component i 

P = tota l pressure of the system 

The composition of the feeds and the 

rates of the feeds, the d i s t i l l a t e s , and 

the side streams are assumed to be known. 

For a given number of equil ibrium plates 

(NP), assumed feedplate (NFj, NF2, etc.) 

and side stream (NS) locations, and ref lux 

rat io (L/D), the functional relationship 

between the various components across the 

d i s t i l l a t i on column can be expressed 

mathematically as fol lows. For component 

1, of a total of NC components, the law 

of conservation of mass and phase equi l ib­

rium leads to NP (NP = number of theoret i ­

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 wr i t ten: 

-^1.1 "1,1 " « 1 . 2 ' ' 2 , i + 0 ^ 0 + ••• 

= b 
1.1 

(3-1) 

'2,1 ' ' l . l - =2,2 '<2,i ^=2 ,3 ^3,1 ^ 0 + ••• 

2,1 

9 + =3,2 '<2,i - =3,3 ''3.1 * =3.4 "li. 

(3-2) 

Xo . + a , , x . , + 0 

+ . . . = b 3,1 
(3-3) 

0 + 0 + . . . + a NP,NP-1 'NF - l . i 

" =NP,NP " N P . I " ' 'NP. I (3-NP) 

Where 

a. . are coeff icients of x. .,, which 
J f l J» 

are functions of the d is t r ibut ion 

constants and a l l internal and ex­

ternal flow rates of vapor and 

l iquid, and 

b. , are the constants of the l inear 
J . l 

equations, which are functions of 

rate of feed and feed composition. 

The above set of NP equations may be 

expressed in matrix algebra as fol lows: 

AX = B (4) 

where 

A = NP X NP coeff ic ient matrix 

X = NP X 1 solution vector 

B = NP X 1 column vector 

The nature of the physical problem is such 

that i t leads d i rec t ly to the tr idiagonal 

matrix represented by equations (3-1) , 

(3-2) . . . {3-NP). I t should be noted that 

there are NC sets of Independent equations 

(one for each component) of the type repre­

sented by matrix equation (4) . For a phys­

ical problem, since the determinant of the 

NP X NP square matrix is non-singular, the 

solution of equation (4) is given by 

X = A (5) 

where A"' is the inverse of matrix A. 

Hence, the solution of equation (4) re­

sults in NP values of component i , one 

value corresponcling to each equil ibrium 

stage. Simi lar ly , the solution of the 

remaining sets of equations of type (4) 

gives the mole fractions of the other com­

ponents in Lhe l iqu id mixture. Thus, tlie 

mole fractions of a l l components at each 

equil ibr ium stage are determined simultan­

eously. 

The correct solution is obtained when 

the fol lowing c r i te r ion is sat is f ied (with 

an acceptable degree of tolerance) 

simultaneously at each stage. 

NC NC 
I y = 1 = E k.x. 
. , 1 1 ^ 1 

(6) 
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From this brief discussfon, it is 

apparent that successful solution cf the 

above set of equations depends on develop­

ment of reliable convergence criteria. 

For ideal mixtures, the equilibrium con­

stant, k, may be represented as a function 

of pressure and temperature. Since the 

column is assumed to operate at a constant 

pressure, the equilibrium constant is de­

pendent on temperature only. Existing 
Q 

vapor pressure data for the six isoto­

pomeric molecular forms of hydrogen (H2, 

HD, Dj, DT, HT, T2) were used to calculate 

the equilibrium constants. For a typical 

spent gas mixture, the vapor pressure data 

for the range from 20 to 30 K were found to 

be adequate to cover the entire range of 

interest. For component i, k. may be 

represented by an n degree polynomial: 

Cl.i^'^2,i^j^S,i1^---

+ c .T1 
n.l J 

(7) 

where C, ^, C- . j , e tc . , are constants, and 

T. is the temperature of the l iqu id mixture 

at plate j . Since the operating temperature 

range for the column at pressures in the 

range from 500 to 2000 Torr is quite l imited 

a fourth degree polynomial was found to ade­

quately represent the data. A subroutine 

TABLE 1. F i t t ing Coefficients for 

was wr i t ten to obtain the polynomial f i t t i n g 

coeff ic ients for each component by least 

squares methods. A typical set of f i t t i n g 

coeff ic ients used in this study is given in 

Table 1 ( for P = 1000 Torr) . 

Before proceeding with the calculat ions, 

i n i t i a l values for the end temperatures of 

the column were assumed, guided by the 

saturation temperature corresponding to 

the composition of the feed mirture. Addi­

t i ona l l y , the temperature drop across the 

column was assumed to be a l inear function 

of the number of theoretical stages so that 

a set of s tar t ing values for the equi l ib­

rium constants could be estimated. To 

accelerate the convergence, Newton-Raphson 

interpolat ion techniques were applied to 

estimate a set of new temperatures for 

each plate during the successive i te ra t ive 

steps. 

The solution of a set of l inear 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 equation 

(4) Is of the order of 1 0 " . To reduce 

the round-off errors, the main program, as 

, well as a l l of the subroutines, were 

wri t ten in double precision. Thus, the 

propagation of round-off errors that are 

Distr ibut ion Constants at P = 1000 Torr 

SpeclPS 

"2 

11D 

HT 

"2 

DT 

^2 

Value of 1 

1 

2 

3 

U 

5 

6 

'^ l . l 

7.6596)7I>-01° 

-3.348612D 00 

-S.368202D-01 

6.5509510-01 

-2.210739D 00 

-6.398138D 00 

Flrriiic Coefficients 

S.I 

-6.033137D-02 

5.9750730-01 

1.9271160-01 

-7.0909020-02 

3.7667«4D-01 

1.030710D 00 

S . l 

-i,.6i00i.8D-0A 

-3.747318D-02 

-1.25905'iD~02 

5.194761D-03 

-2.0123630-02 

-5.7783160-02 

'^'.,1 

-5.739917D-05 

7.909861D-04 

1.05830'.D-04 

-4.188016D-04 

2.002574D-04 

1.1569920-03 

S . l 

1.I01835D-05 

2.763535D-06 

9.1321070-06 

1.4104130-05 

8.059631D-06 

-1.492615D-06 

D-01 corresponds to XIO 
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inherent in conventional I terat ive solu­

tions is minimized. In order to ascertain 

the va l id i t y 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 a l l the cases considered, no 

error in the computational techniques could 

be found. 

A detailed description of the main 

computer code, including FORTRAN l i s t i n g s , 

the supporting subroutines, and data input/ 

output options is given in Reference 10. 

The ve rsa t i l i t y 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 d i s t i l l a t i o n column, a 

number of simpl i f ied 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).^'^ Several cases 

were analyzed by varying the number of 

theoretical stages, ref lux r a t i o , feed 

plate locat ion, and operating pressure in 

order to (1) study the behavior of dis­

t i l l a t i o n columns handling isotopes of hy­

drogen, and (2) detect any anomalous be­

havior of the computer code surh as fa i lu re 

to converge. Some of these results are 

sumnarized in Table 2. 

Effect of Number of Theoretical Stages 

As the number of theoretical stages is 

increased, separation of the l ighter frac­

tions from the heavier fract ions is en­

hanced (see rows 3, 9, 10 and 11 in Table 2) . 

For example, i f the number of theoretical ' 

stages is increased from 15 to 30. the 

deuterium atom concentration in the dis­

t i l l a t e is increased from 75 to 83%. How­

ever, the atom percentage of protium re­

mains unchanged. This is due to the fact 

that essent ial ly a l l of the protium appears 

in the d i s t i l l a t e even when the column has 

only 15 theoretical stages. 

Effect of Reflux Ratio 

The degree of separation of the l ighter 

constituents from the heavier constituents 

increases as the ref lux ra t io 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 rat ios are employed. 

Feed Plate Location 

The effect of the feed plate on degree 

of separation depends on the feed compo­

s i t i o n . For the few cases analyzed by 

varying the feed plate location for a feed 

of f ixed composition, the ef fect of the 

feed plate location was found to be minor 

(see rows 6 through 8 in Table 2) . 

Operating Pressure 

As discussed in the previous sections, 

for a f ixed feed composition, the separa-

« 
t ion of the more vo la t i le fractions de­

pends on the number of theoretical stages, 

ref lux r a t i o , and the design characteris­

t ics of the d i s t i l l a t i o n column. As the 

number of theoretical stages and ref lux 

ra t io are increased, the degree of separa­

t ion of the more vo la t i l e f ract ion from 

the less vo la t i l e f ract ion increases. In 

many s i tuat ions, however, the effects of 

these two variables do not s ign i f i cant ly 

change the degree of separation. Also, 

increase in the number of equil ibrium 

stages, as well as increase in the ref lux 

r a t i o , results in increased l iqu id holdup 

and operating cost. As shown below, simi­

la r results can be achieved by varying the 
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P a r a m e t e r 

Ef fec t of 
Reflux 
Rat io 

-

Effec t of 
Feed 
P l a t e 

Effec t of 
No. of 
P l a t e s 

Ef fec t of 
P r e s s u r e 

Colurin 

1000 Tor r 

• 

500 Torr 

lOOO Torr 

1500 Torr 

2000 Torr 

2500 Torr 

No. of 
P l a t e s 

30 

' 
25 

20 

15 

30 

' 

^ n p u t 

Results for 

Feed P l a t e 
L o c a t i o n 

15 

1 

10 

15 

20 

12 

10 

8 

15 

1 

Composltioi = 2.10 

a S ng 

Ref lux 
R.i t io 

5 

10 

15 

20 

25 

15 

1 

15 

1 

a c . ° H. 

e Lryo 

Atom 

It 

6 .8 

7 . 0 

7 .0 

7 .0 

7 .0 

7 .0 

7 .0 

7 .0 

7 .0 

6 .9 

6 .9 

7 .0 

7 .0 

7 .0 

7 .0 

6 .9 

48 .95 a 

genic Cc 

.: Top pro 

D 

72 .4 

8 0 . 0 

83 .2 

8 4 . 7 

8 5 . 5 

8 1 . 7 

83 .2 

6 3 . 0 

3 1 . 1 

7 8 . 7 

75 .4 

86 .2 

83 .2 

8 1 . 0 

79 .4 

7 8 . 1 

. •/. D, 48 

Humn 

d u c t 

T 

2 0 . 8 

1 3 . 0 

9 . 8 

8 . 3 

7 . 5 

1 1 . 3 

9 . 8 

1 0 . 0 

1 1 . 9 

14 .4 

1 7 . 7 

6 . 8 

9 .8 

1 2 . 0 

1 3 . 6 

1 5 . 0 

95 a t . 

Atom :; 

H 

0 . 0 8 

0 .02 

•vO 

•tO 

T,0 

•vO 

-^0 

0 .02 

0 . 0 1 

0 .02 

0 . 0 6 

•̂ 0 

->.o 

•'.0.01 

•<.0.02 

•>.0.03 

7. T. 

BottOTV. P r o d u c t 

0 

3 8 . 9 

35 .6 

34 .4 

3 3 . 8 

33 .4 

35 .0 

3 4 . 7 

34 .4 

35 . 2 

36 . 2 

37 .6 

32 .6 

34 .4 

3 5 . 3 

3 6 . 0 

3 6 . 5 

T 

6 1 . 0 

6 4 . 3 

6 5 . 6 

66 . 2 

6 6 . 6 

6 5 . 0 

6 5 . 3 

6 5 . 5 

6 4 . 8 

6 3 . 8 

6 2 . 3 

67 .4 

6 5 . 6 

6 4 . 7 

6 4 . 0 

63 .4 

J 

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 typical feed mixture at 

pressures of 500, 1000, 1500, 2000, and 

2500 Torr are summarized, respectively, in 

rows 12 through 16 of Table 2. The most 

significant effect of pressure seems to bo 

on the atom fraction of tritium In the dis­

tillate. The tritium fraction increases 

from 7% to 15% when the pressure is In­

creased from 500 Torr to 2500 Torr. The 

pressure has lesser effect on the other two 

hydrogen isotopes. As the atom percent of 

hydrogen in the bottom fraction is essen­

tially zero for all cases, the operating 

pressure should have no effect on protium 

fraction. The atom fraction of deuterium 

in the distillate decreases from 86% to 78% 

as the pressure is increased from 500 Torr 

to 2500 Torr. 

CRYOGENIC ENRICHMENT SCENARIO FOR A PROTO­
TYPAL FUSION POHER REACTOR 

Before an enrichment scheme for typical 

near-term power reactors can be developed, 

the composition of the spent fuels a'̂ d the 

pur i ty requirements for the reinjectable 

fuels must be established. The following 

composition of the spent gases may be con­

sidered as representative of a typical ex­

perimental power reactor such as the 

ANL/EPR^'^: protium 2.1 at . %, deuterium 

48.95 at . %, and t r i t i um 48.95 at. %. For 

the presently conceived ANL/EPR fuel in jec-

t ion scheme, the following are some of the 

requirements for the l i gh t and the heavy 

f ract ions: (1) The l ightest f ract ion should 

cohtain a l l of the protium atoms with as 

l i t t l e t r i t i um as possible so that i t can 
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( i f necessary) be sent to waste consol i­

dation and burial without further processing. 

(2) One of the heavy fractions must contain 

> 98 atom % deuterium so that i t may serve 

as the fuel for the neutral beam in jector . 

(3) The composition of the other heavy 

fractions should be such that the ra t io 

of t r i t i um to deuterium atoms is approxi­

mately 1.1 so that the fuel composition 

resulting from cold fuel and neutral i n ­

jection has T/D ^ 1.0. An examination of 

the feed composition and reinject ion require­

ments as l i s ted above indicated that 

several d i s t i l l a t i o n columns operating 

in cascade would be required. Figure 2 

shows the six-column cascade developed 

for the ANL/EPR. I t should be noted that 

a large number of cascade arrangements 

are possible to meet the above require­

ments and the Figure 2 represents an 

adequate, but not necessarily an optimum, 

separation scheme. 

A second computer algorithm was de­

veloped and added to the computer code 

described above as a subroutine to analyze 

multicolumn cascades. With flow schematics 

as shown in Figure 2, convergence was ob­

served to be very slow and tedious. To 

TO NEUTRAL 
INJECTOR 

SUPPLY 

Cl rOGENIC 
DISTILLATION 
COLUMN 

FIGURE 2. Cryogenic Enrichment Scenario for 
the ANL/EPR. 

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 of the 

operating parameters on column No. 6 was 

minimal. Parametric investigations of the 

effects of the operating variables carried 

out for column No. 1 (see Table 2) show 

that these variables generally have little 

significant effect on the overall per­

formance of the cascade. 

An examination of the bottom products 

from columns 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 liigh tritium content. An attempt was 

made to reduce the tritium content in the 

distillate from column No. 4 by varying 

the number of theoretical stages, reflux 

ratio and operating pressure. The tritium 

content could not be reduced to acceptable 

levels because of (1) the presence of some 

tritium at HT and (2) carryover of a portion 

of the DT into the distillate (because DT 

is more volatile than T2). Hence, all of 

the protium atoms cannot be removed easily 

by distillation alone without carryover of 

some tritium atoms. An examination of the 
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TABLE' 3. Sumnary of Operating Parameters for tge 
TEPR Cryogenic D i s t i l l a t i on Cascade 

Total 
Colu-ii. Feed Feed Feed Cooposltlon (at i) 
KL^bei'' P la te ( r o l e s ) ! ! » L _ 

Bottom Prodect 

AtoiJic riTceiitages Total Atonic Percentages 
Holes H D T 

63.0 15.1 82 0.2 46.6 53.2 

30.3 50.0 19.7 10 0.5 97.3 2.2 

50.9 31.1 18.0 15 31.9 36.9 31.2 

olui 30 Theoretical stages pei 

^See FJg. 2 for location In cascade. 

^AEter chemical equlbratlon at 300 K. 

equilibrium relationship among the six 

species of hydrogen isotopes 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. 

The Isotopomeric composition of the 

equilibrium feed mixture that distills 

from the top of column No. 3 can be altered 

by shifting the equilibria among the 

various molecular hydrogen species. In 

the liquid state, the chemical equilibria 

among the six species are essentially 

frozen. By v/arming up the mixture to room 

temperature in a chemical equilibrator, 

especially in the presence of a catalyst 

(e.g.. palladium on asbestos), new equi­

libria among the six species can be es­

tablished, as described by the following 

equations. 

H2 + D2 ; 2HD (8) 

H2 + T2 ? 2HT (9) 

D2 + T2 i 2DT (10) 

.pt for column «o. 1 operating at 500 Ton 

H2 + DT :f HT + HD 

D2 + HT J DT + HD 

To + HD ? HT + DT 

(11) 

(12) 

(13) 

Equation (10) shows that DT can be s p l i t i n ­

to T2 and D2, and equation (12) shows that 

by adding D2 to HT, a more vo la t i l e compo­

nent, HD, is produced which can be separated 

from less vo la t i l e DT. Thus, chemical equi­

l i b ra t ion followed by cryogenic d i s t i l l a t i o n 

can lead to removal of essential ly a ' l pro­

tium atoms without s igni f icant loss of 

t r i t i um atoms. 

Although there are six chemical equations 

as shown above, there are only three inde­

pendent equations that need to be solved 

to estimate a new composition of the feed 

mixture. However, the combined equations 

are nonlinear and, hence, are cumbersome 

to solve. A subroutine was wr i t ten to 

solve these equations to establish the new 

composition of the feed mixture. The 

analyt ical results af ter chemical equ i l i ­

bration are shown in the bottom row of 

Table 3. 
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CRYOGENIC ENRICHMENT SCENARIO FOR MORE 
STRINGENT ENRICHMENT REOUIREHENTS 

Based on the studies presented in this 

paper, it is apparent that the fuel en­

richment requirements of a fusion device 

are largely determined by the fuel supply 

stream(s) composition requirements. It 

is also a reasonable assumption that most 

D-T burning experimental reactors (tokamaks 

or otherwise) will produce an exhaust sys­

tem composition that is not significantly 

different from the one used above for the 

ANL/EPR. 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 

Technology Facility (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

topi cally separated energetic neutral 

particle beams. The exhaust stream compo­

sition was taken to be 0.2 at. t H2, 0.8 

at. % HD, 0.8 at. % HT, 27.7 at. % D2, 

42.8 at. % DT, and 27.7 at. % T2. 

Since the n2 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 without carryover of 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 Tj fraction >_ 0.95 with no 

protium atoms present. (Based on the 

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 followed 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 Dj", 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 

appropriate catalyst to speed up the reac­

tion), the Equilibrium mixture has the 

following approximate composition (above 

50 K, the equilibration temperature has 

only a minor effect on the composition of 

the equilibrium mixture): 

Dp ^- 25% 

T2 = 25% 

DT = 50% 

It may be observed that the composition 

of the above mixture is very similar to 

that of the original feed and, hence, may 

be returned to the first distillation 

column. 

Figure 3 represents a schematic of the 

separation scheme derived for the TETF 

type device. A fairly comprehensive 
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1 1 CRYOGENIC 
= DISTILLAT10N 

^^"EQUILIBRATOR 
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(D= T) 

COL 1 

1000 
lorr 

TO WASTE— 
CONSOLIDATION 

EXTRA D 1 

r ^ ^ 
L 

COL 3 

P = 
1000 
lorr 

COL 4 

P ' 
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P^ 
5 0 0 

RETURN TO 0° 

D > 97 

COL 2 
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RETURN TO T ' 
" INJECTOR SYSTEM 

'FIGURE 3. Cryogenic Enrichment Scenario 
for ANL/TETF 

parametric investigation to study the 

effect of the operating variables was 

carried out for the enrichment scheme repre­

sented in Figure 3. The analytical re­

sults for the five-column cascade shown in 

Figure 3 are summarized in Table 4. An 

examination of the composition of the bottom 

product from column No. 4 w i l l show that 

t r i t iun i - r ic t i and deuterium-ricti fractions 

containing l i t t l e 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 equi l ibrator, shows that a chemical 

equi l ibrator reduces the t r i t ium fract ion 

in the top product from 8.4% to 0.6%. 

ESTIMATES OF REFRIGERATION POMER 
REQUIREMENT? 

A preliminary assessment of power input 

demands for the types of d i s t i l l a t i o n 

cascades represented in Figures 2 and 3 

showed that the cycl ic heating and re­

f r igerat ion associated with the operation 

of equi l ibrators constituted the major 

e lec t r ica l dr iv ing power load i f the 

equi l ibrators handled a sizeable f ract ion 

of the tota l mass flow through the cas­

cade. An estimate of the ref r igerat ion 

power drawn by the equi l ibrator feeding 

. into column No. 1 in Figure 3 was made based 

on the assumption that this equi l ibrator 

is operating between 300 K and 20 K and 

handles a tota l flow of 22 moles/hour of 

an equimolar mixture of deuterium and 

t r i t i um . Ttie heat capacity and latent 

heat of vaporization of the DT mixture 

were taken to be 29.1 joules/mole-K and 

1385 joules/mole, respectively. For the 

case of an idea l , thermodynamically re­

versible l iquef icat ion process, the re­

f r igerat ion power demand was found to 

be I- 7 watt-hour/mole or "^ 1.55 ki lowatt 

for the 22 mole/hour flow rate. (The use 

of a factor of 10 for the actual/ ideal work 

ra t io is in l ine with the values of 4.7 
13 

and 13 reported by Scott for the l ique­
faction of a i r and helium, respectively. 
The overall power input to the cryogenic 
enrichment equipment for a fusion power 
plant is unl ikely to exceed 10 kilowatts 
and, hence, w i l l be a very small f ract ion 
of the plant 's to ta l rec i rculat ing power 

2 
based on current estimates. 

CONCLUSIONS 

Mathematical simulation of multicompo­

nent d i s t i l l a t i o n and computer solution of 

the resultant equations were carried out. 
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TABLE 4. Summary of Operating Parameters for Jhe 
TETF Cryogenic D i s t i l l a t i on Cascade 

Crli-™ 
Husbcr*' 

1 

2 

3 

4 

5 

5*= 

Feed 
Place 

15 

20 

15 

15 

15 

20 

1 5 

Total 
Feed 

(moles) 

1 0 0 

50 

50 

2 3 

5 

5.5 

Feed 
H 

0.49 

0 

1 .0 

1.77 

9.4 

8.6 

C P I -pos i t ion 
D 

49.64 

24.4 

74.9 

94.51 

87.0 

88.2 

Cat 7.) 
T 

49.87 

75.6 

24.1 

3.72 

3.6 

3.2 

Total 
Moles 

5 0 

27 

2 3 

5 

2 

2.5 

Top Pi 
Ator.ii 

II 

1 .0 

0 

2 . 0 

9 . 4 

23.1 

18.8 

•o i luc t 
.C I 'LTr. ' l l 

D 

74.9 

^2.5 

93.9 

87 .1 

68.5 

80.6 

IS 

T 

24.1 

57.5 

4 . 1 

3 . 5 

8.4 

0.6 

Total 
Holes 

50 

2 3 

2 5 

2 3 

3 

3 

Botton 
Ator-

H 

0 

0 

0 

0 . 1 

0.2 

0 

Product 
ic IVrcon: 

n 
24.4 

3 . 2 

55.9 

96.1 

99.4 

94.6 

T 

7 5 . 

0 6 . 

4 4 . 

•̂ 
0. 

5. 

^30 Theoretical stages per coli 

to 500 Torr. 

1 1. 2. 3 equal to 1000 Torr. pr. ^ and 5 equal 

See Fig. 3 for location in cascade. 

*^After chemical equilihration at 300 K. 

^Since the computational steps are based 

on an exact solut ion method, the accuracy 

of the analyt ical results is expected to 

be l imited only by the accuracy of the 

thermodynamic and phase equilibrium data. 

Although the computer code was developed 

speci f ica l ly for enrichment of the spent 

fuels from presently conceived tokamak-type 

fusion reactors, the scope of this program 

is much broader, in that i t can be used 

in the design and analysis of multicomponent 

d i s t i l l a t i o n for any l iqu id mixture, pro­

vided, of course, that the necessary thermo­

dynamic and phase equil ibrium data are 

available. The program is very e f f i c ien t 

so that a number of parametric inves t i ­

gations to study the effects of design and 

operating variables can be carried out even 

with l imited resources. The program does, 

however, require a f a i r l y large computer 

storage (approximately 250 K bytes). 

Using th is general purpose computer code 

as a basis, a d i s t i l l a t i o n cascade con­

s is t ing of s ix cryogenic columns was 

developed and analyzed for the ANL/EPR. 

The analyt ical results show that enrichment 

of the spent f u e l , suf f ic ient to meet the 

fuel in jec t ion requirements of the ANL/EPR. 

can be carried out in a straightforward 

manner. 

Similar analyt ical studies of spent fuel 

enrichment for the ANL/TETF show that 

complete recycling of the fuel for a 

t o ta l l y beam-driven device is possible with 

an enrichment system consisting of only f ive 

d i s t i l l a t i o n columns and two chemical 

equi l ibrators. 

The most important conclusion that may 

be drawn from the study of the two sys­

tems is that . In addition to meeting fuel 

in ject ion requirements, separation of the 

isotopomeric species of hydrogen can be 

carried out to any degree of pur i ty by 

judicious selection of (1) the design and 

operating parameters ( e . g . , number of 

theoretical stages, ref lux r a t i o , operating 

pressure, etc.) and (2) the number of d is­

t i l l a t i o n columns, appropriately in ter ­

spersed with chemical equi l ibrators. 

Generally speaking, most of these con­

clusions are in accord with an ear l ier 
12 

study by Wilkes. 
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NOMENCLATURE 

8 j ^ Coefficients of l inear equation 

b j 1 Constants of the l inear equation 

A NP X NP coef f ic ient matrix 

9{ 4 Members of matrix A 

B NP X 1 column matrix 

ĉ  i> ^2 i---'^n i Polynomial f i t coeff icients 

D]• ^2 D i s t i l l a te and side stream flow rates 

F^, Fg. Fj Feed rates 

i . I Component designation 

j l J Equilibrium stage or plage number 

k,' Equilibrium constant for component 1 

between the l iqu id and vapor phases 

L Liquid flow rate 

L/D Reflux ra t io 

n Degree of polynomial 

NP Number o f t h e o r e t i c a l s tages , or p l a tes 

N F , . NFp. NF, Feed p l a t e numbers 

NC Number o f components i n t he f e e d m i x t u r e 

NS Side stream plate number 

PJ Vapor pressure of component i 

P Total pressure of system 

Qp, Q„ Heat flow rates for the total condenser and 

reboi ler . respectively 

T. Temperature of l iqu id mixture on plate j 

V Vapor flow rate 

W Bottom product rencval rate 

X NP X 1 solution matrix 

X. J Mole f ract ion of component i in l i qu id phase 
*j.1 on plate j 

y. . Mole fraction of component i in vapor phase 
^' on plate j 
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MULTIDIMENSIONAL NEUTRONICS ANALVSIS 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 streaminq of nuclear radiation. Multi-

dimenional neutronics calculations are used to examine the gross effects of 

major penetrations and their special shieldinn requirements. The study 

shows that it is feasible to shield against 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 significant cost item. 

I. INTRODUCTION 

The blanket/shield system in a Tokamak 

Experimental Power Reactor' ' (EPR), and 

in future tokamak fusion reactors as well, 

is required to acconmodate a variety of pene­

trations including those for vacuum pumping, 

neutral beam and/or radio frequency (rf) 

heating, and experimental and maintenance 

access. These penetrations occupy typically 

-5-10% of the blanket/shield volume. Pene­

trations such as those for vacuum pumping 

and neutral beam heating represent large 

void regions (•>.0.5-l m^ 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 U of the neutrons to escape into 

the exterior of the primary (bulk) shield. 

Thus the additional soecial penetration 

shield will have to provide roughly four 

orders of magnitude of attenuation for neu­

trons streaming in the presence of penetra­

tions. Therefore, the special shields for 

penetrations represent a very significant 

part of the shielding system in EPR and are 

expected to remain equally important in 

future tokamak reactors. The design of a 

penetration shield is more difficult, how­

ever, 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 and 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 straiqht-through path 

for the neutrons, a path leadinq 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: 

(1) major penetrations; and (2) normal pene­

trations. The major penetrations are those 

penetrations that are large in size and 

their functional requirements do not permit 

substantial modifications in their shape. 

These major penetrations include, for exam­

ple, the evacuation, neutral beam, and rf 

ducts. On the other hand, the normal pene­

trations are small and are ameanable to sub­

stantial shaping of their path inside the 

blanket/shield, /̂ mong the penetrations in 

this category are, for example, the coolant 

channels, clearances between shield blocks, 

and some of the small penetrations for diag­

nostics. This classification is of great 

importance with respect to the development 

of a strategic procedure for the design of a 

reactor. The effects of normal penetrations 

can be regarded as moderate perturbations on 

the performance of the system. Thus, 

although the impact of these normal penetra­

tions should be anticipated qualitatively in 

the eurly stages of the design, their 

detailed design and analysis can be deferred 

untii later stages of the overall reactor 

des'.gn process without much penalty. On the 

othf.'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 possible. 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 

desiqn. This paper presents some results of 

a neutronics study on the effects of major 

penetrations in tokamaks and analysis of 

their special shield rpquirpments. More 

detfiilpd information is qivpn in Kefs. 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 scoping 

study. This reference design has a major 

radius, R, of 625 cm and a circular plasma 

cross section with a minor radius, a, of 210 

cm. There are 16 TF coils; each has a D-

shaped vertical cross section with a horizon­

tal bore of 7.7 m and a vertical bore of 11 

m. A horizontal cross section of a TF coil 

is 0.60 m thick and 0.90 m wide. The blan­

ket and primary shield consist of alternating 

zones of stainless steel (SS) and boron car­

bide (Bi,C). A small segment 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 desiqn, 

as in any tokamak reactor, the inner segment 

of the blanket/shield cannot be utilized for 

placement of any major penetrations. These 

are generally accommodated on the top, bot­

tom, and outer side of the torus. Therefore, 

the specific details of the inner seqment of 

the blanket/shield will be ignored for the 

purpose of this work, and the blanket/shield 

is assumed to surround the plasma with a 

uniform thickness of 1.31 m. The inner 

radius of the first wall is 2.40 m. There 

are 32 vacuum ducts in the design, and each 

is cylindrical with an 0.85 m diameter. Two 

vacuum ducts are located at the top and bot­

tom of the torus, equally spaced between 

each pair of the TF magnets. A cylindrical 

neutral beam duct with an 0.85 m diameter is 

located between each pair of TF magnets. 
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centered around the midplane, and i t s axis 

is nearly tangential to the toroidal mag­

netic axis. 

The neutronics analyses were carr ied out 

using a three-dimensional geometric model 

with the continuous energy Monte Carlo Code 

V I M ' ^ ' and nuclear data from ENDF/B-IV.* 

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 

f u l l reactor geometry very cost ly . There­

fore, a somewhat s impl i f ied three-dimen­

sional geometric model, which is less costly 

but incorporates the basic features of the 

reactor geometry and accounts for a l l f i r s t -

-order effects of penetrations, was 

developed as described in deta i l in Ref. 3. 

Figure 1 shows a schematic of the geomet­

r i c representation for analysis of the 

vacuum ducts and the i r shields. I f the 

toroidal magnetic axis is assumed to be a 

stra ight l i n e , then Fig. 1 represents a cross 

section in the x-z plane where the z-axis is 

taken along the toroidal magnetic axis and 

the X-axis is paral le l to the poloidal axis 

and passes through the plasma center l ine. 

The system is syrmetric around the midplane. 

A cross-section view in the x-y plane would 

show the blanket and the bulk shield as a 

set of concentric c i rc les surrounding the 

c i rcu lar plasma and scrape-off regions with 

one cy l indr ica l vacuum duct at the top and 

another at the bottom. Figure Z shows a 

schematic of the geometric representation for 

the analysis of the neutral beam ducts and 

the i r 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 ax is , but the x-axis In the midplane 

and the y-axis is paral le l to the poloidal 

axis. The axis of the beam duct is in the 

midplane (x-z plane) and makes an angle B 

with the X-axis. Note that in both Figs. 1 

TO VACUUM PUMP 

FIGURE 1. Schematic of Geometrical Repre­
sentation for Analysis of Vacuum Ducts and 
Their Shields 

and 2 the minor radius, r, for a po in t , is 

simply r = /x2 + y'^. 

In Figs. 1 and 2 some spat ia l zones are 

indent i f ied by numbers that w i l l be useful 

in la ter discussions. Zone 1 represents the 

plasma region and Zone 2 the scrape-off 

region. Zones 3-16 and 31-44 const i tu te the 

blanket-hulk sh ie ld . The wall of the pene­

t ra t ion duct is represented as 1 cm thick 

tube of stainless steel that extends from 

the f i r s t wall to the exter ior of the TF 

co i l s . The port ion of the penetration duct 

inside the blanket and bulk shield is 

defined as Zone 21 and the corresponding 

port ion of the duct w.ill is Zone ?1. Thn 
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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 1s 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 colls and 

leads to the large size chamber of the beam 

injector. Many components are located in­

side the beam Injector, such as the neutrali­

zer, bending magnets, cryosorption panels, 

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 

coils. In order to quantify the level of 

radiation streaminq into the beam Injectors 

and vacuum pymps, a 5 cm thick stainless 

steel disc was placed as an "end cap" on the 

penetration duct and is shown as Zone 25 in 

Figs. 1 and 2. The TF colls composition is 

homogenized as 50% SS + 50% Cu. These coils 

are divided into poloidal concentric rings, 

each 5 cm thick (depth). Each ring is 

divided into two zones. One zone Is bound 

between two planes located at y = -100 and 

y = +100 and the other zone constitutes the 

rest of the ring. The first 5 cm ring con­

sists of Zones 18 and 28 and the second 5 cm 

ring consists of Zones 19 and 29 with Zones 

18 and 19 as the regions closer to the pene­

tration duct. 

III. ANALYSIS OF UNSHIELDED PENETRATIONS 

Calculations for seven design sets, A-G 
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were made. Each set examines one or more 

aspects of the penetrations and their shield. 

This section is devoted to an analysis of the 

unshielded penetrations. Although it is 

clear that special shielding has to be pro­

vided to counteract the penetration effects, 

this analysis of unshielded penetrations is 

useful in providing insight into the reguire-

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 variable parame­

ter here is the blanket-bulk shield thick­

ness, which is 131, 111, and 91 cm for cases 

1, 2, and 3, respectively. The blanket and 

bulk shield composition for case 1 is that 

shown in Fig. 1. Cases 2 and 3 are obtained 

by eliminating outer parts of the shield 

with the appropriate thickness. The inner­

most radius of the TF coils in all cases is 

430 cm. Table 1 shows the total neutron 

fluxes (normalized to 1 MW/m^ neutral wall 

loading) at several key locations and the 

neutron leakage per DT neutron. In Table 1 

and other tables in this paper, the percen­

tage values in parentheses after each flux 

or leakage value represent the statistical 

error (i.e. the standard deviation) as esti­

mated by VIM. These results show that in­

creasing the thickness of the bulk shield by 

20 cm reduces the level of nuclear radiation 

at the TF coils by a factor of >15. The 

tolerable 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.'^"' One constraint that cannot be 

violated, however, is that the radiation 

level at the TF coils must not exceed a level 

that permits the components of the supercon­

ducting magnet to function properly without 

excessive radiation damage and nuclear 

enerqy deposition. The magnet protection 

criteria depend on the design 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 
(2 7) 

of practical interest at present.' 

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 

TABLE 1. Neutron Fluxes Normalized to a Neutron l»/all Loading 
of 1 MW/m^ for Design Set A 

Case No.: 

Thickness of Bulk Shield, cm 

Diameter of Penetration Duct 

No. of Histories 

*18 

iflS 

*28 

• 29 

• 25 

Neutron Leakage per DT Neutron 

131 

none 

20,000 

9.93(6) (1 

7.28(6) (± 

9.93(6) (± 

7.28(6) (± 

9.90(6) (± 

1.16(-7)(t 

8* 

8X 

B% 

8% 

M 

4iS 

111 

none 

16,000 

1.85(8) (±14%) 

1.23(8) (±16«) 

1.85(8) (±14«) 

1.23(8) (±15«) 

1.85(8) (±14%) 

1.91(-6)(t l3! !) 

91 

none 

16,000 

3.19(9) (±13?) 

2.20(9) (±14%) 

3.19(9) (±13%) 

2.20(9) (±14%) 

3.20(9) (±13%) 

2.93(-5)(±l l%) 
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1n diameter, as shown in F ig. 1. Results 

for cases 4, 5, and 6 are shown in Table 2. 

Comparison of resul ts in th is table with 

resul ts shown in Table 1 fo r Design Set A 

shows that ; 

(1) The presence of penetrations causes a 

strong spat ia l var ia t ion of the TF co l l neu­

tron f luxes in the poloidal d i rect ion ( I . e . 

along the circumference of the D-shape). 

The ra t i o of the neutron f lux In region 18, 

$18, to that in region 28, $20. Is M 2 . The 

penetrations also cause large var iat ions in 

the toro idal d i rec t ion across the TF c o i l s . 

(2) The penetrations Increase the neutron 

f lux in the TF co i l s by several orders of 

magnitude. 

{3} Increasing the bulk thickness of the 

blanket-bulk shield from 0.91 to 1.31 m re­

duces the neutron f lux at the magnet by a 

factor of ^̂ ,300 in the absence of penetra­

tions but by only a factor of -^•3 when pene­

t ra t ions are present. 

(4) The large-size penetrations assist a 

greater number of neutrons at high energy to 

reach the TF c o i l s . This causes the increase 

in the transmutation, atomic displacement, 

and nuclear heating rates at the TF co i l due 

to the presence of penetrations to be gener­

a l l y higher than the Increase in the to ta l 

neutron f l u x . 

(5) The neutron leakage per DT neutron in 

the presence of penetrations 1s -̂ ^2-3%, while 

In the absence of penetrations I t varies from 

1.2 X 10"^ fo r the 1.31 m bulk shield to 

3 X 10-^ for the 0.91 m bulk sh ie ld . 

(6) The neutron f lux at the end cap. Zone 

25, is -'-1.2 y 10^^ n/cm*̂  sec. (For compari­

son, the neutron f lux at the f i r s t wall is 

7.6 " 10^''.) This means that aux i l i a ry sys­

tems located at the end of the penetration 

duct receive a s i gn i f i can t l y high dose of 

rad ia t ion . 

The large-s ize penetrations enable a large 

number of neutrons and photons to reach mag­

nets in two ways: (1) by creating possible 

d i rect l l ne -o f - s lqh t from the plasma region 

to the magnets; and (2) increasing the popu­

la t ion of the neutrons and photons in the 

blanket/shield regions in the v i c i n i t y of 

the void penetration where they can travel 

in to the maqnets through short paths in the 

b lanket /shie ld. This second e f fec t , gener­

a l l y cal led penetration-assisted radiat ion 

streaming, becomes more dominant as the size 

of the void penetration Is decreased and the 

l i ne -o f -s loh t streaming is reduced. Both 

d i rect and assisted streaming are sensit ive 

to the size of penetration for a given reac­

tor conf igurat ion, as shown next. 

Table 3 shows the neutron fluxes and 

leakage for cases 7 and 8 compared with case 

4 discussed above. The diameter of the 

cy l indr ica l penetration Is varied from 0.85 

m In case 4 to 0.42 m in case 7, and to 0.20 

m in case 8. The results In Table 3 show 

that the neutron fluxes at the TF co l ls are 

reduced by more than an order of magnitude 

when the cross section area of the void pene­

t ra t ion is reduced by a factor of 4. From 

the very l imi ted number of cases in Table 3, 

i t can be tentat ive ly concluded that the 

to ta l neutron f lux at the TF coi ls is 

roughly proportional to the square of the 

cross section area of the void penetration. 

Thus the neutron f lux at the TF co i l s Is 

approximately proportional to d'*, where d is 

the character is t ic dimension of the penetra­

t ion cross section {e.g. d 1s the diameter 

of a c i rcu la r cross section or the side 

length of a square cross sect ion) . These 

correlat ions are brought up here only to 

demonstrate qua l i t a t i ve l y the great depen­

dence of radiat ion streaminq on the size of 

penetrations. The geometry of the system 

and the shape of the penetration are also 

important. For example, a penetration with 

a rectangular cross section with one side 

much larger than the other side is l i k e l y to 

resul t in less radiat ion streaming than 

another penetration with the same cross 
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'ABLE 2. Total Neutron Fluxes Normalized to a Neutron Wall Loading 

Case No.: 

Thickness o 

Diameter of 

Orientation 

of 1 

Bulk 

HW/m2 

S h i e l d 

Penetration 

f o r Desiqn 

, cm 

D u c t , cm 

of Penetration 

Penetration Shield 

No. of Histories 

*21 

*22 

Neutron Lea kage pe 

Compo 

r DT 

s i t i on 

eutron 

Set B 

4 

131 

85 

perpendicular 

none 

20,000 

4.08(12) 

2.67(12) 

3.42(11) 

1.90(11) 

1.59(14) 

2.22(13) 

1.48(14) 

1.63(13) 

1.19(13) 

1.97(-2) 

(±9%) 

(±11%) 

(±7%) 

(±11%) 

(j3%) 

(!6%) 

( i3%) 

(.8%) 

( 1 0 % ) 

( i6%) 

5 

111 

85 

perpend ic i j 

none 

10,000 

6 . 1 9 ( 1 2 ) 

4 . 1 3 ( 1 2 ) 

7 . 1 1 ( 1 1 ) 

4 . 0 0 ( 1 1 ) 

4 . 5 9 ( 1 4 ) 

2 . 1 6 ( 1 3 ) 

1 .50 (14 ) 

1 .47(13) 

1 .14 (13 ) 

2 . 5 4 ( - 2 ) 

lar 

±17%) 

±19«) 

±8%) 

±13%) 

±4%) 

±11%) 

±4%) 

.10%) 

i l7%) 

• at) 

6 

91 

85 

perpendicular 

none 

10,000 

1.03(13) 

7.77(12) 

1.14(12) 

6.84(11) 

1.50(14) 

2.37(13) 

1.27(14) 

1.83(13) 

1.83(13) 

3.1B(-2) 

(±9%) 

(±8%) 

(±14%) 

(±16%) 

(±6%) 

(±8%) 

(±5%) 

( t9%) 

(|12'X) 

I'm 

(a) Axis of duct is perpendicular to the toroidal axis as shown in F iq. 1. 

TABLE 3. Total Neutron Fluxes Normalized to a Neutron Wall Loading 

of 1 MW/m2 for Design Set C. 

Case No. 

Thickness of Bulk Shield, cm 

Diameter of Penetration Duct, cm 

Penetration Shield Composition 

No. of Histories 

*19 

*2S 

• 23 

*2b 

Neutron Leakage per DT Neutron 

131 

85 

none 

20,000 

4 . 0 8 ( 1 2 ) 

2 . 6 7 ( 1 2 ) 

3 . 4 2 ( 1 1 ) 

1 .90(11) 

1 .59(14) 

2 . 2 2 ( 1 3 ) 

1 .48(14) 

1 .63(13) 

1 .19(13) 

1 . 9 7 ( - 2 ) 

( j9%) 

(-11%) 

(-'7X) 

( '11%) 

(•3%) 

(•6%) 

(*3%) 

(±8%) 

(±10%) 

(±6%) 

131 

42 

none 

20,000 

3.51(11) (±18%) 

1.85(11) (±25%) 

2.56(10) ('34%) 

1.86(10) (±32%) 

1.24(14) ('6'/.) 

6.18(12) ('24%) 

1.14(14) (±7%) 

3.61(12) (±27%) 

4.30(12) (±43%) 

1.181(-3) (•20%) 

131 

20 

none 

50,000 

1.10(10) (±56%) 

8.04(9) ('70%) 

2.50(9) (±65%) 

2.03(9) {'79%) 

8.65(13) ('7%) 

7.62(11) ('65%) 

8.65(13) (±7%) 

5.16(11) (±64%) 

5.35(11) (±100%) 

8.26{-5) (±45%) 
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section area but with a square cr c i rcu la r 

cross sect ion. Both d i rect and assisted 

streaming are strongly dependent on the size 

and shape of the penetrat ion. 

Comparing s i , as well as •2", f ° ' * ^^^ 

three cases in Table 3 shows that the neu­

tron f luxes along the walls of the penetra­

t ion vary also with the penetration size. 

The neutron f luxes in the port ion of the 

duct wal ls inside the blanket-bulk shield 

Increase by ^̂ 30% when the diameter of the 

duct i s doubled. The var ia t ion in the neu­

tron f luxes In the port ion of the duct walls 

outside the blanket-bulk shield with the 

size of the duct is much more pronounced. 

These resul ts indicate that the spat ial 

var ia t ion 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 ef fect of major void penetrations can 

be c lass i f i ed in to two categories. The 

f i r s t category includes the effects on reac­

tor components external to the bulk shield 

due to a dramatic enhancement of radiat ion 

streaming. The ef fects on the penetration 

walls and blanket-bulk shield in the v i c i n ­

i t y of the penetrations are included in the 

second category. Effects in the f i r s t cate­

gory can be guarded against by incorporating 

e f f i c i e n t penetration shie lds, as examined 

in th is sect ion. 

There are several shielding schemes which 

might be used to protect reactor components 

external to the bulk shield from enhanced 

radiat ion streaming caused by large-size 

penetrations. These are: 

(1) Movable Shield Plug — I f the func­

t ional requirements of a penetration permit 

that the penetration be closed during the 

plasma burn, then a shield plug can be moved 

at the beginning of each pulse to close 

completely the penetration region embedded 

in the biiK sh ie ld . 

(2) Local Component Shield -- RMCtor 

components affected by radiat ion can be sur­

rounded by a shield capable of reducing the 

radiat ion level in the component to a to le r ­

able leve l . 

(3) Bulk Shield Extension - - The bulk 

shield can be extended into and in between 

the TF c o i l s , and onto the outside as 

necessary. 

(4) Local (Exter ior) Penetration Shield — 

Each penetration is surrounded as i t emerges 

from the bulk shield by an appropriate local 

shie ld. This shield must suff ice to reduce 

the radiat ion level at the TF co i ls and at 

a l l other aux i l ia ry systems located in the 

reactor bui lding to a permissible leve l . 

Each of these shielding approaches has 

i t s own merits and disadvantages. The mova­

ble shield plug is the easiest to define in 

terms of nuclear requirements, since i t needs 

to have the same dimensions as the penetra­

t ion i t s e l f and i t can be of a composition 

s imi lar to that of the blanket-bulk sh ie ld . 

The most important advantage of the movable 

shield plug is that , in contrast to a l l other 

approaches, i t completely eliminates the 

penetration effects and restores the effec­

tiveness 0* thp bulk sh ie ld . I t also 

requires the smallest inventory of shielding 

materials of the four options. Whether a 

movable shield plug is less costly and is 

more favorable than the other shielding 

schemes has yet to be determined from 

detai led studies including engineering and 

r e l i a b i l i t y considerations. A movable 

shield plug weighs several thousands of k i l o ­

grams for the size of penetration discussed 

in th is work. I t also reguires incorporating 

mechanical and e lec t r i ca l components as well 

as automatic control system, a l l of which 

must have high qual i ty performance. More­

over, f a i l u re of these components has to be 

anticipated and the consequences must be 

assessed and factored into the design. 
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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 plasma 

burn. This immediately eliminates, for 

example, a movable shield plug as a viable 

approach for neutral beam ducts in beam-

driven devices and for divertors. 

This study does not find the movable 

shield plug to be a viable approach for the 

neutral beam ducts for several reasons. One 

specific reason for near-term devices up to 

and including the tokamak EPR is that these 

machines may have to be operated in a beam-

driven mode, either to offset subignition 

confinement or to prolong 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 

following: 

(1) During the plasma heating phase, the 

neutral beam is injected for a finite period 

of time and the fusion power increases 

steadily. The total energy of the neutrons 

emitted during the beam injection phase 

depends on the characteristics of the design 

but it is generally significant. Thus, radi­

ation streaming during the plasma heating 

phase when the shield plug cannot be used is 

very likely to be intolerable. The sane 

problem arises when the beam is used to 

extend the burn pulse. 

(2) The neutral beam ducts have to provide 

a straight-through path from the neutralizer 

to the plasma chamber. Thus, the mechanical 

movements of the shield plug to close the 

neutral beam duct will involve rotational as 

well as displacement movements. This will 

involve time delay in closing the beam duct • 

with the plasma already in the ignition 

phase. Moreover, complicated patterns of 

movements for placing the shield plug inside 

the beam duct will magnify the risk of fail­

ure that will always be associated with 

periodic mechanical movements of massive 

weights on a short time scale. 

The second approach for penetration 

shielding is local shieldinn of components 

that are affected by radiation. This 

approach can be easily rejected as the pri­

mary approach on the ground 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 local penetration shield approach 

takps full advantage of the specific shapes 

of penetrations, and of the fact that the 

penetrations may be located relatively long 

distances apart. In this approach, each 

penetration is surrounded as it emerges from 

the bulk shield by local shielding. The 

shapes and compositions of the local shields 

can be carefully adjusted so as to conserve 

space and minimize cost. With this local 

penetration shield approach, the dimensions 

of the bulk shield, for a given material 

composition, should be no greater than the 

minimum required for the protection of the 

TF coils in regions far away from the pene­

trations (i.e. in the complete absence of 

any penetration effects). The local 
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penetration shield approach requires exten­

sive nuclear analysis to determine the appro­

priate material composition and the optimum 

geometrical shape for each particular type 

of penetration. In this study, a modest 

attempt is made to examine the gross fea­

tures of a local penetration shield. 

Because of constraints on available space 

for local penetration shields It is Important 

to find an effective shield material which is 

not unduly expensive. Such a composition was 

found in Refs. 2 and 7 for typical fusion 

reactor spectra to be a mixture of stainless 

steel and boron carbide. Design Set D in 

Table 4 allows for a penetration shield whose 

composition is 50% SS + 50% Bi,C in case 9, 

all stainless steel in case 10, and all B,,C 

in case 11. The geometry of the system is 

as shown in Fiq. 1, with the inner radius of 

the TF coils as 4.30 m. The penetration 

shield Is 0.30 m thick and extends from the 

bulk shield to the end cap. The results in 

Table 4 show that the 50% SS + 50% B^C pene­

tration shield in case 9 gives much better 

overall attenuation than we find in cases 10 

and 11. Comparing cases 9 and 11 shows that 

the 50% SS + 50% B^C penetration shield 

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-Bi,C 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, travelling in the void duct, strike 

the penetration shield adjacent to the side 

of the duct, but others do not; many neu­

trons scatter from the side penetration 

shield into the duct where they can travel 

for a long path before they can make another 

collision on the side shield. Thus, the 

attenuation of neutron fluxes outward in the 

void duct will tend to be weak. This effect, 

as will be seen shortly, persists regardless 

of the thickness of the penetration shield. 

Comi^arinq case 9 in Table 4 with case 4 

in Table 2 shows that the use of an 0.30 m 

thick penetration shield results 1n a factor 

of 40 reduction in the neutron fluxes at the 

TF coils. However, in reference to case 1 

in Table 1, the penetration shield needs sub­

stantial improvement to provide an additional 

four orders of magnitude in attenuation in 

order to completely eliminate the penetration 

effects at the TF coils. Design Set E In 

Table 6 examines the effects of the penetra­

tion shield thickness and length. In cases 

12, 13, and 14, only the first 15 cm of the 

magnet depth are included in the calculation 

in order to eliminate the computer time 

consumed in tracking particles traveling in­

side the TF coils (i.e. in reqion 49 in Fiq. 

1). Case 9 of Table 4 is also shown 1n 

Table 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 

coil fluxes for cases 13 and 9. The results 

in Table 5 show that increasing the thickness 

of the penetration shield from 0.30 m in case 

9 to 0,75 m in case 14 (with the penetration 

covered from the outer surface of the bulk 
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TABLE 4. Total Neutron Fluxes Normalized to a Neutron Wall Loading 

of 1 MW/m^ for Desiqn Set D 

Case No.: 

Thickness of Bulk Shield, cm 

Diameter of Penetration Duct, 

Penetration Shield Composition 

131 

85 

131 131 

85 85 

50% SS + 50% B̂ C SS B̂ C 

Dimensions of Penetration Shield tz " t, = 30 cm t 
30 cm t-, = t, = 30 cm 

• • ! 

= 119 cm '•! + ».2 = 119 cm ',, + v.; = 119 cm 

30,000 10,000 10,000 

9.69(10) (-20%) 1.93(12) (±13%) 7.08(11) ('19%) 

6.04(10) (±23%) 1.27(12) (±23%) 3.30(11) (=20%) 

9.97(9) (±18%) 1.78(11) (±13%) 1.67(10) (±25%) 

7.37(9) (±22%) 1.14(11) (±21%) 1.67(10) (±27%) 

1.68(14) (±3%) 1.72(14) (±4%) 1.55(14) (±4%) 

3.37(13) (±5%) 4.63(13) (±8%) 2.32(13) (±8%) 

1.53(14) (±3%) 1.56(14) (±6%) 1.39(14) (±4%) 

2.88(13) (-5%) 
1.67(13) (-7%) 2.25(13) (ill%) 1.17(13) (.17%) 

Neutron Leakage per DT Neutron 4.04(-3) (±7%) 1.10(-2) (±8%) 4.44(-3) (±12%) 

No. of Histories 

*19 

«28 

*22 

'>23 

*2l4 

TABLE 5. Total Neutron Fluxes Normalized to a Neutron Wall Loading 

of 1 MW/m2 for Des 

Ci'.,- Co.: 

Thicknc"-.s (jf iiulk Shis^.d, cn 

Diameter of Penetration Duct 

Penetration Shield Composition 

Dimensions of Penetration Shield 

No. of Histor ies 

5 l 9 

* 2 1 

^22 

* 2 J 

• !» 

«-.s 
Neutron Leakage per DT Neutron 

ign Set E 

\2 

131 

85 

50J SS + 5 

t- = 30 cm 
11 = ii5 cm 
ta = -2 = 

20,000 

2.17(11) { 

2.13(11) ( 

2.11(10) { 

1.06(10) ( 

1.5E(«) ( 

2.46(13) ( 

1.44(K) ( 

2.02(13) ( 

1.23(13) ( 

9.60(-3) ( 

0'» B,C 

0 

±2!;;) 

=23?,) 

.26S) 

=34S) 

.4 ; ) 

•5-/) 

i n ) 

•6X) 

= 10S) 

-.6'.') 

13 

131 

.",5 

50% SS + 50« B̂ C 

t- = 75 cm 
..: = 55 cm 
t ; = i , = 0 

30,000 

1.31(11) 

1.80(1!) 

4.84(8) 

3.14(3) 

1.52(14) 

2.48(13) 

1.38(11) 

2.09(13) 

1.14(13) 

9.18(-3) 

(±12?.) 

( .16;) 

(=41S) 

(=42?.) 

(=3?,) 

(-5?,) 

(•3?,) 

(!5?.) 

(:8J) 

(s6S) 

11 

31 

05 

50,; SD + 502 8,C 

t l = 75 c-
1, = 59 c-i 
t^ = 34 cm 
..- = 15 cr 

30,000 

1.32(9) (:73',) 

1.08(9) (=85;) 

2.44(6) (:100;) 
,;s!a) 

1.58(11) (:2?) 

2.91(13) ' r5 ' : ; 

1.41(14) (.3;;) 

2,36(13) ( = 5;:) 

' .28(13) (-7?.) 

8.80(-3) (;5?) 

9 

131 

85 

50'« 55 t 

t , = t i = 

30,000 

9.69(101 

6.04(10) 

3.97(9) 

7.37(9) 

1,68(14) 

2,37(13) 

1,53(14) 

2,88(13) 

1.67(13) 

«.04(-3) 

501 E,C 

30 cm 
119 cm 

(±20S) 

(=23;;) 

(±182) 

(±22?;) 

UV.) 
(±5?.) 

{(•it.) 

( = 5?,) 

l-Ti) 
{•-m 

(d) NS = no score = no neutrons reached this region in the histories run. 
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shield to in between the TF co i l s ) reduces 

the neutron fluxes at the magnets by a fac­

tor of 'v70. There is an important d i f f e r ­

ence between tne penetration shields in 

cases 9 and 14 besides the d i f fe ren t th ick ­

ness. In case 9 the penetration shield 

covers the penetration f u l l y , i . e . i t 

extends to the end cap. In case 14, how­

ever, the penetration shield covers only 

those portions of the penetration which l i e 

between the bulk shield and the TF c o l l s , 

and extends in between the TF co i l s for only 

0.15 m. Thus, the port ion of the TF co i ls 

(0.15 m depth) Included in the calculat ion 

is protected from d i rec t l i ne -o f - s i gh t expo­

sure of any region inside the penetration 

duct in both cases. However, In case 14 the 

port ion of the duct beyond the TF co i ls is 

l e f t bare. This causes the neutron leakage 

in case 14 to be about twice that in case 9. 

A comparison of the neutron fluxes In zone 

25, (fist and the neutron leakage for cases 9 

and 14 reaff i rms an important conclusion 

obtained ea r l i e r in th is sect ion. Regardless 

of how th ick the penetration shield is made 

to be, extending the penetration shield to 

surround the portions of the void duct be­

yond the TF co i ls is necessary in order to 

protect aux i l i a ry systems and equipment 

located external to the TF co i l s . 

On comparing the results for cases 14 and 

1, one sees that the attenuation obtainable 

with th ick penetration shield in case 14 

(0.75 m thick and tapered o f f to 0.34 m in 

between the TF co i l s ) needs to be improved 

by an addi t ional two orders of magnitudes in 

order to completely el iminate the penetration 

effects at the TF c o i l s . Comparing the 

resul ts of case 14 in Table 5 wi th Case 3 in 

Table 1 shows that I f the magnet protect ion 

c r i t e r i a are sa t i s f ied by the attenuation 

provided by the 0.91 m thick blanket-bulk 

shield in the absence of penetrations, then 

the penetration shield speci f ied in case 14 

is adequate to el iminate the penetration 

ef fects at the TF co i l s . Thus, the size of 

the penetration sh ie ld , as expected, depends 

strongly on the tolerable radiat ion level at 

the TF co i l s . 

In cases 1 to 14 the width of the repeat­

ing segment, W ,̂ 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, r , was taken in 

these cases to be 4.30 m. I f the outer minor 

radius of the bulk shield is r g , then the 

radial clearance, A , between the bulk sm 
shield and the toroidal f i e l d co i ls is given 

as A = r - r^. Obviously, the penetration 

effects and the design of the penetration 

shield should depend on W and A in addl-
s sm 

tion to the dependence on other parameters 

discussed earlier in this section and the 

previous section. The value of W depends 

on the major radius, the spacing between each 

pair of TF colls, and the coll width in the 

vicinity of penetration. For a given ro, the 

value of A depends on the actual shape of 

the toroidal-field coils, and on the location 

of the penetration. For a D-shaped TF coll, 

A 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 

of the toru^ than on the outside at midplane. 

This introduces a basic difference between 

the geometric representation of the evacua­

tion ducts and that of the neutral beam ducts, 

in addition to the difference In orientation 

of the ducts. It will be recalled that the 

axis of the evacuation duct is perpendicular 

to the magnetic axis, while the neutral duct 

axis Is almost tangential to the magnetic 

axis. In the following, the differences in 

the neutronics effects of the two types of 

penetrations are examined. 

In the EPR design given In Ref. 1, and 

used for guidance in geometric representation 

of this penetration scoping study, o^ch Tl 

coil has a D-shaped vertical cross section 

with a horizontal bore of 7.7 m and a vertical 
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bore of 11 m. Tnus, for the evacuation 

ducts located at the top and bottom of the 

torus. W^=^ 2.45 m and A^^ = 1.79 m. Design 

Set F in^Table 6 includes three cases: 15, 

16, and 17 for the evacuation ducts. Case 

15 is for unshielded evacuation duct. It 

should be noted that case 15 is similar to 

case 4 in Table 2 except that A^^ is 0.59 m 

1n case 4 and 1.79 m in case 15. Comparing 

the results for these two cases shows that 

extending the vertical bore of the TF coils 

actually increases the neutron fluxes at 

the coils while the neutron leakage remains 

approximately the same. Case 16 in Table 6 

incorporates a penetration shield that is 

0.75 m thick and extends 0.60 m beyond the 

outer surface of the bulk shield. Thus case 

16 is essentially the same as case 13 except 

that A is 1.79 m in 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 m in case 17. This increase 

of 0.40 m in the penetration shield length 

reduces the neutron fluxes at the TF coils 

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 670 greater 

than that in case 14. This again is due to 

the fact that a portion of the evacuation 

duct near and in between the TF coils is 

left "bare" in case 17. A significant con­

clusion to be drawn, therefore, is that, 

for all practical purposes, increasing the 

bore of the TF coils cannot eliminate the 

need for effective shielding surrounding the 

evacuation duct in the regions where it 

passes between the TF coils. This is unfor­

tunate since to make room for such a shield. 

it is necessary that the clearance spai:p be­

tween a pair of TF coils be Mi + Zt^^, where 

d is the duct diameter and tpj 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 enhancement of particle diffusion 

from the plasma. To avoid this situation, 

it seems that the vertical bore of the TF 

coils has to be increased, and the increase 

should be utilized in a different approach. 

If the increase in the magnet vertical bore 

is such that 4 is significantly larger 

than d + t then the evacuation duct can b e 

bent as it emerges from the bulk shield. 

Thus, the vacuum pumps can be moved so that 

they will no longer be visible to neutrons 

in the primary portion of the evacuation 

ducts, and at the same time both branches of 

the duct can be completely surrounded on all 

sides with penetration shield in order to 

protect the TF coils. 

Cases 18 through 21 in Table 7 examine 

some of the neutronics aspects of the neu­

tral beam ducts with the geometric represen­

tation shown in Fig. 2. The width of the 

repeating segment, W^, in all these cases is 

3.90 m, which leaves 3.0 m clearance between 

each pair of TF coils. The inner radius of 

the magnet, r,,, is 4.30 m in all cases. 

Cases 18 and 19 incorporate no penetration 

shield. In cases 19, 20, and 21 the axis of 

the beam duct makes a 55-deg angle with the 

toroidal magnetic axis, i.e., e^ = 35° (see 

Fig. 2). For comparison, the axis of the 

beam duct in case 18 has a 6̂^ = 0°, i.e. 

this duct is perpendicular to the toroidal 

magnetic axis. Thus, case 18 is similar to 

case 4 except that W^ is 3.90 m in case 18 

and 2.45 m in case 4. When the neutron 

fluxes in both cases are normalized to the 

same neutron wall loading, the results for 

the two cases provide a useful comparison 
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Table 6. Total Neutron Fluxes Normalized to a Neutron I'lall Loading 

of 1 MW/m^ for Design Set F 

Case No.: 

Thickness of Bulk Shie ld, (^•'^J ctr 

Diameter of Penetration Duct, cm 

Penetration Shield Composition 

Dimensions of Penetration Shield 

No. of Histor ies 

*Z8 

't'29 

• 2'. 

Neutron Leakage per DT Neutron 

131 

85 

none 

— 
--
— 
20,000 

4 . 8 7 ( 1 2 ) 

3 . 6 1 ( 1 2 ) 

9 . 4 4 ( 1 1 ) 

6 . 1 2 ( 1 1 ) 

1 .55 (14 ) 

1 .58 (13 ) 

1 .34 (14 ) 

1 .12 (13 ) 

6 . 6 9 ( 1 2 ) 

1 . 9 9 ( - 2 ) 

(±10«) 

(±10%) 

(±7«) 

(±6«) 

(+3%) 

( .7X) 

( 1 3 % ) 

{*(•%) 

( t l 4 X ) 

(±5«) 

131 

85 

50% SS + 50% B^C 

?,| = 6 0 cm 
t l = 75 cm 

'•2 = t ^ = 

20 ,000 

1 .79(12) 

1 .31 (12 ) 

2 . 6 0 ( 1 1 ) 

1 .44(11) 

1 .60(14) 

1 .62 (13 ) 

1 .43 (14 ) 

1 .23 (13 ) 

5 . 4 7 ( 1 2 ) 

8 . 9 4 ( - 3 ) 

0 

(±11%) 

(±15%) 

(±9%) 

(±9%) 

(±4%) 

(<?%) 

(•4%) 

(±7%) 

(±12%) 

( '7%) 

131 

85 

50% SS + 50% B^ 

I , = 100 cm 
t ) = 75 cm 
t.2 = t j = 0 

20 ,000 

8 . 9 3 ( 1 1 ) (±9%) 

5 . 6 1 ( 1 1 ) (±12%) 

1 .13(11) (±10%) 

6 . 8 6 ( 1 0 ) (±11%) 

1 .51(14) (±4%) 

1 .90(13) (•?%) 

1 .32(14) ( i4%) 

1 .48(13) ( i7%) 

6 . 0 2 ( 1 2 ) ( '13%) 

7 . 0 5 ( - 3 ) ( '8%) 

(a) Blanket/shield composition is that shown in F ig . 1 

(b) Basic geometry is as shown In F ig . 1 . 

(c) Basic geometry is as shown in F ig. 2. 

TABLE 7. Total Neutron Fluxes Normalized to a Neutron Wall Loading 
o f 1 m/' f o r Des iqn Set 

Case No.: 

Thickness of Bulk Sh ie ld , f ^ *^ ' cm 

Diameter of Penetration Duct, cm 

Orientat ion of Penetration 

Penetration Shield Composition 

Thickness of Penetration Shield 

No. of His tor ies 

* 1 8 

• 19 

$28 

* 2 9 

• 25 

Neutron Leakage per DT Neutron 

18 

131 

85 

\-^ 
none 

-
20,000 

7.54(11) 

5.97(11) 

1.18(11) 

7.30(10) 

1.45(13) 

1.45(,2) 

( s i l l ) 

(±13%) 

(±13%) 

(±171) 

(±12«) 

Uit) 

19 

131 

85 

"b " • ' ' ° 
none 

-
20,000 

9.62(11) 

5,83(11) 

1,13(11) 

7.78(10) 

8.21(12) 

(±12«) 

(±161;) 

(±171) 

hm) 
(±20«) 

9.45(-3) (±61) 

20 

131 

85 

\ - 35° 

501 SS + 50% B̂ C 

50 cm 

40,000 

1.69(9) (±62*) 

2.06(9) (±67») 

2.20(9) (±591) 

9.20(7) (±751) 

9.19(12)(±1111) 

3.92(-3) (J6S;) 

21 

131 

85 

S = 35' 

501 SS ± 50!1 BiC 

70 cm 

40,000 

1.35(8) (S68%) 

3.41(8) (±651) 

6.11(7) (±64%) 

3.43(7) (±79%) 

-.92(12) (!9iO 

4.00{-3) (±61) 

(a) Blanket /shie ld composition is that-shown in F ig . 1 . 

(b) Basic geometry is as shown in F ig . 1 . 

(c) Basic geometry is as shown In F ig . 2. 
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between the effects of a penetration located 

at the top (or the bottom) of the torus and 

another that is located on the outside cen­

tered around the midplane. The neutron flux 

at the end cap, »25. i^ approximately the 

same in both cases (the difference is within 

the statistical uncertainty in the Honte 

Carlo calculations). Since the penetration 

size is the same in the two cases but W^ is 

substantially different, it can be concluded 

that the neutron flux inside the void pene­

tration is fairly independent of the ratio 

of the void penetration volume to that of 

the blanket-bulk shield. The dependence on 

the penetration size was shown earlier in 

Section III to be very strong. Comparing 

• le. tig. *2e. ^"'^ *29 f̂ '"' " ^ ^ ^ ** '"'^ ^*' 

one finds that the radiation level at the TF 

coils in case 18 is about a factor of 5 

smaller than that in case 4. This means 

simply that increasing the clearance between 

the TF coils reduces the number of neutrons 

streaming into the TF coils. Thus, increas­

ing the clearance between the TF coils should 

lead to an increase in the neutron leakage. 

When the neutron leakage per DT neutron is 

renormalized so that the DT neutron current 

at the first wall is the same in cases 4 and 

18, the neutron leakage in case 18 is found 

to be indeed 30% higher than that in case 4. 

With 9._ = 0° in case 18 and e = 35° in 
b 0 

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. The 

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 r^. 

A penetration shield of 501; SS + 50% B^C 

surrounds the beam duct in both cases 20 and 

21 and extends from the outer bulk-shield 

boundary to the end cap. The beam duct 

shield is 0.50 m thick in case 20 and 0.70 m 

thick in case 21. The 0.50 m thick beam 

duct shield provides a factor of ---570 reduc­

tion in the maximum neutron flux, ine, at 

the TF coils. The 0.70 m thick beam duct 

shield reduces *i8 by a factor of 12 rela­

tive to that with the 0.50 m thick shield. 

Comparing the results for case 21 with those 

for case 1 shows that the 0.70 m thick beam 

duct shield needs to be improved further in 

attenuation effectiveness by about a factor 

of 13 in order to reduce the maximum neutron 

flux at the TF coil to that in the absence 

of the beam duct. On the other hand, if the 

radiation level at the TF coils obtainable 

in case 2 is acceptable, then the 0.70 m 

thick beam duct shield is sufficient to pro­

tect the superconducting coils against radi­

ation streaming caused by the neutral beam 

ducts. Note, however, that the neutron 

fluxes at the end cap and the neutron leak­

age obtainable with the 0.70 m thick beam 

duct shield are still very high. Thus, in 

order to protect other auxiliary systems 

located outside the TF coils, this beam duct 

shield should be extended (and tapered in 

proportion with the reduction in the radia­

tion level) to the chambers of the beam in­

jectors. Inside these chambers, the nuclear 

heating in the crysorption panel is -vD.02 

W/cm' for 1 MW/m^ neutron wall loading and 

the absorbed dose in the bending magnet in­

sulator is ^ 1 0 " rad/(HW-yr/m^). 

The effects of radiation streaming on the 

nuclear performance of the walls of the neu­

tral beam ducts and the blanket 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 

f i r s t wal l ) of the beam duct wall is ^10 

W/cm^ and drops by less than a factor of 10 

along the ent i re length of the beam wall i n ­

side the blanket-bulk sh ie ld . For compari­

son, the neutron heating drops along the 

same distance but in regions far removed 

from the ducts by a factor of 5 >< 10'*. This 

strong red is t r i bu t ion of neutrons and secon­

dary gammas requires that ^20 cm th ick region 

in the bulk shield surrounding the beam duct 

be provided wi th an e f f i c i e n t heat removal 

system s imi lar 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 f i r s t w a l l , these duct walls 

pose po ten t ia l l y serious problems s imi lar in 

magnitude and complexity to those imposed on 

the f i r s t w a l l . 

While th i s study shows that i t is feas i ­

ble to shield against the ef fects of pene­

t r a t i ons , the resul ts also show that the 

special shields for the evacuation, neutral 

beam, and radio frequency ducts occupy a 

substantial f rac t ion of the reactor i n t e r i o r 

and the i r cost represents a s ign i f i can t cost 

item. 
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ION, PHOTON-SURFACE INTERACTIONS IN FUSION REACTORS^ 

M. Kaminsky 

Argonne National 

Argonne, IlUnoi 

ABSTRACT 

The surfaces of major components of 

thermonuclear fusion reactors such as the 

f i r s t wa l l , beam l im i te rs , or divertor walls 

w i l l be exposed to part ic le and photon bom­

bardment from primary plasma radiations and 

from secondary radiations. The impact of 

energetic part icles (e.g. ions, atoms) on 

surfaces can cause such phenomena as physi­

cal and chemical sputtering, vaporization, 

radiation b l i s te r ing , par t ic le impact i n ­

duced desorption, backscattering of imping­

ing par t ic les, and 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) se r i ­

ously damage and erode the bombarded surface 

and (b) release major quantit ies of impuri­

t ies which can contaminate the plasma. 

A summary of some of the major surface 

effects leading to plasma contamination and 

surface erosion w i l l be given. 

INTRODUCTION 

For the development of fusion power four 

major plasma confinement concepts are being 

pursued in the USA at th is time. ' Three 

concepts use magnetic f ie lds to confine a 

plasma for either pulsed or steady state 

operation: the tokamak, mirror, and theta-

pinch reactors. The fourth concept uses i n -

er t ia l ly-conf ined fusion plasmas which are 

produced by compressing, for example, small 

size pel lets of frozen deuterium-trit ium to 

very high density and temperature using i n ­

tense beams of photons (2,3) (e.g. lasers), 

Laboratory 

60439 

M l (5) 
electrons^ \ or lons.^ ' 

(6 8) 
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 

(atoms) and photons with exposed surfaces 

of components can cause a variety of surface 

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 limit the 

operation of plasma machines and fusion 

reactors. 

To determine the amount of plasma con­

taminants released from surfaces as well as 

the thickness I of material removed in time t 

it will be necessary to know both the yields 

S (E, a) and rates R (E, a) of the varl-

ous contaminant release 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 

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 1s very 

limited for the materials suggested for use 

in fusion reactor applications. To what 

extent such yield values and erosion rates 

will be affected by synergistic effects due 

to the simultaneous bombardment of surfaces 

by high fluxes of energetic particles of 

various types and photons is almost com­

pletely unknown. In addition, our present 

knowledge of the important plasma parameters 

jubliiher or recipieni 
he U. S. Gowernm 
eiain a nonexcluiiv 
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governing the escape of energetic particles 

and photons and their contributions to the 

fluxes • (E, a) is also very fragmentary 

for the various types of fusion reactors 

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 

particular projectile species p (e.g. in 

D-T fuel operated fusion reactors: 0, T, 

He, neutron, electron, photon) for a given 

energy E (or energy spectrum) and angle of 

incidence o (or angular distribution). It 

is important to recognize that the 4 (E, a) 

- values for ions (atoms) and photons, for 

example, depend not only on the particular 

type of plasma device or fusion reactor 

(e.g. tokamak reactor, mirror reactor, 

theta-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 p 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 

fluxes and mean energies of certain types 

of particles and photons striking the first 

wall of the following tokamak devices listed 

in the order in which they may become oper­

ational: ISX (ORNL)'^', TFTR (Princeton)*!"' 

TEPR-I (ANL design)'^^', and UWMAK-I (Univ. 
M ? ) of Wisconsin-Madison des1gn-I)^ '. In 

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, U ) , 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 In EPR-I. 

Significant differences In the estimated 

fluxes and mean energies of projectiles 

however, exist not only between different 

tokamak devices and reactors but also 

between the reactors of different confine­

ment concepts. Table II lists some such 

values for the first wall bombardment of 

the following proposed machines: a D-T 

mirror reactor (200 MW ) ;i5) a D-T theta-
(16) and a pinch reactor (RTPR; 1440 KW^) 

laser fusion test facility (LFTF: 100 HJ 

yield per microexploslon, thermonuclear burn 

time "̂  10 ps)' '. A comparison of the 

values for the estimated mean energies of 

D, T and He projectiles for UWMAK-I 

(Table I) and the D-T mirror reactor (Table 

II) shows differences of more than one 

order of magnitude. Since both plasma con­

taminant release processes and surface 

erosion effects depend 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 II reveal also the signi­

ficant differences in the operating condi­

tions of the reactors and facilities listed, 

especially the differences In the thermo­

nuclear burn times. It should be realized 

that In contrast to the quasi-steady state 

operation of EPR-I or UWMAK-I (Table I), the 

laser Induced pellet microexplosions 

(i- 10' sec) in a laser fusion test facili­

ty will result in thermal gradients from 
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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 

mjj(18,19) j^j^ ĵ,g „3,,| 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-B, 

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. 

The occurrence of peaked projectile Impacts 

In localized surface areas ("hot spots") 

has been observed in operating tokamak 

devices'^"', and has been ascribed to local­

ized plasma radiation release due to plasma 

instabilities and/or to run-away electrons. 

Furthermore, In detailed radiation transport 
(21) 

calculations it has been shown^ that 

first wall surfaces can be irradiated pre­

ferentially in certain areas by bremsstrah­

lung if, for example, a finite stream of 

impurities ("wedge 1ncurs1on"-e.g. a leaking 

vacuum vessel port as gas source) Is allowed 

to penetrate the plasma from one side and 

to reach the center of it (see Figure 1). 

The existing information on electromag­

netic irradiations of first wall surfaces 

for the various plasma devices listed In 

FIGURE 1. The Effect of a Localized Impurity 
Stream ("Impurity Wedge") Extending From the 
Wall to the Plasma Center on the Bremsstrah-
lung's Flux on the First Wall Surface as a 
Function of Poloidal Angle <t (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-ir^^' has been calculated 

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 
14 

temperature and density of 10-keV and 10 

particles cm' , respectively. The toroidal 

field Is assumed to vary with major radius 

R as l/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 

7u) ̂  (u ̂  is the electron cyclotron fre­

quency) which is typically in the 8x10 Hz 

range (* i- 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 
Tokamak D-T Plasma for Electron Temperatures 
of 10-keV and a Toroidal Magnetic Field of 
40 KG. (Reference 23) 

electron temperature of 10-keV; at this 
18 

temperature the frequency Is -v 10 Hz 

(X % 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,v), 

(n, p), (n, o), 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 
ffi 81 

magnetic confinement field.' ' 

GENERAL CONSIDERATIONS REGARDING PLASMA 

CONTAMINATION AND SURFACE EROSION 

The contamination of plasmas from sur­

face released impurities will affect detri­

mentally the plasma characteristics in 

several ways. Firstly, the addition of 

high-Z impurity atoms (or ions) to a D-T 

plasma will increase the effective charge 

Z ,, of the plasma, where I^^ is given by (24) 

I ^ ; ( " I / V T ' ^ ' ^ ' : f i ^ ' 

êff = T^(n.7H^;7]77- = TV^TX' 
1 1 

(1) 

Here n. Is the impurity atom (Ion) density, 

no J is the D-T plasma density (assuming 

n =n,), Z. is the; charge of species i, and 

f. is the impurity fraction of species 1, 

An increase in the value of l^ff due to an 

increase in the value of n, and/or Z-

results not only in enhanced plasma resis-

ivity, but also In distortions of plasma 

density and temperature profiles. 

Under certain plasma conditions heavy in 

purities tend to diffuse toward the plasma 

center and collect on the axis of the dis­

charges thereby seriously affecting the 

steady-state operation of a reactor,^ ' 

Secondly, increases in Z^^^ cause increas­

ing radiation losses which make the attain­

ment of Ignition conditions more difficult. 

For example, a value of Zj,ff=5 would pre­

vent ignition of a tokamak reactor of a 

certain design unless additional power were 

injected.'^''' If the impurities were purely 

iron (Z=26), an iron impurity density of 

1.8% of the D-T plasma density (f.=0,018) 

would be sufficient to yield Ẑ (,f = 9, The 

plasma power loss due to the presence of 

impurities occurs mainly via bremsstrahlung, 

line, and recombination radiation. If these 

losses are too high during start-up, they 

prevent the ignition of the plasma as 

mentioned above. If these losses increase 

above critical values during the plasma 

operation, they can cool the plasma temper­

ature below fusion reaction temperatures. 

For example, for a hydrogen isotope plasma 

(Z=l), the ratio R of the power losses due 

to bremsstrahlung from the plasma with and 

without a contaminant of atomic number Ẑ  

is given by ̂  

R = 1 + f. (z. + z/) * fj^ z.^ (2) 

where the symbols have the same meaning as 

in equation (1). If one assumes that for 

efficient and economic operation of a hydro­

gen isotope-fueled reactor the Increase in 

bremsstrahlung losses due to the presence 
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of an impurity should not exceed 20% (R=l,2), 

Equation (2) can be solved for an upper 

limit of f^_^. For fully Ionized iron f• ,„= 

2.8x10"*. For impurity ions (atoms) which 

are not fully stripped, the value of f._^ 

should be kept even smaller than the one 

listed above. It is one goal of surface 

studies to Identify those surface phenomena 

which yield impurity fractions which are too 

high for 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 t̂ ^ (E, a ) , but 

also the particle release S^ (E, a) for a 

particular release process v. To obtain the 

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 u. The number of atoms (ions) re-
• K (6) leased is given by 

„ = En = ZSU (E, a) S^^(E, a)] A-t, (3) 

1 vu 

In order to obtain realistic estimates of n 

it becomes clear from equation (3) that 

realistic values of t:^ (E, a) and Ŝ ^̂  (E, a) 

need to be obtained. At present there 

exists a lack of such *̂^ (E, a)- and Ŝ ,̂  

(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 (f̂  (E, a) of each projectile 

species u and the surface erosion yield R^^ 

(E, a) for the release processes v caused 

by projectile species v. The volume V is 

given by 

V = U ^ *'• ^^ V ''• "'̂  '"'̂  ^^^ 
where N Is the number of atoms In a mono­

layer and X is the thickness of a monolayer 

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 

particular projectile u and process v (e.g. 

physical sputtering by He). 

At the present a lack of realistic .f̂, 

(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 A,=lcm , 

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 0.1mm, 

or the maximum permissible annual loss of 

volume V for an area of A,=lcm is 0.01cm . 

Equations (3) and (4) do not take into 

account that under the simultaneous impact 

of ions (atoms) and photons synergistic 

effects may occur that lead to nonlinear 

particle release and surface erosion pro­

cesses* 

Pĵ ASMA CONTAMINANT RELEA^SE_FROMJdjMiQy. 

UNDER lONJND PHOTON IMPACT 

During the start-up period of a fusion 

reactor the Impact of energetic ions (atoms) 

on surfaces will cause plasma 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-
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blistered areas, and neutron sputtering 

will contribute to the contaminant release, 

with desorption playing a less Important 

role. 

Desorption 

It is now firmly established that the 

desorption of adsorbed gases from surfaces 

can occur under the Impact of photons and 

electrons (e.g. primary electrons from 

plasma region or secondary electrons caused 

by ion, electron or photon Impact, and 

returned to the surface by a magnetic con­

fining field), and by thermal phenomena.^ ' 

8,28-31) jj. -^ ^-^^^ widely agreed that Ion 

,̂ (6,8,28-31) , 

impact can cause desorption' ', al­

though quantitative studies of this phenome­

non have not been conducted yet to the best 

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 to 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, CdS, TiOj and SnO. have been reported 

(for an extensive review see ref. 28). For 

example, Lichtman et.al.* ' 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 CO^ with smaller concentra­

tions of desorbing CO, CH^, H O and H being 

detectable. The quantum yield for CO, re­

lease was observed to Increase with increas­

ing photon energy (see Fig. 3), and It had, 

for example, a value of 5.5x10"^ molecules 

per photon at a photon energy of S.Z-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.* 

It was observed that CO^ and 0- were the 

dominant species, with additional species 

such as CO, CH^, 0, H^ and H^O being present 

in smaller concentrations. The quantum 

yield for CO, release was observed to de­

crease with increasing mean photon energy 

(in contrast to the energy dependence ob­

served at low energies, ref. 32), and had 

values ranging from 2-4x10 molecules per 

photon for two different degreased stainless 

steel targets at a mean photon energy of 

24-keV (see Fig. 3). 
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FIGURE 3. Dependence of Quantum Yield (Mean 
Quantum Yield) on Photon Energy (Mean Photon 
Energy) in the UV (Ref. 32) and X-Ray Regions 
(Ref. 33) for Release of 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 CO, release In the 
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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' ' on discharge 

cleaned stainless steel surfaces and ob­

served a decrease in the CO, release quantum 
_4 ^ 

yield from 2x10 atoms per photon for the 

non-discharge cleaned surfaces to 6x10" 

atoms per photon for the discharge cleaned 

one. If one chooses the mean quantum yield 

value for CO^ from non-discharge cleaned 

stainless steel for a mean photon energy of 

18 keV (7.5x10" molecules per photon) and 

the relevant parameters of UWMAK-I design 

(bremsstrahlung power loading of 28.2W cm'^) 

a relatively high CO, gas release rate of 
13 -2 1 

about 1- 1x10 molecules cm sec from 

stainless steel surfaces will result. In 

this estimate it was assumed that the brems­

strahlung spectrum Is typical for a tungsten 

bremsstrahlung at 30 keV electron energy, 

while in actuality the spectrum may be 

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 will cause the 

emission of secondary electrons, which In 

turn can strike the surface in the presence 

of an external magnetic confining field. 

In general, the cross sections for the 

electron interaction with adsorbed gas 

species are of the same order of magnitude 

as the values for a similar Interaction In 

the gas phase (e.g. for 100 eV electrons 

impinging on a CO-covered Mo surface gave a 

cross section for C0-desorpt1on of •v 10" 

cm ).* Furthermore, the electron Impact 

on adsorbed molecules can cause the release 

of fragment species. The electron bombard­

ment of adsorbed CO can result in the re­

lease of 0 and CO ions, and this obser­

vation appears to be rather insensitive to 

the substrate materials used (W, Nb, Re). 

In contrast to the typical species observed 

for photodesorption from degreased stainless 

steel surfaces (e.g. CO,, 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^ 

with H and F giving the largest signals 

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' i only a few points relevant 

to fusion reactor applications will be made. 

The physical sputtering yields (I.e., the 

mean pumber 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 
(41-44) 

energy.* 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 sputtering 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 (1) large angle scattering, (2) a surface 

30) 
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correction, and (3) electronic stopping. 

Figure 4 Illustrates the energy-dependence 

of the sputtering yields from niobium bom­

barded with helium and hydrogen Isotope 

ions. The theoretical values are based on 
(411 

Sigmund's theory* ' with the appropriate 

corrections.* ' 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 yields for D Incident on 

Nb by approximately a factor of ten leads 

to a better agreement over the energy range 
? 4 

from 10 to 5x10 eV. A broad maximum 

occurs between 4-5 keV for helium and 

between about 2-4 keV for the hydrogen iso­

topes. For light target metals such as 

beryllium, the corresponding maxima are 

predicted In the range from -v 0-1 keV, 

although experimental data are scarce for 

this energy range. 

In fusion reactor operations the surfaces 

of components will be Irradiated with light 

ions having a broad energy distribution. 

Average sputtering yields S (E) have been 
(45) calculated* ' by using a lethargy function 

for a Maxwellian distribution of deuterons 

impinging 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) , where f 

is a constant which depends on the mass 

ratio M,/M, of target to incident projectile. 

For M^/M, < 1, f ̂  1.7; for H,/M, ^ 1, f 

slowly decreases until It reaches a value 

somewhat less than 1. While for A ions on 

Cu the agreement between calculated and 

experimental values of S (a) is reasonably 

good :39) this Is not the case for lighter 
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FIGURE 4. Sputtering yield for Niobium as 
a Function of Incident Ion Energy. The 
Incident Ions are D+, He*, and Nb*. The 
solid curves have been calculated according 
to Sigmund's theory(41), using the appro­
priate corrections for backscattering, 
electronic stooping, and the surface re­
flection. C^"^') The dotted lines have been 
Interpolated between calculated sputtering 
threshold values and values calculated 
according to Sigmund. 

the surface and reaching the outer plasma 

edge is determined by the energy distribution 

of the sputtered species and the distance 

between surface and plasma edge. For 

detailed reviews of the energy distribution 

of sputtered species 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 (E Is the energy of 
s s ^•' 

sputtered particle) at high energies. The 

effect of the surface binding energy V 

modifies the distribution at low energies; 

the distribution passes through a maximum 

in the region of % V and then falls linear­

ly to zero at E =0. For systems such as A 

on Au the agreement between theory and 
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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 , D , 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 
(50-52) 

acetylene. The rate of reaction 

varies markedly with temperature and also 

with the type of carbon (e.g. pyrolytlc, 

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 Ho -ion energy of 
(52) 

^ 2.0 keV. The observed yield value 

(S 1, 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 evaporatlon-e.g. in fast-pulsed 

reactors) or in space (local "hot spots"). 

Some typical vapor pressure curves for some 

metals of potential interest for fusion 

reactor components (e.g. V, Mo, Nb) have been 

given previously.* ' 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 MoO,, 10 

Torr at 565°C and 10"^ Torr at 636°C (for Mo 
-14 

the values would be < 10 Torr for both 

temperatures). Such high vapor pressures 

would lead to intolerably high plasma con­

tamination. 

Blistering - Gas Re-emission 

If energetic particles penetrate a lattice 

they may displace lattice atoms from their 

sites and create vacancies and interstitials. 

When the incident particles have slowed down 

sufficiently they may be trapped in the 

lattice either interstitially or substitu-

tionally. When the implanted particles 

have a low solubility in the lattice, they 

can combine with the vacancies created by 

the lattice displacements and nucleate gas 

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 blisters), 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 spectro-

metrically during the Irradiation of mono-

crystalline copper with 125-keV D Ions. 

Extensive measurements of helium gas re-

emission from Nb, V, Mo, stainless steel and 

Pd during helium irradiation have been made 

(54) 
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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.*^^' 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. 
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FIGURE 5, Helium Re-Emission From Vanadium 
During 300-keV Het Implantation as a Function 
of Dose at Three Different Implantation 
Temperatures. (Reference 55) 

Such release of gases with temperatures 
approximately equal to the wall temperature 
can contribute to plasma cooling. 
SURFACE DAMAGE AND EROSION CAUSED BY ION 
AND PHOTON IMPACT 

Energetic ions and photons striking the 
surfaces of structural components of fusion 
reactors can cause serious surface damage, 
changes in the chemical composition of the 
surface and in the surface topography, and 
lead to serious surface erosion, thereby 
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 

such as photo-decomposition, surface em­

brittlement, and radiation Induced precipi­

tates and fatigue cracks in surface regions 

need to be considered. At this time our 

knowledge of the surface erosion yields R^^ 

(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.'^'^' A brief review of recent 

studies of some erosion processes with special 

emphasis on radiation blistering follows. 

Surface Erosion by Radiation Blistering 
^ Tfi 81 

It has been pointed out earlier* ' '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 to a 

2 
dose of 0.5 C/cm was i- 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-keV He*.'®^' From the above quoted 

erosion yield an annual thickness loss of 

about 1 =0.05mm per year can be estimated 
' 12 -2 

for a helium-flux of 5x10 helium ions cm 
sec' , a yield value which would contribute 
to about half the maximum allowable annual 
thickness loss for a 3imt 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 

(53) will appear elsewhere.* ' 
Projectile-Target System 

The solubility and diffusivity of the 

implanted gas in solids are two of the im­

portant parameters affecting the blistering 

process. In general, hydrogen isotopes have 
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higher solubility and diffusivity in metals 

than inert gases such as helium. Therefore, 

it has been observed' ' that for metals 

such as Nb, helium irradiation caused more 

of a blistering effect than deuterium under 

irradiation conditions in which the samples 

received actually a higher deuteron dose, 

which should have favored deuterium blister­

ing. In non-metals, for example, in certain 

ceramic coatings, the deuterium permeability 

(determined by solubility and diffusitivity) 

can be considerably smaller than for helium. 

Recent irradiations of ceramic coatings 

with deuterons and helium ions under identi­

cal irradiation conditions show a more 

pronounced blistering effect by the impact 

of deuterons than for helium ions for sam­

ples held at room temperature. 

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

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.'*^' This general trend 

has been observed to exist for the energy 

range from 10-1500 keV.'^^'^^' 

For an estimate of the volume of surface 

materials lost by blister exfoliation the 

knowledge of the skin thickness and the area 

from which it has been lost is necessary. 

For the helium ion energy range from 30 to 

1500 keV a good correlation between the cal­

culated projected ranges (using Lindhard, 
,(75) 

(75), ism*'"') has been observed for niobium, as 

illustrated in Figure 7. It appears that 

for niobium the skin does not separate from 

30keV 40 keV 60keV SOkeV 

FIGURE 6. Scanning electron micrographs of annealed polycrystalline 
niobium irradiated at room temperature to a dose of 0.5 C/cm' with 
4He+ ions at energies of (a)-(c) 30-keV, (d)-(f) 40-keV, (g)-(h) 60-keV, 
and (1)-(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. 33̂ , (1963) 
no. 14, and the solid curve according to 
Brice (Phys. Rev. A6, (1972) 1791). Measured 
skin thickness values are Indicated by i 
(Reference 66), and X (Reference 65). 

the bulk material in the region of maximum 

lattice damage but near the region where 

the implanted gas has a maximum and high 

stresses in the material exist. 

It has been pointed out ' that at 

low ion energies (e.g. 1-5-keV He ions) 

physical sputtering will become the dominant 

surface erosion process and will reduce or 

eliminate surface blistering. 

Flux and Dose 

A distinction is often made between the 

critical dose C. needed to form gas bubbles 

In the bulk of the material during irradia­

tion, and the critical dose C. , for the_ 

appearance of blisters on the surface. 
(53) 

For example, for vanadium irradiated at 

SOC C with 240-keV He Ions, a critical dose 
17 -2 

€,.=1x10 ion cm has been observed, re-
b o 

suiting in bubbles with diameters >̂  40 A. 

For higher irradiation temperature of 600°C 

7 inl* 
this value decreases significantly to /xiu 

ions cm"^. For room temperature Irradiation 

of niobium with 500-keV He* ions the '='"^'^"1 

dose for blister appearance was C^-^ "*- 2x10 

ions cm"^ and at 900°C it decreased to 

< 6.3x10^^ Ions cm'^. This trend can be 

understood if one considers the dependence 

of the critical pressure for blister appear­

ance on the yield strength, a^, and the 

values of blister radius and thickness, r 

and t, respectively [^^^=('1 o^ t )/3 r ]. 

Since the yield strength o of most metals 

decreases with an Increase In temperature, 

for constant values of r and t, the value 

for P will decrease correspondingly. 

Once the Cu,-values have been exceeded, 

the dose values will affect the blister dia­

meter, blister density and the exfoliation 

of the blister skin 
(53) It should be 

mentioned that some authors (e.g. ref. 68) 

observed that room temperature irradiation 

of Nb with 15-keV He Ions to a dose of 
10 2 

1.5x10 ions cm produced blisters, but 

that an Increase in dose to 6x10 ions/cm 

produced roughened surfaces on which blisters 

could not be identified. Biersack* 

irradiated Nb with 6-keV He ions to very 

high doses (1.2x10 ions cm" - 5x10 ions 

cm"^) and observed the extremely roughened 

surfaces shown in Figure 8. To what extent 

differential sputtering (due to some 

potential carbon contamination on the sur­

face) and blistering contributed to the 

observed erosion Is not clear according to 

the author.'^'' 

The blister density and the critical dose 

for blister appearance has been observed to 
('̂ 3) 

be affected by the flux in some cases, 

where the balance between gas trapping and 

gas release 1s critical . 

Target Temperature 

The target temperature affects the aver­

age blister diameter, blister density and 

the exfoliation of blister skin (which 

determine^ thp prnsinn viplHl sinnifir,intl v. 
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FIGURE 8. Scanning electron micrographs of polycrystalline niobium 
surfaces irradiated with 6 keV He*: (a) dose of 5x10^0 He*/cm2 at 
8QQ°C„(b) dose of 1.25x10^0 He*/cm2 at 800°C, and (c) dose of 1.25x10^:" 
He*/cm2 at 1200°C. (Reference 67) 

ROOM TEMP. 

FIGURE 9. Scanning electron micrographs of annealed polycrystalline 
vanadium surfaces after irradiation with 0.5-MeV ^He* ions to a total 
dose of 1.0 C/cm': (a) at room temperature, (b) at 600 +_ 20°C, and 
(c) at 900 + 20°C. (Reference 70) 

A70) Figure 9 i l l u s t r a t e s * ' " ' th is for the I r ­

radiation of annealed polycrystall ine 
He ions to a total 
-2 

vanadium with 0.5-MeV 
.1 

^H 

ions cm dose of 6.3x10'" Ions cm"^, at room temper­

ature, 600°C and 900°C. One notices that 

the exfoliation at 600°C is much larger than 

at room temperature or 900°C. The erosion 

yields have been estimated for a number of 

metals and alloys Irradiated with helium 

ions as a function of temperature,and 

Figure 10 shows a plot of some of the avail­

able data.'^^' The observed change of 

erosion yield with temperature has been 

related to the temperature dependence of the 

yield strength of the irradiated material, 

the changes In the gas kinetic pressure in 

the bubble with temperature, and the helium 

release through the surface at high temper­

atures. The maximum in the erosion yield 

occurs where the temperature is high enough 

for the surface to be deformed easily, but 

low enough so that the helium release from 

z 

-
J' 

• 
a 
X 

- 0 

• 

SOOkeV He* on 304 St. Staol 

SOOneV He* on Anneoied V 

500WeV^He*on Annealed Nb 

^OOkeV He* on Annealed Ai 

100 KeV He* on Annealed Nb 

a 100 k«V %le* on 3 0 4 St. Sl««i 

100 200 300 400 500 
IRRADIATION TEMPERATURE C O 

FIGURE 10. Erosion rates for different metals 
and alloys as a function of irradiation temper­
ature for different projectile energies and 
total doses. (Reference 53) 
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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 sputtering 

will contribute not only to the release of 

plasma contaminants but also to surface 

damage and erosion. At this time consider­

ably more information is already available 

on physical sputtering yields than for chemi­

cal sputtering yields for Ion (atom) impact 

on surfaces. In this context the physical 

sputtering yield S can be equated with the 

surface erosion yield R for physical sput­

tering by the projectile type p. Figure 4 

showed the sputtering yield S as a function 

of particle energy for D , He and Nb ions 

incident on niobium under normal Incidence. 

For D* and He'''-ion energies In the range 

from 10^-10'' 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 10* to 10^ eV. Clearly one 

would want to reduce the number of energetic 

neutral niobium atoms which leave the wall 

as sputtered neutrals, thermalize with the 

plasma, and return to the surface as ener­

getic neutral atoms. Similar considerations 

apply for other heavy mass impurities which 

may be released from the surface and return 

to it as energetic neutrals. 

Differential sputtering. I.e. the sput­

tering of a surface which consists of dif­

ferent components each of which has a dif­

ferent sputtering yield causes surface 

roughening. This not only leads to a signi­

ficant enlargement of the surface area but 

affects also photo-and particle reflection 

processes. 

The Information on chemical sputtering 

erosion rates for relevant fusion reactor 

materials and operating conditions is ex­

tremely scarce and for discussions of the 

topic the reader is referred to references 

47, 48. 

Evaporation. Surface Embrittlement, Fatigue-

life 

Thermal evaporation is a potential source 

of surface erosion due to local heating of 

surfaces ("hot spots") by plasma radiations 

or due to pulse evaporation if the plasma is 

dumped Into the first wall at the end of a 

burn cycle. Furthermore, the skins of 

blisters, which are in poor thermal contact 

with the rest of the bulk due to the trapped 

gas, can be heated by radiation from the 

plasma to temperatures which substantially 

increase thermal evaporation. Intense x-ray 

irradiation of Insulator surfaces has been 

shown to cause cracking, flaking, and evapor­

ation, due to the steep temperature gradients 

which can build up in near surface regions.* 

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 prscesses will contribute signifi­

cantly to surface damage and erosion under 

fusion reactor operating conditions. 

POTENTIAL SOLUTIONS TO REDUCE PLASMA CON­

TAMINATION AND SURFACE EROSION 

Reductions in the release of plasma con­

taminants may be achieved by selection of 

materials with low vapor pressure and low 

physical and chemical sputtering and blister­

ing yields. Some studies center around the 

development and use of materials (including 

coatings) that have a low atomic number I. 

For example. It has been suggested* ' that 

a curtain of woven graphite cloth placed 

between the plasma and the metal vacuum wall 

can help to prevent particles released from 
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the wall (e.g. by neutron sputtering) from 

re-entering the plasma. In addition, such a 

curtain can help prevent erosion of the wall 

by processes such as blistering and physical 

sputtering by intercepting most of the ions 

and neutral atoms leaking from the plasma. 

Although surface damage to graphite fibers 

has been observed' ' when irradiated with 

100-keV He* ions at room temperature, such 

damage is greatly reduced at elevated temper­

atures (e.g. 800°C) which might be attained 

in fusion reactor operations. The chemical 

interaction of hydrogen with graphite fibers 

has been observed to lead to serious surface 
(72) 

erosion* , however, for temperatures rang­
ing from 1. 850°C-1000°C the chemical erosion 
process of graphite is greatly reduced (see 

discussion in section on chemical sputtering). 
., .,• .(58-60) 

It was also recently discovered* 

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 AljOj) Is estimated 

to be 3 orders of magnitude less than in 

annealed aluminum for 100-keV helium ion 
-2 

irradiation to a total dose of 1.0 C cm at 

room temperature.*^®' 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 
_2 

temperature (to a dose of 1 C cm ) and at 

600°C (to a dose of 0.5 C cm"^), see Figure 

11 (taken from reference 72). There appear 

to be two main reasons for the observed re­

duction In surface 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 

VACUUM CAST 

FIGURE 11. Scanning electron micrographs of 
beryllium Irradiated at room temperature and 
at 600°C with 100-keV He* ions: (a) Vacuum-
cast beryllium at room temperature (1 C/cm'); 
(b) Vacuum-cast beryllium at 600°C (0.5 C/cm'); 
(c) Sintered beryllium at room temperature 
(1 C/cm2) and (d) Sintered beryllium at 600"C 
(0.5 C/cm2). (References 60, 72) 

low-Z material) with a favorable micro-

structure on stainless steel by plasma spray­

ing for potential fusion reactor appl i-
(72) cations. 

A substantial reduction in surface erosion 

due to radiation blistering has been observed 

in metaU such as Al, stainless steel, V, and 

Nb at temperatures above 0.4-0.5 T^, where 

T is the melting point in K. Irradiation 
m 

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 T 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. *̂ '' 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 
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the coalescence of this gas into larger 

bubbles. Furthermore, the yield strength in 

a cold-worked 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% SiOj, 40.5% BaO, 7.2% Al^Oj 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. ' 

The absence of blisters at high temperatures 

is thought to be due to the sharp increase 

in permeation rate with temperature ob­

served for both helium and deuterium in most 

glasses.'") 

Other studies are based on design improve­

ments of components (e.g. better cooling of 

system components such as beam limiters, beam 

dumps of injectors) which receive high plasma 

power depositions, in order to reduce ex­

cessive contaminant release (e.g. via sput­

tering and vaporization). 

Still other studies deal with improved 

methods for removing most of the released 

plasma contaminants before they can reach the 

plasma region (e.g. divertor methods, ioni­

zation sheaths in near wall regions, and gas 

purge methods in pulsed plasma operations). 

Divertors may also help to reduce the pro­

bability for the occurence of hot spots due 

to charged-particle impact in localized 

areas, and also to reduce the Impact of heavy 

Impurity ions on the surface from which they 

were initially released. 

FIGURE 12. Scanning electron micrographs of 
ceramic coatings on Nb-1% Zr alloy after ir­
radiation to a total dose of 0.6 C/cm^ with: 
(a) 100-keV D* ions at R.T.; (b) 100-keV He* 
ions at R.T.; (c) 250-keV D* ions at R.T.; 
(d) 250-keV He* ions at R.T.; (e) 100-keV D* 
ions at 300°C; (f) 100-keV He* Ions at 300°C. 
(References 61, 72) 

CONCLUSIONS 

The need for obtaining reliable yield 

values for the various particle emission and 

surface erosion processes for the relevant 

plasma parameters and materials considered 

for fusion applications has become clear. 

At this time most of the relevant information 

on yield values Is scarce and has been ob­

tained with single radiation sources using 

mainly monoenergetic beams. In fusion 

reactor operations, however, the surfaces 

will be bombarded simultaneously with various 

types of ions and photons having broad energy 

and angular distributions. This may give 
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rise to the occurrence of synergistic 

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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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 cm^) 

was then homogenized at ISOO'C for 4 h in a 

dynamic vacuum of ^lO'^ torr followed by 

quenching with He gas cooled with liquid 

NJ. It can be clearly seen from Fig. 1 

that the above combination of preparation 

techniques has been advantageous in obtain­

ing the V-10 Ti in the form of homogeneous 

solid solution. Figure 1(a) is an optical 

micrograph of the cold-rolled sheet showing 

dendritic structure with some solute segre­

gation. Figure 1(b) shows the precipita­

tion that occurs when the alloy is 

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 temperatura 

Figure 1(c) shows the improvement achieved 

in obtaining a homogeneous solid solution 

-when the homogenization was carried out by 

direct resistance heating at 1300»C for 4 h 

in a dynamic vacuum of -^10-8 torr followed 

by quenching with He gas at the liquid-N^ 

temperature. 

Examination of unirradiated specimens of 

the above V-10 Ti alloy by TEM confirmed 

the absence of precipitates. Specimens 

(3-mni-dia disks) of the homogenized alloy 

were prepared for irradiation by standard 

methods described in detail elsewhere. 

Sixteen specimens in a 4 by 4 array were 

then irradiated with 2.7-MeV 5iv+ ions to 

dose levels of 2-60 dpa at 650°C in the ANL 

4-MeV dual-beam irradiation facility using , 

standardized procedures previously 

FIGURE 1. Microstructures of V-10 wt % Ti Alloy, (a) As cold 
rolled, (b) Annealed for 15 h at 1200°C in an evacuated quartz 
capsule backfilled with 0.5 atm of ultrahigh-purity argon and 
water quenched, (c) Annealed for 4 h at 1300'C in a high-
vacuum furnace in a dynamic vacuum of i.l0"3 torr followed by 
quenching with He gas cooled with liquid N2 
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described. ^^ ' During the 7-h i r r a d i a t i o n , 

the total gas pressure decreased from 

3x 10"8 to 5 X 10"8 t o r r . Residual-gas 

analysis showed approximate pa r t i a l pressures 

of •\-3 X 10"^ t o r r fo r water and '\r4 x IQ-^ 

torr for carbon monoxide, d iox ide , and 

nitrogen. 

Following i r r a d i a t i o n , 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 pe r fo ra t ion . The section 

depths were determined wi th an interference 

microscope to w i th in ±300 A. Deposited 

energy densit ies as a funct ion of depth, 

calculated from Brice Codes RASE3 and 

DAMG2,'̂ ^ were converted to displacements 

per atom using a threshold energy of 40 eV. 

For 2.7-MeV V+ i r r a d i a t i o n , the depth of 

maximum damage was 8300 A, wi th a corres­

ponding damage density per ion of 63.8 eV/A. 

RESULTS AND DISCUSSION 

The charac ter is t i c microstructural feature 

of the i r r a d i a t i o n zone was a f i ne prec ip i ­

tation. No voids were detected in the 

irradiated V-10 Ti specimens for the ent i re 

range of doses studied (2-60 dpa nominal). 

Beyond the i r rad ia ted zone of a high-dose 

specimen, the microstructure contained only 

a very f ine unresolved feature with poor 

contrast in the b r i g h t - f i e l d . No addit ional 

spots or s t reaks, in the selected area 

d i f f ract ion (SAD) patterns were observed. 

However, a high density of dis locat ions and 

platelet p rec ip i ta tes was observed in a l l 

irradiated specimens. Figure 2(a) shows 

precipitates and d is locat ions for 5-dpa 

specimens. The corresponding SAD pat tern, 

given in F ig. 2 (b ) , confirms that the f o i l 

is in exact [111] o r ien ta t ion of cubic 

crystals. Perhaps the unresolved structure 

observed in the control specimen is an ear y 

stage of precipitation under thermal equi­

l ibr ium conditions and profuse precipita­

t ion in the irradiated specimen is due to 

enhancement of precipitation by ion i r radi ­

at ion. Under equilibrium conditions, in the 

temperature range 500-700°C, fu l l y developed 

TiO with the NaCl-type structure is known tc 

form in V-base Ti alloys after aging for 

several days.' ' 

" i ;7S;'i;.r.:^s;.ii5;? Sr,.-
lation. Mag. 58.000X -

The morphology of the precipitates 
A in the irradiated specimens was 

observed in tne 
J^tail In Fig. 2(DJ , 1-11 = 

examined in some detail. "̂ ' ^ 

ipitates observed in the irra lated 

^^LiLns do not Show any diffraction 
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RADIATION-ENHANCED PRECIPITATION IN A V-IO wt % Ti ALLOY* 

S. C. Agarwal and A. Taylor 
Materials Science Division 
Argonne National Laboratory 
Argonne, Illinois 60439 

A V-IO wt % Ti alloy was irradiated with 2.7 MeV 5iV+ 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 fo r the 

CTR first wall. Addition of Ti or Cr to 

vanadium not only improves i t s strength but 

also suppresses void formation and the 

attendant swelling, a major problem asso­

ciated with CTR f i r s t - w a l l operat ion. 

Santhanam et a l . ^ ^ ' studied V-1 wt % Ti 

irradiated with 3-MeV 5iv+ 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 prec ip i ta tes 

were reported to be p la te le ts with {100} 

tiabit. I t is l i ke ly that the reduced void 

swelling observed in V-Ti a l loys may be 

liue to the precipitates which form during 

"•radiation. Similar behavior has also 

lieen observed in studies of void swel l ing 

1" unalloyed vanadium. ^^''^^ The most 

'ikely origin of the observed i r r a d i a t i o n -

*rk supported by the U.S. Energy Research 

Jl'^ Develoompnt Administrat ion. 
183 

induced phases in V-base alloys is the 

interstitial impurity content of the mat­

erial. This has recently been confirmed 
(41 for unalloyed vanadium.^ ' 

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 (bcc) solid 

solution '̂.80 wt % Ti at '.700°C, an incm : 

in Ti content with an increase in the 

solubility of oxygen in V-Ti alloys can 

lead to the formation of oxides. The pur­

poses of the present study were to establish 

the identity of irradiation-induced phases 

in V-Ti systems and to examine the suppres­

sion of void swelling at various dose 

levels. 
EXPERIMENTAL 

Vanadium and titanium were obtained in 

the form of 6-mm-dia rod from M«C. The 



features on SAO patterns in exact {111> 

foil orientation. However, in exact {100} 

foil orientation, streaking is observed in 

[100] directions. The streaking becomes 

profuse for the high-dose specimens, as 

shown in Fig. 3. The intensity of the 

streaks increases as the dose level in­

creases [Figs. 3(a)-3(d)]. Figure 3(e), 

which is a dark-field image obtained from 

the streak marked "A" in Fig. 3(d), clearly 

confirms the platelet nature of the preci­

pitates. Thus, the precipitate in V-10 Ti 

appears to form coherently with bcc V-rich 

solid solution and has a {100} habit. The . 

increase in intensity of the streaks with 

dose, Figs. 3(a)-3(d), suggests a dependence 

of volume fraction of the precipitate on 

dose. 

Figure 4(a) shows SAO in an orientation 

tilted '^5° from the exact {111} bcc 
orientation [Fig. 2(b)]. Now additional 

precipitate spots can be seen near the 

matrix (bcc) spots. These spots were 

analyzed and were found to originate from 

a {llOl-type orientation of NaCl cubic 

lattice. The composite SAD pattern in 

Fig. 4(a) can be explained on the basis of 

a pattern generated by superimposing (111) 

bcc pattern on (110) NaCl pattern with 

[llOl bcc 
[001] NaCl" 

The diffraction 

pattern thus generated is shown in Fig. 4(b) 

and closely resembles the pattern in 

Fig. 4(a). The composite diffraction pat­

terns in Figs. 4(a) and 4(b) represent only 

one of the three possible orientations of 

the precipitates. The lattice parameter 

computed from the d-spacings in Fig. 4(a) 

gave a value of 'Vr4.20 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 

relationship between the bcc matrix and the 

TiO platelets was found to be 

(OODbcc^ II (001)NaCl^^° 

[no]b,eV 11 t010l,aciT^°-

To examine the dose dependence of preci­

pitation, the TEM specimens were brought to 

the orientation given in Fig. 4(a) and then 

the precipitate spot marked "A" Tn Fig. 4(a) 

was used for imaging the precipitates in the 

dark-field. Because of the high dislocation 

density, precipitates could be clearly seen 

only in the dark-field image. Figures 5(a)-

5(d) show the precipitate structures for 

nominal dose levels of 5, 15, 30, and 

55 dpa, respectively. As the dose increases, 

the precipitate density increases system­

atically and is quite high for the 55-dpa 

specimen [Fig. 5(d)]. However, no appre­

ciable change occurred in the precipitate 

size with dose. The volume fraction of the 

precipitate has not been measured. Thus, 

it appears that 550°C V+ irradiation of . 

V-10 Ti results in precipitation of TiO. 

The precipitation process is enhanced by 

irradiation, which is reflected in the 

dose dependence of the precipitate density. 

Work to determine the interstitial composi­

tion of the irradiated layer is in progress. 

It should be noted that no voids are 

formed in this alloy in contrast to a peak 

swelling of •vO.4% at 14 dpa' found for 

unalloyed vanadium at the same temperature. 

The mechanisms responsible for the void-

swelling suppression remain to be elucidate 

CONCLUSIONS 

1. Interstitial impurity pick up during 

alloy preparation of V-Ti alloys can be 

significantly reduced by carefully choosing 

the preparation methods and environments. 
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^ • fnr V-10 Ti Showing [TOO] 
'FIGURES. Exact [100] zone SAD Pat e r n ° r ^ ; jp3 . ^.^ 55 jpa. 
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FIGURE 4. SAD Patterns for V-10 Ti in a Near [111] Zone, 
(a) SAD pattern from -v-S-dpa specimen, (b) SAD pattern 
generated by superimposing (111) standard pattern for the 
bcc crystal on the (110) pattern for the NaCl-type lattice 
with (llDbcc 11 (llO)NaCl and [llOlbcc M [OOllNaCl 

FIGURE 5. Dose Dependence of Precipitation in Irradiated 
V-10 Ti. Dark-field images from spot "A" in Fig. 4(a) in 
a near [111] zone, (a) -vS dpa. (b) -vis dpa. (c) i-30 dpa 
(d) -̂-55 dpa. Mag. 29,000X '" ' 

188 



JiJLiuii u i i i i j i i L y i i ^ ^ f i i ^ n p 
tion of TiO in V-10 Ti. 

3. The c rys ta l s t ruc ture and o r ien ta ­

t i o n re la t i onsh ips of the TiO prec ip i ta tes 

in the i r r a d i a t e d V-10 Ti are the same as 

those observed in uni r radiated material in 

which TiO has been prec ip i ta ted thermal ly. 

4 . Addi t ion of 10 wt % Ti to vanadium 

completely suppresses void swel l ing . 
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HELIUM INTRODUCED BY ION BOMBARDMENT AND TRITIUM 

R F. Mattas, H. Wiedersich, 
Materials Science Division 
Tronne National .Laboratory 

Argonne, Illinois 60439 

D. G. Atteridge, A. B. J°hnson, and J. F^ Remark 
Battelle, Pacific Northwest Laboratory 

Richland, Washington 993b^ 

r w IK wt y rr-5 wt % Ti containing 25-35 appm 
The tensile properties of V-15 wt % Cr b wt /. _ 

He have been investigated from 600 to 800»C. Helium c ^ - ^ ^ ^ " ^ 

pushed by the "tritium trick" and both thin-sheet an cy -

pecimens were tested. Specimens containing helium ^^^^ 

i^ elongation at temperatures of 700=C and above, but the cy i drical 

specimens with or without helium exhibited considerably grea er 

elongations than the sheet specimens under corresponding conditions 

A comparison of the tensile properties of the sheet specimens c a r ed by 

the "tritium trick" with the properties of Cyclotron-injected sheet 

specimens from a previous study indicates that the Cyclotron-inoecte 

specimens exhibited greater ductility than the specimens charged by the 

••tritium trick." The onset of gross embrittlement occurred between 

700 and 750°C in both cases. 
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INTRODUCTION 

Alloys of the transition metals vanadium, 

niobium, and molybdenum are candidates for 

fusion reactor first-wall structural mate­

rials.^^^ 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. 

;;^;;:^7;;^^;;;;7^y the U.S. Energy Research 

and Development Administration. 

The helium which is essentially insoluble 

in metals, is removed from the lattice by 

the formation of bubbles in the material 

and/or by diffusion out of the material. 

The bubbles that form at grain boundaries 

can accelerate grain-boundary sliding, 

which begins to operate as a deformation \^ 

mechanism near one half the melting poi!: , , 

(1/2T|^). In addition, tensile stresses j 

at elevated temperatures can produce bubblê  

growth and coalescence along grain bound- ; 

aries. The result is premature intergranu­

lar cracking and failure at elevated 

temperature. 

The simulation of fusion reactor con­

ditions is vital to predict the effects of 

helium embrittlement on mechanical proper­

ties. The mechanical-property data from a 



iTTnt-wiL/KNL i r w e s T r g T r r a r o f T m ? ^ ? ? ? " " 

helium-implantation methods w i l l be d i s ­

cussed in the present repor t . Both of the 

simulation techniques developed to date 

namely helium ion i n j e c t i o n and helium pro­

duction by t r i t i u m decay, were included in 

the present study. The former method con­

sists of i n j e c t i o n of high-energy helium 

ions into r e l a t i v e l y t h i n samples. The 

latter method consists of d i f f us ion of 

tritium in to the sample, the decay of t r i ­

tium to 3He, and removal of the remaining 

tritium by hot vacuum ex t rac t ion .^^ "^^ A 

detailed descr ip t ion of t h i s helium-

charging technique, known as the " t r i t i u m 

tr ick" , is given elsewhere.^^^ 

Each simulat ion method has advantages and 

disadvantages. Both techniques are capable 

of introducing large quant i t ies of helium 

into metals in a short period of t ime, but 

neither technique matches the displacement 

damage to helium .production r a t i o expected 

in fusion reactors . The atom displacement 

damage during ion. bombardment is orders of 

magnitude less than expected in fusion 

reactors fo r an equivalent production of 

helium,^ ' whereas the t r i t i u m decay re­

action y ie lds essen t ia l l y no atom displace­

ment damage. The greatest disadvantage of 

the ion-bombardment technique is the 

inherent specimen thickness l i m i t a t i o n " -

(MO mils) due.to t h e . l imited_penetrating -= 

power of the helium. Essent ia l ly no size 

limitation "is"'imposed by the t r i t i u m - t r i c k ' ^ 

"lethodr.^inoe-^li-fftisioH-proGessesTrare-tJsed^-?^ — 

to..distr-ibuJ;e7:the-;tn-itiurai-in- t heme tab i . -The - - ^ 

"'aJOE-disa'avantage^fLtheztrit iura.-trick^L -,--

^^'^^^i%^h5zsitfSlc\Hty:.e:0(zawteTe<L-iaS^--

charging^aterials-iWTth-iTow.tr.itium-.solu^-ii--^-

iiities..^-High-pressure=_'Chacging-(upto^2? ---

lM~a-tm);-rausti.bej-used:fdr7low":solubiUty:S"" : 

materials,'such as. s t a i n l e s s - s t e e l s , - i n . 

_ The environments encountered in the two 

simulation procedures and in fast reactors 

a^e l i ke l y to result in di f ferent helium 

bubble d is t r ibut ions. 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 t r i t ium t r ick.^^^ The 

resultant bubble distr ibut ions in ion bom­

barded material are a strong function of the 

specimen bombardment temperature, with low 

specimen temperatures yielding homogeneous 

bubble distr ibut ions and high specimen tem­

peratures y ie ld ing nonhomogeneous bubble 

distr ibut ions more typical of helium bubble 

distr ibut ions produced in nuclear 

reactors. '^ ' 

The present ANL/PNL program was in i t ia ted 

to compare the results of the two helium 

charging techniques on the same material. 

The material studied, V-15Cr-5Ti, is a 

high-strength, creep-resistant a l loy , the 

mechanical properties of which have been 

previously investigated with specimens 
l-j 0\ 

helium charged by ion bombardment.*• ' ' . 

Vanadium alloys exhibit high tritium solu­

bilities and thus are amenable to helium 

charging by the tritium trick. 

EXPERIMENTAL PROCEDURE • 

The; V-15Cr-5Ti alloy used in this study 

is from the same stock as that used in the 
f 8) 

previous helium ion-bombardment study. 

BotH-thiri^heet and, cylindrical- specimens----

rwere-fabricated-from" this^-material ...--The—r-

sheet-Tpecimens>wi;th-arJ^3=--x-.0_.2_x.T.O in. 

test.section;,were,dupl.icates-of those;used_"-

in the^arTier^'nvestJ-gationT^-which-ial.loWediu.: 

a dtrect-compari5o"B-of=-the"--two-chargTngl.-

techniques.-^-The'cyl in^rical -specimens—- - -

0.11 ih.'dia.-'x 0.75 in. test section, 

all owed---a-comparison 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. 

FIGURE 1. Sheet 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.^'*^ 

The basic charging method is outlined as 

follows: 

(1) absorption of tritium gas by the 

vanadium alloy specimens at 400=0; 

(2) decay at room temperature of a por­

tion of the tritium to ̂ He; and 

(3) removal of the excess tritium from 

the helium-implanted specimen by hot vacuum 

extraction at 750°C. 

Five sheet specimens and three cylindrical 

specimens were helium implanted during this 
program. 

Both-the-sheet-and-cyaindrical-.specimens__ 

-were tested foilowing-:the-same procedures--, 

used in the original-ion^bombardment inves.-=. 

Ligation.^^^AI] specimens were tested at -

temperatures, and-hel ium concentrations-.com._ 

parable.to those^ot the^original -study^. " 

All tensile-tests were carried out in. an 

Instron tensile test machine in vacuum at a 
strain rate of 0.02/min. After the-samples . 

0t 

• ^ ^ ^ ^ T n s i l e grip. a,,. ... 
acuu^ Chamber was evacuated, the furna 

was heated quickly to the test tern er ture. 
The samples were allowed to equilibra 

10-15 min for the foil specimens and 3 min 

for the cylindrical specimens before the 

test was started. The total time between 

furnace startup and shutdown varied from 

30 to 45 min for the sheet specimens and 

from 45 to 60 min for the cylindrical 

specimens. The sample temperature, moni­

tored by thermocouples in contact with the 

gauge length, varied between 2 and 4»C 

after equilibrium was attained. The sheet 

specimens were tested in a vacuum of ^ , 

2-3 X 10-5 torr with a thin sheet of zir-

conium'around the sample to act as a getter.^ 

{This foil was not used in the original • 

study.^^h The cylindrical specimens were 

tested at a pressure of <1 x lO'^ torr 

without a foil getter. The sample appear- ^ 

ance after testing was unchanged from that 

before the test. 

TEST RESULTS AND DISCUSSION 

Ten sheet and four cylindrical samples 

were tested in the present tritium trick 

study. Five of the ten sheet samples and 

three of the four cylindrical samples con­

tained -̂ 35 appm helium. Twelve sheet 

samples were tested in the ion-bombardment 

study, with five of-the twelve containing-- • 

-,.25 appm helium.- The tensile test results 

for the three specimen batches are pre­

sented in Table 1 as a function of test 

temperaturefor:the-di-fferent-.helium^a--^^= • 

implantation :techniques--and-specimeri-^-^-^--; 

geometries-:hr:The'resul-ts;-presented-irkr—; .. 

Table! .will be discussedMn the following -

-" ' sections"-::ŝ Jhe ifi-rsf̂ ĉt.to-h "consists-of-aT-

compari son c«f= the imechafii cal-.pr-operti es-̂ ôf s 

•" sheet specimens-charged by- ion bombardment-

and the tritium trick; the second section 

— '• consists of a'comparisori "between the two- " 
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Test 
Temperature 

(°C) 

550 

700 

750 

800 

850 

900 

500 

650 

700 

750 

800 . 

700 

750-33 

png 1 

___ 
(a) r.oiii KGf. 

v-15 wt% Cr 

Calculated 
Hel i um 
Content 

Fo i l specimens 

0.0 

0.0 
25.0 

0.0 
25.0 

0.0 
25.0 

0.0 
25.0 

0.0 
0.0 

25.0 

Sheet spec 

0.0 
27.5 

0.0 
27.0 

0.0 
29.0 

0.0 
38.0 

0 . 0 -
3 9 . 0 . . ^ 

Cyl i n d r i c a l :s 

38.0 

0.0; l-5-
29.0—=^ 

3 0 . 0 - ~ 

8. . 

-5 wt% Ti 

Stren 
0.2% 
Yield 

helium in 

51.2 

49.0 
49.9 

49.6 
49.0 

45.7 
47.5 

42.5 
47.4 

37.7 
38.7 
40.8 

.iiiKv-.o,.u,e lesr Kesults fo 
with and without Helium 

gth (ks i ) 

Ultimate 

iplanted by ion 

83.7 

85.6 
86.5 

84.0 
79.9 

77.2 
58.6 

65.1 
59.5 

56.2 

51.5 

imens helium implanted by 

53.0 
55.0 

52.0 
54.0 

50.0 
54.0 

51.0 
51.0 

43.0 
43.0 

pecimens he 

53.2 

- 55.33^ 
50.7;;-

42.7— 

89.0 
87.0 

86.0 
87.0 

88.0 
69,0 

82.0 
65.0 

72.0 
54.0-

Elonaal 

Uniform , „_ „ , 

r 

;ion 

Trvta l 

bombardment'*' 

11.2 

13.3 
12.7 

13.9 
7.4 

11.9 
4.4 

9.6 
2.9 

7.8 
7.2 
2.3 

11.4 

13.5 
13.2 

15.5 
7.5 

15.7 
4.5 

18.2 
3.2 

16.4 
24.6 
2.3 

t r i t i um decay 

14.1 
10.8 

15.5 
10.3 

15.5 
3.8 

13.5 
3.2 

13.2 
1.3 . -

lium implanted by t r i t ium 

88.0 

.; 98.2s:^ 
75.0- -

64.0-.'--

10.6 

IS.Oi-O 
7.7- . . 

5 . r : 

14.1 
10.8 

15.9 
10.3 

15.9 
3.8 

15.7 
3.2 

20.1 
1.3 

decay " 

12.4 

26.2^--
10 .0 - -

- 6 . 6 - -

Reductioi 
In Area 

75.0 

69.0 
58.0 

64.2 
25.4 

53.1 
15.7 

54.0 
15.9 

49.7 

17.1 

58.0 
64.0 

58.0 
62.0 

58.0 
37.0 

48.0 
30.0 

28.0 
- 7.5 

13.1-'-

-. 11.2 
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s ^ i ^ S ^ o n f f g u ^ U o n ^ o n t " n i n y Li .L.^m 

charged helium; and the third section con­

tains a comparison of all sheet specimen 

data with the cylindrical specimen data. 

SHEET SPECIMENS 

Tensile tes'cs of the control, ion-

bombarded, and tritium-trick charged speci­

mens were performed in the temperature 

range from 500 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. 

Tcreased y.eM .L, u , ^ ^ ^ ^ ^ ^ ^ ^ ^ 

elongation, the authors believe these 

values are within the data scatter observ, 

between the two sets of controls at other 

temperatures and therefore do not indicat, 

any significant effect on the mechanical 

properties by the charging and extraction 

of deuterium and the accompanying thermal 

cyc l i ng . 

The mechanical p roper t ies correspondin. 

to the two helium charging techniques are 

presented as a func t i on of t e s t temperatu. 

in F ig . 3. The average mechanical proper­

t i es of the contro l specimens are also 

p lo t ted in the f i g u r e f o r comparison. I t 

is evident that both hel ium-charging 

methods resu l t in subs tan t ia l decreases it 

elongation at t e s t temperatures of 750°C 

u-TriiRE 2 Elevated-temperature-Test-Results; 
••-~S^nTCr-5Ti Sheet Control Specimens'--

" ; : . - -ont ro ls-were as-annealed'sheets e.xcept •. 

fo r the 750°C t r i t i u m - t r i c k ' c o n t r o l , vvhichT;:; 

was deuterium'charged in a simulated t r i - - ^ -

t ium charging time-temperature cyc le . 

Although the 750°C contro l exh ib i ts 

0 oppm He 

D O lOS BOV.asRDUENT ( -25 oppm Hel 

a «* TRITIUM TRICK 1-35 oppm Hel 

0 ' — 
600 700 750 SOO 

TEST TEMPERATURE I"C1 

60 r 

20 

A 

A 

0 oppm He 
ICN 30.'.:3aR[;'.*ENT (-25 oppm Hei 

TRITIUM TRiCK ( -35 oppm Hel 
l.';;rcsw ELC';:-aTtCN =TCTflL CLONGATtCN 

__----'' 

700 - 750 800 

TEST TEMPERATURE CCl 

FIGURE 3. Elevated-temperature Tensile 
Test RiFults fo r V-15Cr-5Ti Sheet Speun.-
Containing Helium 
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-and aoove, wi un the ind iv idua l heli'um 

charged specimens e x h i b i t i n g essent ia l l y no 

difference between uniform and to ta l elonga­

tion values. The t r i t i a t e d specimens con­

s istent ly exh ib i ted lower elongation values 

than the ion-bombarded specimens, whereas 

the. ion-bombarded specimens exhib i ted con­

siderably higher u l t imate strengths than the 

tri'-.^'ated specimens. The y i e l d strength 

from the two hel ium-charging methods are 

comparable w i t h i n the experimental scat ter 

band evident f o r the contro l specimens 

"(Fig. 2 ) . 

The engineering s t r ess - s t r a i n curves for 

the 750°C contro l and helium-charged speci­

mens are compared in F ig . 4. At low st ra ins 

al l the curves match qu i te c lose ly , whereas 

at high s t r a i n s , the ion- in jec ted sample 

exhibits a somewhat higher work-hardening 

rate and the t r i t i u m - t r i c k charged sample 

exhibits a somev/hat lower work-hardening 

rate than the contro l ssmple. The average 

•lOrk-hardfining ra te of a l l ion-bombarded 

specimens, as determined from Table 1 by 

the dif ference between the y i e l d and u l t i ­

mata strengths d iv ided by the uniform elong­

ation, is considerably greater than that of 

the respective t r i t i u m - t r i c k charged and 

control Si--,;iples. A l l samples tested at or 

below 750°C exh ib i ted a y i e l d po in t , v;hereas 

those tested at or above 800°C did not . 

Fracture of the t r i t i u m - t r i c k charged 

speci-fKins gsnera l ly occurred in a more 

irregular manner than f rac tu re of e i ther the 

•'on-injected or contro l s i t^ples, as shown by 

the locd di-op at f r ac tu re i n i t i a t i o n shown>-:' 

in Fig. 4. 

A pre l i , I i i nary SEM study of the specimen -

'•"racture surfaces ind icates that a consiS--:"r-

tsnt f racture morphology pattern occurs,----

"'lich is a func t ion o f specimen elongation 

values and independent of tes t ter.perature 

750'C-0,02/min 

ION INJECTED 
(-25 oppm He) 

Ooppm He-

-J_ 
10 12 

ELONGATION (%) 
16 18 20 

FIGURE 4. Engineering Stress-strain Curves 
for Helium-charged and Control Sheet Speci­
mens Tested at 750°C 

No intergranular -'racturing 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 

BOCC ion-bornbarded specimen (4.4% uniform 

elongation) and the 750°C tritium-trick 

specimen (3.2% uniform elongation), v^hereas 

the 900°C ion-boiiibarded specimen and the 

800°C tritium-trick spaciinen exhibited 

almost com.jlete intergranular -failure 

(2.3 and 1.3% uniforin elongation, respec­

tively). A cO::;parison of the fracture 

surfaces of the control and tritium-trick 

charged specimens tested at 800°C is shown 

in Fig. 5. 

The differences between the speciinen 

elongations associated with the tv:o charging 

methods may be due to one of several fac­

tors. The greater d.gree of e.nbrittlenent 

195 m 



•yyi^-'-' 
: >---' 
^•r-O"-^ 

# ' • 
- IV -

-*=- -~̂ ^̂  

'1 --
^ • - -

'-'-r"' 

" ' • • -

( , j : 

/-I 
"•<:"^;!a 

h-\-

r-.ii 
0 APPM HE 

L>fei:2:----j' 

^̂ r̂-

'lOftl 

39 APFM H E 

Fracture Surfaces of Sheet Specimens Containing 0 and 39 appm He 

Tested at SOO^C 
FIGURE 5. 

•mm 
lUHCIl 

CiWU 

observed in the specimens charged by the 

-tritium trick may be due to the lack of 

atom displacement darnage during helium 

charging, since radiation damage is present 

in the ion-bombarded specimens. Another 

reason -for the differences in elongation 

Let-,;een the tvjo charging methods -fnay be the 

somewhat higher helium concentration in the 

specimens charged by the tritium trick. 

Hov/ever, this appaa-rs unlikely in view of 

the large difference in elongation at 700°C 

v.'ith a rather small dif-rerence in helium 

concentration. Another factor may be the 

pretest thermal cycle seen by the tritiated 

speci:T:ens. This thermal cycle may produce 

dif-rerent pretest bubble distributions in 

the tritiated specimens when co;Tipared with 

the ion-boi:ibarded specimens, which may 

account for the resultant difference in-

elo;-,.,ations. A final reason -for the elong-

g.̂ -Q̂  dif-ferences may be different impurity 

levels in the specimens.-- Re-fractory metals, 

quickly abso-rb interstitial impurities (0, 

C, N) at el = .-ated tei.-iOeratures , and dif-

-rer.;nces in the environments of the two 

ĵ.-,,-g-;ng techniques and in the vacuum con-

ditions during tensile testing could resuH 

in significant iirpurity di-fferences. Inter 

stitial iifipurities ha.-'e a marked effect on 

strength and ductility of refracto'ry mietals'^ 

and hence, impurity di-rrerenct-is may influ­

ence the test resul ts. It should be noted 

that SEM analysis revealed that the controTp^ 

specimens for the.original ion-boriifcardirient 

study did not exhibit surface grain-boundar 

separation, v.hereas those in the present || 

study exhibit considerable surface grain- J 

boundary decchesion. -sit 

SHEET AND CYLIi-JDRICAL SPECIMENS C_H/iRGID_iI 

TRITIUM TRICK Vi!i 
The tensile test data plotted in Fig. 5 ftl 

ical compare the high-teinporature iiiecnanicdi | 

properties of sheet and cylindrical speci- ^^ 
mens charged to î SS appm helium by the ^ 

tritium trick. It is evident that both ^^ 
speciriien ccnfiijurations give the s^me yiel ̂̂  

'strengths, andyield strength is essentially,,^ 

unaffected by 35 appm helium.- Considerable 

differences occur in other properties, wiih^. 

the cylindrical ns e,--;hibiting con­

siderably greater elongation and ultimate 

strength values then the sheet specimens^ 
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'̂Ov;ever, the n.;neral trends of a l l nicchani-

'-al propert ies agree, i . e . , the y i e l d 

^t-rength is essen t i a l l y unaffected by the 

Presence of hel ium, and the u l t imate .-

-'-''engths and elongations are decreased by .: 

the presence of hel ium. 

The e f fec ts of specimen gpo;netry are 

ŝ |Own in hir|. 7, „h i ch compares the engi­

neering s t r ess -s t ra i n curves of the control 

^nd fielium-charged specirnens tested at 

" "0 . The c y l i n d r i c a l specimens exh ib i t 

'-O'-isiderable-differences between the 

3 6 9 12 15 18 21 24 27 30 
ELONGATION (%l 

FIGURE 7. Engineering Stress-strain Curves 
of Sheet and Cylindrical Samples Tested at 
750°C 

uniform and total elongation, whereas the 

sheet specimens show almost no differences • 

between total and uniform elongation. Also 

at larger strain ( M % ) , the sheet specimens 

sliow a decrease in the strain hardening-

rate corripared with the equivalent cylindri­

cal specimens, which results in plastic 

instabilities at reduced plastic strains. 

The helium-charged cylindrical specimen at 

750°C also exhibits a decrease in the strn'n-

hardening rate with respect to the control 

specimen. The increased ductility of the 

cylindrical specimens over the thin sheet 

specimens is consistent with similar tests 
(9) 

in "pure" Type 315 stainless steel.^ 

Also, the yield strength of the stainless 

steel samples v/as shown to be independent of 

specimen geometry..,. . 

rnM?ARIS_QNJF CYLINDRICAL SPECIMEN DATA WITH 

AI_l̂ _SHiEJ SRECIKEN DATA- -••: 

It is evident, from Table 1 and Figs. 3 

and 5, that both helium-charging techniques --

for sheet samples, as well as both specimen- ---

geometries for "samples"charged by the tri- --

tium trick, result in decreased elongations, 

when compared with the control samples. 197 



These data, however, indicate that tne use 

of sheet specimens consistently results in 

a marked decrease in the elongation values 

compared with the cylindrical specimens, as 

the sheet specimens exhibit little or no 

elonoation 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 specii.ens. Only in the case of 

the ion-bom.bardwent experiment do the 

helium-charged samples show an increased 

strain-hardening rate greater than the 

control samples. 

The authors believe, however, that the 

consistency bef,;een helium-charging methods 

and snecimen configurations in predicting 

the susceptibility of V-15Cr-5Ti to helium-

inc- ced mechanical-property degradation is 

the important result of the present s-ludy. 

The fact that difference exist between the 

sheet and cylindrical specimens is not sur­

prising in view, of the previously reported 

results.^^^ The absolute mechanical-

property values for a given miaterial will 

• have to be developed using standard ASTM 

sp-rin-iPiTS, but correct yield strengths and 

con-rvative elongation trends can certainly 

ta obtained using sh.eet specimens. Relatively 

co-parable trend lines can also be developed 

using either the tritium trick or the ion-

hombardi-ent helium charging method. 

COiSAJ^SKiiii 

1. V-15Cr-5Ti exhibits a reduction in 

,niform and total elongation at low heli-um" 

rontents (25-35 appm) when tested at ele­

vated temperatures regardless of implanta­

tion method or specimen configuration. ,,:-

' 2. Yield strength in V-lECr-5Ti is •-

u-af-rected by the helium concentrations up 

to 35 appm, the specimen configuration, or 

the helium implantation method. 

'Ilf 

, TTsR^etsampTes, specimon. ..... .=u 

by the tritium trick exhibit lower ductil­

ity than those charged by ion injection. 

The onset of gross em.brittlement during 

tensile testing occurs between 700 and 

750°C. - . , 

4 Cy l indr ica l specimens, w i tn or w i th ­

out helium, exh ib i t larger elongations than 

sheet specimens under corresponding con-

d i t i ons . 
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..e heliu. .ehavLor in . e » U . T.e " - ^ " f ~ ^^^J''^,, ; , . , ^ 

„caificaaon « account for .1.. experimentally ^^"-'^^ ^^ ^ 
< l„„ steels nodels the grain-boundary bubbles In 

austenitic stainless steels ^^^ ^^ ^^^^^ ^^^^^_ 

reasonable manner. The bulk pores are likely 

INTRODUCTION 

Austenitic stainless steels are among 

the most promising candidate materials for 

the first wall of the near-term Tokamak re­

actor. The nuclear fission programs have 

generated extensive data for these steels 

under Irradiation conditions. In the CTR. 

high'helium concentrations are expected to 

develop in these steels as a result of 

transmutation reactions that occur when 

.14-HeV neutrons Interact vith the first 

vail. The significant difference in the 

^crostructures produced under fast-neutron 

irradiation with and without high helium 

generation is the presence or absence of 

pores on the grain boundaries. Grain-

boundary pores are known to cause inter­

granular fracture and severely reduce the 

ductility of a material. Therefore, it is 

essential that the number density and size 

distribution of grain-boundary pores pro-

.«ork supported by the U.S. Energy Research 
• and Development Administration. 

duced in simulation experiments be similar 

to those produced in the CTR so that a 

proper assess^nent of the mechanical proper­

ties of first-wall materials can be made. 

Current models for void nucleation and 

growth do not take into account the exis­

tence of pores on grain boundaries. The 

purpose of the present work is to demon­

strate how the GRASS code can be used to 

examine the behavior o£ helium in austeni­

tic stainless steels, emphasizing the evo­

lution of grain-boundary pores. 

The GRiSS code was developed at Argonne 

National Laboratory to model the formation 

and migration of fission-gas bubbles in 

ceramic fuels.<^'^^ It treats four classes 

of gas bubbles, i.e.. (a) free in the bulk. 

.(b) trapped on dislocations, (c) trapped 

on grain boundaries, and (d) residing along 

the grain edges (triple points). In the 

fission-gas calculation, we assume the 

bubbles contain sufficient gas atonis such 



t h a t Che s u r f a c e t e n e l o n I s ba l anced by the 

gaa p r e s s u r e . The growth of bu lk bubbles 

l e t h e r e s u l t of bubb le c o a l e s c e n c e caused 

by random and b i a s e d bubb le mo t ion . Biased 

mo t ion , f o r example , can be produced by 

t h e e x i s t e n c e of a t e m p e r a t u r e g r a d i e n t 

t h a t c a u s e s a bubb l e t o move up the g r a d i ­

e n t , A b u b b l e i s assumed t o be t rapped 

when i t c o n t a c t s t h e g r a i n b o u n d a r y . The 

g r a i n - b o u n d a r y b u b b l e s v l l l grow by c o ­

a l e s c i n g w i t h o t h e r b u b b l e s on the g r a i n 

boundary and w i t h incoming b u b b l e s from 

the b u l k , Xn the p r e s e n t work, the GRASS 

code h a s been modi f ied t o model a m e t a l l i c 

f i r s t w a l l . B iased bubb le mot ion due to 

t he t e m p e r a t u r e g r a d i e n t , r e - s o l u t i o n of 

gas b u b b l e s , and o t h e r f e a t u r e s r e l a t e d to 

the b e h a v i o r of ce ramic f u e l s a r e s u p ­

p r e s s e d . When he l i um b e h a v i o r i n a u s t e n i ­

t i c s t a i n l e s s s t e e l s i s modeled, t h e 

h e l i u m - g e n e r a t i o n r a t e , t he e s t i m a t e d 

he l ium b u b b l e d i f f u s i v i t y , t h e dependence 
(2 ,4 ) 

of t he d i f f u s i v i t y on the bubb le s i z e , 

and the g r a i n s i z e of t he m a t e r i a l a r e i n ­

cluded i n t he model . The o u t p u t of the 

code c a l c u l a t i o n s i n c l u d e s t h e number 

d e n s i t y and s i z e d i s t r i b u t i o n of he l ium i n 

the bu lk and on the g r a i n b o u n d a r i e s . 

We s h a l l f i r s t rev iew b r i e f l y t he 

methods of c a l c u l a t i o n used i n t h e GRASS 

code . The r e q u i r e d m o d i f i c a t i o n s and i n ­

put fo r mode l ing he l ium b e h a v i o r i n a u s t e n ­

i t i c s t a i n l e s s s t e e l s a t e l e v a t e d tempera­

t u r e s w i l l be i n t r o d u c e d . A po re i s con­

s i d e r e d a b u b b l e i f t he h e l i u m p r e s s u r e i s 

b a l a n c e d by the s u r f a c e t e n s i o n and i s con­

s i d e r e d a v o i d i f the he l i um p r e s s u r e i s 

I n s u f f i c i e n t t o b a l a n c e the s u r f a c e t e n ­

s i o n . We s h a l l show t h a t t he GRASS code 

a d e q u a t e l y models t he he l i um b u b b l e s on 

the g r a i n b o u n d a r i e s . The GRASS code 

c a l c u l a t i o n s s u g g e s t t h a t when bu lk pores 

a r e l a r g e they a r e v o i d s , even ulien the 

he l ium-product ion r a t e i s h igh . The a p p l i ­

ca t ion of the p r e sen t model to the eva lua ­

t i o n of rad ia t ion-damage s imula t ion e x p e r i ­

ments in CTR resea rch w i l l be d i s c u s s e d . 

GRASS CODE 

The d e t a i l e d d e s c r i p t i o n of the GRASS 

code has been p re sen ted e l sewhere , ' 

Coalescence by random walk in the g ra in 

mat r ix w i l l be desc r ibed to I l l u s t r a t e the 

type of computation invo lved . The b a s i c 

equat ions for l a t t i c e bubble coa lescence in 

GRASS are the same as those employed by 

Gruber, but the c a l c u l a t i o n a l procedure 

i s more approximate . In g e n e r a l , the de ­

te rmina t ion of the b u b b l e - s i z e d i s t r i b u t i o n 

r e q u i r e s the s imul taneous s o l u t i o n of an 

extremely l a r g e s e t of coupled n o n l i n e a r 

i n t e g r o - d i f f e r e n t i a l equa t ions for bubbles 

from a few angstroms ( s i ng l e gas atom) to 

many microns i n r a d i i . For c a l c u l a t i o n a l 

procedures ( i . e . , reasonable code running 

t i m e s ) , the bubbles a re c l a s s i f i e d by an 

average s i z e , where s i z e i s defined in terms 

of the number of gas atoms per b u b b l e . The 

bubble c l a s s e s a re ordered so t h a t the 

f i r s t c l a s s r e f e r s to bubbles t h a t con t a in 

only one gas atom. If S^ denotes the a v e r ­

age number of atoms per bubble for bubbles 

in the i t h c l a s s ( c a l l e d i -bubb le s hence­

f o r t h ) , then the b u b b l e - s i z e c l a s s e s a r e d e ­

fined by 

(1) mS i - l * 

where m l 2 . i > 2, and S^ = 1. In the ^ 

l a t t i c e , t he p r o b a b i l i t y per u n i t time P^^ 

of an i -bubb le coa l e sc ing with a j - b u b b l e . 

where the bubbles move by random m i g r a t i o n , 

i s given by 

P̂ _j - 4.CR^ + Rj)CDi + D5)» (2) 

where R, is the average 1-bubble radius 

(cm), and X>[ is the average la t t ice i -

bubble diffusion coefficient (cm / s ) . The 
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(3) 

(4) 

r of 1 -bubbles w i t h 
r a t e of c o a l e s c e n c e C^^ of i =" 

J - b u b b l e s i s g i v e n by 

^ i r ' V i ' j * ' '^'" 
v h e r e J ^ i s t h e number d e n s i t y of i - b u b - ' 

t i e s . For 1 - j . C^j I ' " " " " 

s o t h a t e ach p a i r w i s e c o a l e s c e n c e i s 

counted o n l y o n c e . When an 1-bubble and a 

J - b u b b l e c o a l e s c e ( l ^ j ) . t h e r e s u l t a n t 

b u b b l e can e i t h e r be i n t he i t h c l a s s o r i n 

the 1 + 1 c l a s s , a c c o r d i n g t o Eq. ( 1 ) . «« 

d e f i n e T t o be t he p r o b a b i l i t y t h a t a 

c o a l e s c e n c e be tween an 1 and a J - b u b b l e 

r e s u l t s m a k - b u b b l e . where 1 - k . I f . on 

t h e a v e r a g e , t h e t o t a l number of• gas atoms 

remains c o n s t a n t , i t fo l lows t h a t 

^ i j l ' 

(6) 

and t h e p r o b a b i l i t y t h a t t he c o a l e s c e n c e 

r e s u l t s m a k + 1 bubb le i s g iven by 

^«k V l - 'k 
(7) 

The a r r a y T i s the p r o b a b i l i t y t h a t an 

l - b u b b l e becomes a k - b u b b l e as a r e s u l t of 

I t s c o a l e s c e n c e w i t h a J - b u b b l e . The r a t e 

H a t which i - b u b b l e s become k - b u b b l e s i s 

g iven by 

: «ik - ^yii'ii^'- - ' 
The J - b u b b l e i s assumed t o d i s a p p e a r ; gas 

atoms a r e abso rbed i n t o t h e i - b u b b l e . The 

r a t e X. of d i s a p p e a r a n c e i s g iven by 

w 

,i„gle atoms only. " ^ Once on the grain 

houndary. the fission gas can migrate and 

coalesce. 

The choice of a functional relationship 

'between the diffusivity of gas bubbles and 

their radii depends on the model for 
,<„.< 1 e diffusion or reaction-

bubble notion, l.e-. 

rate ll»ltaa. In GRASS code, the bubble 

diffusivities are assumed to have a sire 

dependence 

xj - .^"^ii'ii--
(9) 

. The m i g r a t i o n of t he f i s s i o n gas from t h e 

• g r a i n - m a t r i x t o the g r a i n boundary i s 

t r e a t e d i n t h e GRASS c o d e . a s d i f f u s i o n of 

• \ < \ ' \ ' > 

(10) 

where D U t h e d i f f u s i v i t y of a b u b b l e 

V J^„« R D i s t h e a t o m i c d i f f u s i v -
w i t h r a d i u s R^ ,̂ " ^ 

i c y of h e l i u m i n s t a i n l e s s s t e e l . R^ c o t -

r e s p o n d s t o t h e r a d i u s of a b u b b l e c o n ­

t a i n i n g a s i n g l e gas a tom, and x i s chosen 
. n . . flffrermined v a l u e s of t o f i t e x p e r i m e n t a l l y d e t e r m . n e u 

b u b b l e d i f f u s i v i t i e s . 

The r a t e of change of t h e b u b b l e number 

d e n s i t y F^ can be w r i t t e n a s a sum of 

te rms such as N ^ ^ ' s and X j ' s J^-^ -^^e r a t e 

of h e l i u m atom p r o d u c t i o n . ' The 

e q u a t i o n s of t h e F ^ ' s t h u s form t h e s e t of 

d i f f e r e n t i a l e q u a t i o n s from which t h e e v o ­

l u t i o n of t h e b u b b l e - s i r e d i s t r i b u t i o n can 

be computed. 

HELIUM IN ATISTE-.IITIC STAIITLESS STEEL 

The c o m p u t a t i o n s , u s i n g t h e GRASS code 

i n t h e p r e s e n t work t o model t h e h e l i u m i n 

a u s t e n i t i c s t e e l s , a r e f o r t h e i s o t h e r m a l 

c a s e w i t h a t e m p e r a t u r e of 500"C. The 

h e U u m - p r o d u c t i o n r a t e i s a c o n s t a n t 

500 ppm/yr . The g r a i n s i z e of t h e m a t e r ­

i a l i s 30 um. The h e l i u m p r e s s u r e w i t h i n 

t h e b u b b l e i s assumed t o b e b a l a n c e d by 

t h e s u r f a c e t e n s i o n , which i s t a k e n t o be 

2000 e r g s / c m ^ . The gas law used i s a 

mod i f i ed form of t h e van d e r U a a l s 

e q u a t i o n 
(2.3) 

The diffusivity of helium bubbles in 

austenitic stainless steel is estimated, 

based on the data' repotted by Walker. 



The experimental data for bubble sizes 

smaller than 65 A are used. The dependence 

of the bubble dlffuslvlty 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 

matrix containing 100 helium atoms is 

1.4 X 10" cm/s at 500°C. Ihe bubble 

diffusivity Is assumed to be higher on the 

grain boundary. The difference is calcu­

lated by assuming that the value of D 

(preexponential constant) differs by a 

factor of 10 at room temperature. 

In the GRASS code, the probability of 

coalescence between two single atoms cal­

culated according to Eq. (2) is modified 

by a factor fN. which has a value of 1.0 or 

smaller to account for the probability that 

two single atoms drift apart after colli­

sion. 

The computation is performed for ranges 

of values of the factor fN discussed above 

and the bulk and grain-boundary diffusiv­

ities D, and D ^. This is co ensure that 
b gb 

the results of the code computation do not 

represent the consequences of a set of 

arbitrarily chosen values. 

Typical results of the code computation 

are shown in Fig. 1, These results are 

obtained with fN = 1.0, and with the values 

of D and D calculated as described in 

this section. This set of parameters will 

be designated henceforth as the fN(Ref), 

D|^(Ref),-and D j,(Rcf). respectively. 

The calculated results shown in Fig. 1 

are for an Irradiation time of 6.8 » 10 h. 

It Is seen that the bulk bubbles are, for 

the most, part, extremely small and show a 

V BUCK BUBBLES 

O GRAJN-BOUNOARY 
BUBBLES 

BUBBLE RADIUS (em) 

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 containing 100 helium atoms was 
1.4 X 10"-̂  cm^/s. The calculated data 
are for an exposure time of 6.8 " 10-* 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 :;j600 A, with a 
number density of -^iQ^^/cm^ for the latter. 

peak at 25 A with a corresponding number 

density of 3.8 ^ 10^^/cm^. Few bulk bub­

bles larger than the peak size are shown 

to exist (Fig. 1). The grain-boundary 

bubbles are much larger. Their size dis­

tribution is qualitatively similar co^that 

of the bulk bubbles and peaks at 350 A 

with a corresponding number density of 

2.8 X 10 /cm , 

Table 1 is a summary of the results of 
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— after •v.6.8 X 10 >• ° ' " " _ _ , _ ^ ^ , _ Grain-boundary Bubbles 
Bulk Bubbles 

Ql 

.1.0 

0 .1 

0.01 

0.001 

0.001 

0.001 

0.001 

0.001 

Ref 

'-- . RefT ::: 

Ref 

Ref 

- 10 X Ref 

1000 « Ref 

Ref 

Ref 

Ref -

" ' R e f ' : ^' 

-Ref 

Ref 

•Ref 

Ref 

100 x Ref 

0.01 X Ref 

Feak 
- Radius 

- (A) 

25 

' ""25 

.25 

25 

57 

57 

25 

25 

other calculations with different input 

values of fN, D̂ ,, and D^^. The results 

show qualitatively the same sire distribu­

tions as those in Fig. 1. m Table 1, the 

peak radius and the peak number density 

after 6.3 x lo' h of Irradiation are given. 

, . It is seen from Fig. 1 and Table 1 that 

the results of the calculation are not 

strongly influenced by the values of the 

input parameters. However, specimens ir­

radiated in HIFR show a significantly 

different size distribution for the bulk 

bubbles. For an irradiation of •vl hr in 

HIFR that produces a total helium content 

of 1790 ppm with a varying helium-genera­

tion rate, the average bulk and grain- ^ 

boundary bubble radii are -250 and -600 A. 

and the corresponding number densities are 

'^lo" and -10"/cm\ respectively. 

With the range of'input parameters used 

in the present work, we expect to model 

the helium bubble behavior on grain bound­

aries. However, with a reasonable assump­

tion for the value of bulk bubble dlffusl­

vlty. we do not expect that the calculated 

Feak 
No. Density 

(cm-3) 

3.8 X 10^5 

2.9 X 10^5 

2.0 X 10^^ 

1.2 X 10^ 

2.5 X 10^ 

3.6 X 10l2 

1.2 X 10^5 

0l5 

„14 

1.2 X 10-,15 

Feak 
Radius 

(A) 

350 

990 

990 

990 

990 

990 

2800 

350 

Peak 
No. Density 

(C1I.-3) 

2.8 X lOll 

3.7 X lOll 

4.8 X 10^1 

5.7 X 10^^ 

8.2 X 10^^ 

9.8 X 10^^ 

5.9 X lO^O 

5.0 X 10^^ 

bulk bubble size will be large enough to 

agree with the experimental data of CTR 

interest. Fhyslcally. this is because 

the large bubbles have low diffusi­

vities. For example, after an extended 

postirradlation anneal, at temperatures 

significantly higher than one half of the 

absolute melting temperature, the average 

diameter of bulk helium bubbles in aluminum 

Is <100 A.^^^ This experimental result 

qualitatively supports the results of the 

present calculations. 

The calculated number density and size 

distribution of grain-boundary cavities 

are in agreement with those observed in 

HFIR experiments. These results Indicate 

that the GRASS code can be used to calcu­

late the evolution of grain-boundary 

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. 
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The previous discussion suggests, how­

ever, that coalescence due to bubble motion 

alone Is not sufficient to account for the 

s ize of the bulk cavit ies and they are 

probably voids rather than helium bubbles." 

Therefore, the calculation of the growth 

ra te of cavi t ies in the bulk under condi­

t ions that correspond to the HFIR i r radi ­

at ions wi l l require additional mechanisms. 

DISCUSSION 

The two topics to be discussed are: 

(1) the significance of the present work 

on the design of various radiation-damage 

Bimulation experiments for CTR research, 

and (2) the required modifications to the 

GRASS code to model the bubble and void 

growth simultaneously. 

Simulation Experiments 

I t i s seen from the present work that 

the bubble d i f fus iv i t ies both in the bulk 

and on the grain boundary play an important 

ro le in controll ing the number density and 

the size of grain-boundary bubbles as well 

as the number density of the bulk pores 

even though the l a t t e r may become voids at 

large s i zes . Typically, in simulation ex­

periments that are accelerated tes ts , the 

neutron flxix and the helium-injection rate 

arc proportional and greater than expected 

in a CTR, Caution should be exercised in 

these experiments hecause even though the 

experiments may be carried out at higher 

temperatures compared to those of expected 

CTR conditions, the temperature dependence 

of bubble diffusivi ty (-̂ 2 eV) wil l not 

allow the diffusivity to increase propor­

t ional ly with the neutron flux. The la t t e r 

usually increases by a factor of MOOO. 

One would expect that codes such as CRASS 

v l l l have to be used in data extrapolation 

when the experimental conditions are not 

completely sa t i s fac tory . 

(7) 

The helium-bubble diffusivity can be in­

fluenced by the segregation of impurities 

at the bubble surface. ̂ '̂"̂ ^ This type of 

segregation has been investigated, for 

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 

.diffusivity, 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 GRASS Code 

Bulk pores grow by two mechanisms: (1) 

the coalescence of cavities and (2) the 

absorption of vacancies. The growth rate 

of small pores is controlled by coalescence 

of pores while the growth rate of large 

pores is controlled by absorption of vacan­

cies. The small pores are essentially gas 

bubbles while 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. ̂ '̂̂ ^ The rate of growth 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

yond which the pore becomes a void can be 

determined by comparing the two rates 

described above. It is expected that the 
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c r i t i c a l S i z e Wi l l vary s l o w l . H -

ehange w i th the m i c r o s t r u c t u r l e 

( s i z e and number dens i ty of p o i n t 

^ "°Sll'.r;rth cTvoid;;.n'result from the 

1th helium bubbles (Including 
-Coalescence with helium 

.1 And from vacancy absorp-
hellum atoms) and iro , ., 

. tloa. For convenience of computation, 

13 desirable to define a new pore size 
t J nn volume because 

classification based on volume 
,hen two voids or a void and a bubble 

coalesce their volume is conserved The 

„ew void Classes are defined by the VO 

l e s V, where the V, are calculated rom a 

gas lat and the S, defined by E, d ) • 
* , T' eauivalent co 

one may define a new T^^^ eq 
- ,=̂  The new T;,^ oan be 

fhe T , in Eq. k̂ J- •— iJ" 

lutited by assuming that, on the average, 

the total volume is conserved. «e can 

. v . . (11) 
T' V 
'^ijk k 

(1 • n j k ' V i 

, , 6 1 - ( 8 ) w i l l s t i l l be a p p l i c a b l e . 
Equations (6)-l,0J '''•'• , v T ' ' S 
„ l t h the s u b s t i t u t i o n of t^^^ s by ^jj , 

'^T^t'la^t^--^--"'^-: • a r D v o i d s ^ n be c a l c u l a t e d from the 

l o d l f l e d Eqs . (7) and (8) and the r a t e of 

vacancy absorpt ion ^ ^ ^ 

" l l ' • j ^ l ' ^ ^ ^ ^ ' ' ' 

(12) 

v h e r e k - i ^ l . - ^ ' ' > - " ° " ^ " 7 ; ^ , , 

the r a t e of vacancy absorpt ion w i t h c , 

r a t e cons tant tha t a l s o conta ins the a-

t o ^ c volume<«' and a geometr ica l f a c t o r , 

one can use the N - s and x ; s to con­

s t r u c t a s e t of d i f f e r e n t i a l equat ions 

" : » which the evo lu t ion of the v o i d - s i z e 

s t r l b u t i o n can be c a l c u l a t e d . or the 
. „ l k c a v i t i e s smal ler _than the « l t i c a l _ 

- " d the gram-boundary b u b b l e s , the 

" " r t G^S - c o d e f o r m u l a t i o n w i l l s t i l l 

: r : ; l l ^ l e . The gram-boundary b u b b l e s 

I ! b e e n found to b e pinned to g r a i n -

h^ve b e e n p o s s i b i l i t y 

boundary p r e c i p i a t " . _^^^^ 

„ „ h e e a s i l y modeled In 

c a l c u l a t i o n -

^ G R A S S code has been adapted t o 
d T t r h e l i u m b e h a v i o r m m e t a l s under 

model the n e i i 
. PTR c o n d i t i o n s . The coue 

' " " " " M r a i n - b o u n d a r y b u b b l e s i n 
d e n s i t y of g r a i n ^^^^ ^ ^ ^ 

a u s t e n i t i c s t a i n l e s « ^^ , „ 

he modi f i ed to mode - ^ ^ ^ , ^ „ , , , _ e 

pores t h a t becom v i - _̂ ^ ^^^^ ^^^^^^. 

r r o r r s i l l o f r l d l a t i o n - d a m a g e s i m u -

, - _ CTR r e s e a r c h has 
l a t i o n exper iments f o r CTR 

been d i s c u s s e d . 
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