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ABSTRACT 

Neutron activation of materials in a compact tokamak fusion reactor 
has been investigated. Results of activation product inventory, dose rate, 
and decay heat calculations in the blanket and injectors are presented for a 
reactor design with stainless steel structures. Routine transport of 
activated materials into the plasma and vacuum systems ;s discussed. 
Accidental release of radioactive materials as a result of liquid lithium 
spills is also considered . 
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EXECUTIVE SUMMARY 

The use of 316 stainless steel as a structural material for a deuterium
tritium tokamak fusion reactor is reviewed to determine the implications of 
activation products on power plant safety. Activation product inventories, 
dose rates, and decay heats are described for a helium-cooled, stainless steel 
blanket surrounding a compact tokamak plasma. 

The neutron flux was calculated for a one-dimensional, cylindrical 
blanket model using the ANISN computer code, and activation product 
inventories at various times were calculated with the GLUCKE activation 
code. The total activity of a 1700 MWt blanket after five years of full 
power operation is 2.1 x 109 Ci. The activity rises extremely rapidly after 
initial startup, reaching 0.7 x 109 Ci after only one day of full power 
operation. A substantial fraction of this activity (48% of the one-day total 
and 20% of the five-year total) is due to activation products of manganese, 
molybdenum, and silicon. In terms of biological hazard potential, cobalt 
and manganese isotopes make up 93% of the total radioactivity. 

Radiation dose rates at the first wall reach 3 x 106 rem/hr during the 
first days of full power operation. Dose rates are around 1 x 106 rem/hr 
in the neutral beam injector, and 3 x 105 rem/hr at the surface of the 
blanket shield. These dose rates will make contact maintenance on the nuclear 
island of a tokamak power plant impossible for many years after reactor 
shutdown. 

Under the conditions studied, radioactive decay heat would require 
cooling of the first wall after shutdown. Assuming adiabatic heating, the 
first wall decay heat of 0.2 W-cm-3 would cause'it to heat up to 750°C 
within 17 minutes following a loss of flow. Heating rates in the rest of 
the blanket are considerably lower and active cooling is probably not needed. 
The total decay heat falls to 0.2% of full power within one day. 

Sputtering and blistering of a bare stainless steel first wall will 
result in activation products being transported to the plasma and impurity 
control system. With reasonably efficient (> 90%) magnetic divertors, the 
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maximum activity permanently entrained on collectors is expected to be about 
105 Ci for the compact tokamak considered here. This activity level should 
be considered in reactor design and maintenance, particularly for flowing 
liquid lithium collection schemes which may transport the activity to other 
locations. Penetration of high Z impurities from the plasma into the vacuum 
pumping system can be eliminated by effective baffle design and the long 
mean free paths and high sticking probability expected for sputter disposition. 
In the case of vacuum vessel failure, the maximum gamma radionuclide inventory 
in the plasma potentially available for release could result in airborne 
concentrations near maximum permissible concentrations in the reactor build
ing. This source term can be reduced significantly by highly efficient 
divertors (~99%), and will likely be reduced further in the event of vessel 
failure by the initial influx of air with subsequent cooling and deposition 
of activations products in the vessel. 

In the highly unlikely event of a lithium fire near the reactor, some 
activated materials will become volatile. At the flame temperature of the 
liquid lithium reaction with air, water, or concrete, the primary constituents 
of steel have significant vapor pressures, while aluminum, copper, and lead 
are near or above their boiling pOints. Chemical attack of lithium and 
several of its molten compounds on structural materials may enhance the 
production of volatile activiation products in the form of IIsmoke ll particles. 

Understanding the mechanisms by which activation products are formed 
will allow development of measures to prevent or reduce their potential 
impact. Areas in which additional research is suggested are: 

• investigation of radiation exposures to personnel 
• analysis of other candidate structural materials 
• determining effects of controlling impurities in stainless 

steel and using other types of steel 
• transporting activation products away from the nuclear island. 

Results of these studies will contribute to understanding of fusion power 

plants and facilitate technological development to ensure safe power plant 
operation. 
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SAFETY ASPECTS OF ACTIVATION PRODUCTS IN A COMPACT 
TOKAMAK FUSION POWER PLANT 

I . I NTRODUCTI ON 

Magnetic fusion power plants based on the deuterium-tritium fuel cycle 
will produce large numbers of high-energy neutrons. Although no radioactive 
materials are produced directly by the fusion reaction itself, neutrons 
which do not escape the nuclear island will be absorbed in blanket and 
structural materials, some producing long-lived radioactive activation 
products. 

The primary safety concern associated with activation products is 
radiation exposure. Fusion power plants will be designed so that exposure 
to personnel is very low during normal operation. However, personnel per
forming maintenance operations will be exposed to a radiation environment 
caused by activation products. Disposal and/or recycle of activated 
materials could result in some release to the environment. Under extreme 
accident conditions, radioactive materials may be released from their normal 
locations and present radiation hazards to plant personnel or the general 
public. 

An investigation is in progress at Pacific Northwest Laboratory (PNL) 
of safety issues resulting from the presence of activation products in 
magnetic fusion power plants. Early identification of potential safety 
hazards and their causes will provide a basis for reducing the associated 
risks during the fusion power plant design process. 

The risks associated with neutron activation products depend to a large 
degree on the materials selected for the blanket structures. A number of 
structural materials have been proposed, including steel, (1-4) niobium, (5), 
m01ybdenum,(6) and aluminum. (7) Use of any of these materials will require a 

substantial research and development program to characterize their properties 
in the radiation, thermal and magnetic environment of a fusion blanket, and 



to develop and demonstrate fabrication techniques and materials compatibility. 
Of all the structural materials which have been proposed, stainless steel 
has by far the most mature nuclear technology associated with it. Use of 
stainless steel would therefore be an attractive option from the viewpoint 
of required materials technology development. Aluminum and vanadium activa
tion rates are much lower than those for steel, especially in the period of 
one week to several years after shutdown. (8) Aluminum is also inexpensive 
and easy to fabricate. Both vanadium and aluminum suffer from poor high
temperature properties. Molybdenum and niobium have better high-temperature 
properties, but also have high activation cross-sections, many of which pro
duce very long-lived radionuclides. 

For the reasons stated above, and because experimental fusion devices 
will likely be constructed of stainless steel, stainless steel was selected 
as the first structural material to be investigated. Later studies will 
focus on alternative materials if warranted, but an initial investigation 
of activation of steel will certainly have applications for near-term 
experimental facilities. 

Following sections of this report describe the reference design and 
structural materials (Section II), and characterize activation products in 
several reactor systems. Section III describes the activation found in the 
outer blanket, and addresses associated biological hazard and dose rates. 
Results obtained for the reference design are compared with the larger UWMAK-II(2) 
reactor, and with results obtained assuming other structural materials. Activa
tion products found in neutral beam injectors are estimated in Section IV. 
Section V describes the activity in the vacuum system: sources of impurities 
and a flow model are established, and calculations are made based on the 
impurities and flow assumed. Releases of activation products in lithium fires 
are estimated in Section VI, after supporting descriptions of lithium reactions, 
adiabatic flame temperatures, radiation effects on lithium reaction mechanisms 

and vapor pressures of activation products are made. Reactor components remain 
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radioactive after the power is shut off. Activity and dose rates for times after 

shutdown are described in Section VII, and the effects of decay heat are addressed. 
Section VIII presents recommendations for further research. 
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II. REFERENCE DESIGN 

Reflecting the current national magnetic fusion program focus, the 

reference design selected as the basis for the preliminary assessment of 

safety aspects of activation products is a compact tokamak reactor operating 

on a deuterium-tritium fuel cycle, where tritium is bred in liquid lithium 

of natural isotopic abundance. The structural material is 316 stainless 

steel, and high-pressure helium is used as the coolant. 

REACTOR DESIGN 

The reference design closely resembles a recent demonstration power 
plant design developed at Oak Ridge National Laboratory by Steiner, et al. ,(3) 

which is referred to here as the Steiner Demo. The major difference between 

the current reference design and the Steiner Demo is the choice of coolant; 

the former uses helium and the latter a commercial salt mixture. In all 

other aspects this study uses the Steiner Demo as the reference design. The 

reactor parameters are summarized in Table 1. 

TABLE 1. Reactor Parameters 

Major Radius 6.0 m 
Minor Radius 

Plasma Elongation Factor 
Plasma Volume 
Fi rs t Wa 11 Area 
Average Electron Density 

Average Electron Temperature 
Average Ion Temperature 
Toroidal Beta 

1.5m 

1.6 

426 m3 

474 m2 

1. 7 x 1020 

14.1 keV 

13.1 keV 
O. 15 

1. 07 

-3 m 

Impurity Level, Zeff 
Neutron Wall Loading 3.0 MW o m- 2 

Average Thermal Power 1700 r~w 
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The contour blanket option of the Steiner Demo report(3) was selected 

for this investigation. Tllis blanket consists of 648 wedge-shaped modules; 
a toroidal cross-section of a single module is shown in Figure 1. Each 
module has an operating life of five years. Helium coolant enters the 
blanket at 400°C and exits at 500°C. The liquid lithium circulates slowly 
through the blanket, and bred tritium is extracted externally. 

Plasma heating is accomplished by neutral beam injection which is 
considered here to be perpendicular to the plasma toroidal axis. Bundle 
divertors are utilized for plasma impurity control. It is assumed for now 
that the reactor building is filled with dry air at atmospheric pressure. 

Llllil LM 
ABSORBER 

COOLANT I NLHS 

SUPPORTS FLANGE 
o o 0 0 0 

~~!i~~I~~!~=I!I!!r'" STAINLESS STEEL , iii SHIELD 

GRAPHITE REFLECTOR 

'IF'====~~====~I--_-COOLANT TUBES 

\.... ...... __ ",.",o!III==::IID:.ocz:z:zz""""""""""J'--- COOLANT PA S SAGE 

1+----85 em ----+I 

PARATE TUBULAR 
FI RST WALL 

FIGURE 1. Toroidal Cross-Section of a Blanket Module 
(from Reference 3) 
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STRUCTURAL AND COOLANT MATERIALS 

Stainless steel seems to be the most likely structural material for 
early fusion reactors. Besides the iron, chromium, and nickel of which pure 
stainless steel is composed, actual reactor-grade steels contain a number 
of impurities. Since the major objective of this study is to identify the 
key activation products, the most significant impurities in reactor grade 
steel were considered. The elemental composition assumed is shown in 
Table 2. The values are the maximum values of molybdenum and manganese 
allowable in nuclear grade Type 316 stainless steel, (9) and typical trace 
values of silicon, niobium, cobalt, copper, vanadium, and aluminum. (10) 

TABLE 2. Material Composition of Nuclear 
Grade 316 Stainless Steel 

Weight 
Element Percent 

Fe 61.1 
Cr 18.0 
Ni 15.0 
Mo 2.7 
Mn 2.0 
Si 0.7 
Co 0.2 
Cu O. 15 
V 0.05 
C 0.03 
Nb 0.01 
Al 0.01 

Several coolants have been suggested for tokamak power plants, primarily 
liquid lithium, (1,5,6) molten salts(3) and helium. (2,4,7) Liquid lithium 

has excellent heat transfer properties, but magnetohydrodynamic effects due 
to the metal flowing through magnetic fields increase the pumping power 
requirements and may affect coolant piping integrity during major magnetic 
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disturbances. Molten salt can be used at low pressures, but little is known 

about the irradiation stability, and the reaction of some molten salts with 
liquid lithium, graphite, and organic materials may make them undesirable 
from a safety viewpoint. (3) Helium has excellent chemical compatibility and 
radiation stability, but requires high pressure to make it an attractive 
heat transfer medium. 

High-pressure helium was chosen as the coolant material for the reference 
design in this study because of its corrosion resistance, chemical, thermal 
and nuclear properties, and the broad experience associated with its use. 
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III. BLANKET ACTIVATION 

The model and assumptions used to evaluate the rate at which the blanket 
will be activated are outlined. Methods used to calculate neutron flux and 
activation product inventory are described. Activation products for the 
reference blanket are then determined. This section also describes the 
biological hazard potential of activation products and dose rates. The activity 
of the reference design is compared with that for a larger tokamak, UWMAK-II. 

Most of the neutrons produced in the reactor are absorbed in the blanket. 
The blanket module investigated in this study was illustrated in Figure 1. 
The blanket structures, coolant tubes, and shield are stainless steel. The 
interior of the blanket is filled with liquid natural lithium. The blanket 
and the detached first wall are cooled by high-pressure helium. Graphite 
reflectors are used. The graphite and lithium were assumed to be pure. No 
sorbed gases were considered. 

OUTER BLANKET ACTIVATION 

The activation product inventories were determined by first calculating 
the neutron flux throughout the outer blanket and then integrating the 
activation rates of the various nuclides. For this purpose a one-dimensional 
model of the outer blanket was assumed. In this model the entire toroidal 
cross-section is assumed to be composed of modules which are identical to 
that of Figure 1. This does not represent the geometry of the inner blanket 
at all, but it is a fair representation of the outer blanket. The toroidal 
cross-section is modeled as a series of concentric annuli, each with uniform 
composition. The composition and radii of the zones are shown in Figure 2. 

The average plasma radius is 190 cm. The first wall is composed of 
circular stainless steel tubes filled with helium. Helium is treated as a 
void in this analysis, so the first wall is modeled as a ring, 3 cm thick, 
which is 15.7% stainless steel by volume and 84.3% void. There are three 
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breeding blanket zones separated by graphite reflectors. The reflectors 
are considered to be pure carbon. The blanket zones are treated as homogen
ous mixtures of the various constituents. The inner blanket zone is 76% 
by volume liquid lithium of natural abundance, 4% stainless steel, and 20% 
void. The middle blanket zone has more steel and less void due to relaxed 
heat transfer requirements, 
and less lithium and void. 
steel. 

and the outer blanket zone has much more steel 
The shield is considered to be 100% stainless 
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FIGURE 2. Blanket Neutronics Model 

Neutron Flux Calculation 

The neutron flux was calculated using the discrete ordinates method. 

The ANISN computer code(ll) was used in cylindrical geometry. The blanket 

was treated as an infinitely long cylinder with circular cross-section, and 
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the one-dimensional neutron transport equation was solved with a P3 - S8 

approximation. The neutron spectrum was divided into 30 energy groups. 

The total neutron flux is shown in Figure 3. It can be seen that the 
attentuation in the blanket is gradual. The total flux at the first wall 
. 1 0 1 01 5 - 2 - 1 ·1 1S . x neutrons·cm·s, wh1 e the total flux at the outer surface of 
the shield is 2.2 x 1013 neutrons·cm- 2.s-1. Although no other shield is 
specifically identified in the ORNL reference design,(3) the magnitude of 
this flux would necessitate one. 
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FIGURE 3. Blanket Neutron Flux 
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The energy-dependent neutron fluxes are shown in Figure 4. It is seen 
that the spectrum peaks at 14 MeV for the inner zones and has a large 
resonance-energy population in all zones. The thermal flux is small in the 
inner regions where the macroscropic lithium cross-section is high, but 
increases greatly behind the first reflector. 

It was assumed that the fluxes determined for the initial composition 
remain constant throughout the blanket lifetime. This implies that trans
mutations do not greatly alter the neutronics properties. To support this 
assumption, the transmutation rates of all the nuclides in the blanket were 
extrapolated to a ten-year operation time. None of the elemental inventories 
of the primary constituents changed by more than 1%. The amount of manganese 
present increased by 5% and the vanadium trace impurity increased by 40%. 
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FIGURE 4. Blanket Neutron Flux Spectra by Zone 
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Activation Product Calculation 

The GLUCKE computer code(12) was used to calculate the activation product 

inventories in the blanket. This code reads the 30-group neutron fluxes 
calculated by ANISN, processes these with activation cross-section and decay 
data, and calculates the activation rate of each nuclide. The calculation 
method is as follows: 

Define Np as the total number of atoms of type p in zone £. The rate 
of change of Np is: 

dN p --
~ (production rate) - (decay rate) - (burnup rate) 

Atoms can be produced by activation or decay. The production rate of p 
atoms due to neutron reactions with nuclide m at point j is: 

30 

nm L <p •• 0· J 1 1 ,m -+p, 
i =1 

where i refers to energy group, 

nm is the number density of nuclide species m, 

. th . th t f1 t . t' d <p •• lS e 1 group neu ron ux a pOln J, an 
Jl 

(1) 

0. is the neutron cross section of the reaction m to p at energy i. , ,m -+ p 

The zone is divided into radial intervals, labeled j, each with volume LV j . 

The production rate of p atoms due to decay of m atoms is 

n A m m -+ p, 
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where 

A is the decay constant of minto p. m -+ p 

The burnup rate due to reactions of type p -+ m is 

n L:<j> •• o. p. J1 1,p-+m 
1 

and the decay rate of p atoms is 

n A P P -+ m. 

Adding these terms over all radial intervals in zone ~, the rate of change 
of Np in zone ~ is: 

where 

[ .I '(t::.v. 
Jd J 

30 

I <j> •• 0,', m -+ p) i=l J1 

30 

[ 
L ( t::.Vj L <p •• 

jd . 1 J' ,= 
t::.v£ 

6V£:: ,L t::.V. and Np(t) = np(t) 6V~ 
Jd J 

(2 ) 

The notation L 
j E:~ 

indicates summation of all points j which fall within zone 

To simplify, we define the terms: 
30 

R (t):: L nm ( t) [.I '6 V j I <j> j i 
1 m Jd \ i=l 

14 

o. 
1 , (3) 



and 

(4) 

Now 

(5) 

Since R1is a function of nm(t), equation 5 is really a set of coupled 
ordinary linear differential equations. Numerical solutions to this by 
matrix mathods are discussed in Appendix A. A simple solution to this 
equation can be obtained if one neglects the burn up of radioactive nuclides 
ignores transmutation of stable nuclides. This decouples the set of ordinary 
differential equations and the solution for the density of a species during 
reactor operations is therefore, 

Following shutdown of the reactor after constant power operation for a 
period of time T, the density is: 

where 

t' is the time after shutdown 

R' = 2 Ap -+ m 

15 

(6) 

(7) 



Since these solutions do not properly account for burnup of stable 
and radioactive species nor treat chain decay correctly, they are approxima
tions and the accuracy of the results must be checked after the computation 
has been completed. This was done and the transmutation results have been 
described above. Cross sections for burnup of radioactive species are 
available only for thermal capture of a very few radionuclides, so radio
nuclide burnup was ignored. To test the validity of this assumption, the 
maximum value of 0 ¢ in the blanket (just outside the outer reflector, where 
the thermal flux is highest) was compared to the decay constant A for those 
radionuclides for which 0 is available. The only species for which 
o ¢ >0.001 A are 58Co (2.1% burnup), 59mCo (0.8%), 59Ni (1.9% burnup in 5 

years), 63Ni (0.5% in 5 years), 99Tc (0.4% in 5 years), and 94 Nb (0.3% in 

5 years). 

The 30 energy group cross sections were taken from the barn book. (13) 

In evaluating which reactions to include, the following rules were established 
to reduce the number of reactions and nuclides to a manageable number: 

a) 10% of the nuclide should be transmuted in 10 years. That is, 
for a flux of 1015 neutrons· cm- 2·s-1 

where 

o >0.3 barns, or 
peak 

b) the product contributes 0.5% of the total atoms in 10 yr. 
That is, for ¢ = 1015 neutrons· cm-2 . s-l 

N. 0 > 
1 -

0.005Nt = 1027 atom-barn 

¢t m3 
, or 

c) if the product is radioactive, its concentration in 10 yr 

will be greater than 0.001% (i.e., 10 ppm). That is 

N. 0 > 
1 ¢t = 8 x 1032 

t 

(8a) 

(8b) 

(Bc) 

t is the lesser of 10 years or the half-life of the product nuclide. 
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Using these criteria 68 reactions were retained in the GLUCKE library. 

These reactions are listed in Table 3 and they are later shown in Appendix A, 

Figure A.2, represented as the Chart of the Nuclides. 

TABLE 3. Activation Reactions in GLUCKE Library 

6Li (n,t)4He 53 54 . Cr(n,y) Cr 61 N"( v)62N" 
1 11" " 

6L i( n,n' d)4He 54 55 Cr(n,y) Cr 62W ( ) 63W , n, y , 

\i(n,n't)4He 55Mn (n,2n)54Mn 64W ( ) 65N" 1 n, y 1 

\i(n,2n)6 Li 55 56 Mn (n,y) Mn 63 62 Cu(n,2n) Cu 

\ i(n, y)8Li 54 51 Fe(n,a) Cr 63Cu (n,p)63Ni 

9Be (n,2n)8Be 54 Fe ( n , n ' p ) 53~1n 63 64 Cu(n,y) Cu 

1 0B( n, a) \ i 54 Fe (n,2n)53 Fe 65 Cu (n,2n)64Cu 

10B(n,t)8Be 54 54 Fe( n, p) Mn 65 66 Cu(n,y) Cu 

10B(n,n'd)8Be 54 55 Fe(n,y) Fe 93Nb (n,2n)92 Nb 

llf:!(n,a)8L i 56 Fe (n,n'p)55Mn 93Nb (n,y)94Nb 

12 8 C(n,n'a) Be 56Fe (n,2n)55 Fe 92Mo (n,n'p)91 Nb 

14N(n,p) 14C 56 56 Fe(n,p) Mn 92 91 Mo(n,2n) t~o 

27A1 (n,2n)26A1 56 57 Fe(n,y) Fe 92Mo (n,p)92Nb 

28Si (n,a)25Mg 57 58 Fe(n,y) Fe 95Mo (n.y)96Mo 

28Si (n,p)28A1 58 59 Fe(n,y) Fe 96Mo (n,y)97Mo 

35C1 (n,y)36C1 59 58 Co(n,2n) Co 97Mo (n,y)98Mo 

51 V(n,y)52V 59Co (n,p)59 Fe 98 99 Mo( n, y) Mo 

50Cr (n,n'p)49V 59 60 Co(n,y) Co lOOMo(n,2n)99Mo 

50Cr (n,p)50V 58N"( ,)57C , n,n p 0 100Mo(n,y)101 Mo 

50 51 Cr(n,y) Cr 58Ni (n,p)58Co 204Pb (n.2n)203Pb 

52Cr (n,2n)51 Cr 58W ( ) 59N" 1 n, y 1 204pb (n,y)205 pb 

52Cr (n,p)52v 60Ni (n,p)60Co 206Pb (n,2n)205Pb 

52 53 60W ( )61 W Cr(n,y) Cr 1 n, y 1 
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Many other parameters are readily determined once the activation product 
inventories are known. These parameters include activities in Curies, 

activity concentration, biological hazard potential, and radioactive decay 

heat. 

The results obtained for neutron activation of the reference outer 

blanket are described in the remainder of this section. Since ANISN and 

GLUCKE are one-dimensional codes, the plasma and blanket were modeled as 

uniform cylinders. The neutron source strength is 1.68 x 1017 neutrons x 
-1 -1 cm -s, which corresponds to a power of 0.473 MW x cm ,or an average neutron 

wall loading of 2.87 MW x m- 2 Since the major radius is 6 m, the total 

thermal power is 1783 MW during operation. With a 95% duty factor, the 

average thermal power is 1700 MW. The replacement period for blanket modules 
is five years. 

The total activity during reactor operation is shown in Figure 5. 

After initial startup the blanket activity rises very rapidly to values 

around 109 Ci. After only one day of full power operation the activity is 

already 0.7 x 109 Ci. Even after the first 20-minute burn the activity is 

0.17 x 109 Ci. After the first day of operation the rate of increase of 

activation slows down considerably. The total activity is 0.95 x 109 Ci 

after one month, 1.56 x 109 Ci after one year, and 2.06 x 109 Ci at the 

time of blanket replacement after five years of operation. 

The concentrations after five years are shown in Table 4; the first 
wall has by far the highest concentration of activity. Figure 5 shows that 
most of the activity is produced in the first wall and inner blanket region 
as expected, since the flux is highest and most energetic there. It is 

significant to note, however, that activation of the shield is substantial. 
At shutdown the activity of the shield is 0.25 x 109 Ci. Zones 6 and 8 are 

graphite and therefore have much lower activities. The activity concentra

tions ~how a much greater range of values than the zone totals. 
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TABLE 4. Activity Concentrations at Shutdown 

Activity Volume Concentration 
Zone (Ci) (m3 } {Ci x cm-3} 

3. First Wall 5.85 x 108 15.0 38.9 
5. Inner Blanket 8. 03 x 10 8 184.0 4.36 
7. Middle Blanket 1.56 x 108 72.6 2. 15 

Q 

9. Outer Blanket 2.63 x 10" 34.5 7.63 
1 O. Shield 2.54 x 108 63.3 4.01 

Total 2.06 x 109 466.8(a) 4.41(a) 

(a) Includes volume of graphite zones. 
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The calculated contributions of each significant radionuclide to the 
total blanket activity are shown in Figure 6. The most dominant radionuclide 
in terms of total activity is 56Mn ; 54% of the 56Mn is produced from the 
55Mn additive in steel and the remainder from 56 Fe . Since 56Mn has a short 

half-life (2.58 hr), its activity saturates very quickly after startup. 
One day after startup 56Mn contributes 77% of all the activity in the blanket. 

After five years of operation the activity due to 55Fe approaches that of 
56Mn . The 55Fe decays by electron capture with no gamma emissions, so it 

is relatively innocuous. The three radioactive cobalt isotopes, 57 eo , 
58eo and 60Co contribute a total of 4.74 x 108 Ci after five years--about 

as much activity as 55Fe but with a much greater biological significance. 

These nuclides are produced by (n,2n) and (n,y) reactions with the 59Co 
impurity and by (n,p) reactions with the nickel. Production of 57 Co is 
solely by the 58Ni (n,n'p) reaction, 58eo production is 99% by 58Ni (n,p) and 

1.3% by 59Co (n,2n), while 27% of all 60Co is produced by neutron capture 
in 5geo and 73% by 60Ni (n,p) reactions. It is worth noting that 69% of 
the 60Co produced in the shield is due to neutron capture in the cobalt 

impurity. This is due to the neutron thermalization in the outer blanket 

regions and the large (37 barn) thermal cross-section of 59Co . Other 
activation products resulting in activities greater than 5 x 107 Ci after 
five years are 51 Cr produced from 50er and 52 Co , 54Mn produced from 54 Fe 
and 55Mn , and 99Mo produced from 98Mo and 100Mo. 

The blanket activity during the first day of operation is dominated by 
radionuclides with short half-lives. Ninety percent or more of the activity 
during the first day results from four activation products: 56Mn , 52V, 
28Al and 101Mo; 54% of the 56Mn is produced from manganese. 99% of the 52V 

is produced from 52Cr , all of the 28Al is produced from silicon, and all of 

the 101Mo is produced from molybdenum. This means that 30% of all the 

activity at ten minutes after startup results from steel impurities or 

additives other than iron, nickel, and chromium. Two hours after startup 
this value rises to 44%, mainly due to 56Mn , and at the end of the first day 

of full power operation 48% of the blanket activity is due to steel 

impurities and additives. Out of a total of 7.06 x 108 Ci, 2.95 x 108 Ci is 
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due to the 55Mn (n,y)56Mn reaction, 1.79 x 107 Ci is due to the 28Si (n,p) 
28Al reaction, 1.30 x 107 Ci is due to the 100Mo(n,y)101Mo reaction, and 
1.16 x 107 Ci is due to 98Mo (n,y)99Mo and 100Mo(n,2n)99Mo . 

The fraction of the total activity caused by impurities decreases 
after the first few days. After five years of full power operation, 20% of 
the total activity is due to impurities and additives. 

BIOLOGICAL HAZARD POTENTIAL 

The use of activity as a measure of radiation hazard fails to address 
the fact that some radionuclides represent a greater biological impact than 
others. The relative hazards of various radionuclides can be described by 

their Biological Hazard Potential (BHP), which is defined as the volume of 
air required to dilute the radioactive source to the maximum permissible 
concentration in unrestricted areas. The BHP is calculated as the sum of 

the ratios of the blanket activity due to each nuclide to the maximum per

missible concentration (MPC) of the nuclide as given in 10 CFR 20 Appendix B. 

where 

BHP I 
i 

A. 
1 

(MPC. ). alr 1 

A is the activity of nuclide i, and 
(MPC . ). is the maximum permissible concentration of nuclide 

al r 1 
in unrestricted air. 

The BHP of the blanket as a function of time is shown in Figure 7. The 
dominant nuclide is 56Mn at early times, but when the blanket is replaced 
after five years of operation, 58 Co and 54Mn contribute 70% of the total 

BHP. The combined total of cobalt and manganese isotopes is responsible 

for 93% of the total BHP, with 55Fe and molybdenum isotopes adding another 

6%. 

22 



t 
0::: 

<t: 
('/"'\ 

E 
~ 

--l 
<t: 
~ 
Z 

~ 
0 
Cl.. 

Cl 
0::: 
<t: 
N 
<t: 
:::r: 
--l 
<t: 
u 
C) 

0 
--l 
0 

c::l 

8 Isec 
5.0 ·10 

4.5.108 

4.0.108 

3.5.108 

3.0.108 

2.5.108 

2.0. 108 

1.5'108 

1m in lOmin Ihr 

102 104 

lwk Imo 3mo lyr 2yr 5yr 

TOTAL 

Co-60 Co-57 

£Mn-56 
:"'---~:""--+------2i~~Fe-55 

Mo-99 

LOG OPERATION TIME (sec)--

FIGURE 7. Biological Hazard Potential of Blanket 

23 



DOSE RATE 

Another relevant measure of safety hazard besides activity or BHP is 

dose rate, because it is a measure of biological hazard of radiation fields 

to which personnel might actually be exposed. The contact dose rates were 

estimated for various activation products near the shield and near the first 
wall. For an infinite slab the dose rate is:(14) 

Sv 
¢ = OF 2~s [1 - E2 (~sh)J 

where OF is the gamma dose-to-flux conversion factor(15), S is the volumetric 
v 

gamma source strength, ~s is the macroscopic total gamma cross-section, h 

is the slab thickness, and E2 is an exponential integral function. Buildup 

factors were also considered and found to have a minor impact. The contact 

dose rate at the edge of the first wall and shield after one day and after 

five years of full power operation are tabulated by nuclide in Table 5. 

IJucl ide 

54Mn 

56Mn 

51 Cr 

52V 

57Co 

58Co 

60Co 

28Al 

Total 

JABL1_~_. Contact Dose Rates from Shield 
and First Wall (rem/hr) at the 
Time of Shutdown for 1 Day and 
5 Year Continuous Operation 

First Wall Shield 
day 5 yrs day 5 yrs 

1. 3 x 103 5.6 x 105 2.6 x 101 1.1 x 104 

2.6 x 106 2.6 x 106 2.7 x 105 2.7 x 105 

4.0 x 102 1. 6 x 104 7.9 x 100 3.2 x 102 
r: r: 

104 104 5.5 x 10:'> 5.5 X l'JJ 1. 0 x 1 .0 x 

l. 8 x 102 6.8 x 104 2.8 x 100 1 . 1 x 103 

l.l x 104 l.2 x 106 3. 1 x 102 3.2 x 104 

l.Ox 102 l.4 x 105 7.0 x 100 9.3 x 103 

l. 5 x 105 l. 5 x 105 3.6 x 103 3.6 x 103 

3.3 x 106 5.3 x 106 2.8 x 105 3.4 x 105 
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The dose rate at both the first wall and shield is dominated by the 
presence of 56Mn for short and long operation periods. Other nuclides of 
lesser interest to the dose rates for early operations are 52V and 28Al . 
For later operations 58Co , 54Mn , 52V and 60Co are significant at the shield, 
while 58C, 54Mn and 52V are significant at the first wall. 

COMPARISON WITH LARGE REACTOR DESIGN 

Comparison of the blanket activity associated with the reference 
tokamak design with the blanket activity of an earlier conceptual design 
provides useful information. UWMAK-II(2} is a large tokamak design with 
stainless steel structures, helium coolant, and solid tritium breeding 
materials. A one-dimensional neutronics calculation was performed using the 
ANISN code, and activation calculations were performed with GLUCKE. To 
provide a comparison of results with the calculations performed for the 
UWMAK-II design, all materials were considered to be without impurities or 
additives. 

The UWMAK-II blanket modules were divided into two parts: an inner 
blanket region to be replaced every two years; and an outer blanket with a 
ten-year lifetime. The GLUCKE code was run for a two-year operation time with 
an average thermal power of 3760 MW (80% plant factor, 94% duty factor) to 
determine most activation properties. One case was run, however, for ten 
years operation to provide a check on GLUCKE's results as compared to those 
of the UWMAK-II report. A one minute after shutdown following ten years 
operation, GLUCKE predicts a total blanket activation of 5.43 x 109 Ci. The 
prediction of the UWMAK-II report is 6.22 x 109 Ci. The discrepancy occurs 
because the UWMAK-II calculation assumed a 100% plant factor. The activity 
of the first wall determined by GLUCKE at shutdown following ten years opera
tion is 3.24 x 109 Ci. Table 6 compares the predicted contributions of the 
major isotopes using 3.24 x 109 Ci. The GLUCKE code for the Steiner-Demo 
to those predicted for UWMAK-II. 
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TABLE 6. Comparison of Major Nuclide Contributions 
to the First Wall Activity Estimated by the 
GLUCKE code, after 10 Years of Operation at 
5000 MWt (no impurities), and UWMAK-II Results 

GLUCKE 
no Impurities 

for 
Nuclide Steiner-Demo UWMAK- I I 

55Fe 43% 50% 

56Mn 14 14 

58Co 13 7 

57 Co 11 25 

51 Cr 10 10 

Total 4.31 x 109 Ci(a) 3.43 x 109 Ci 

Scaled to a 100% plant factor and 100% duty 
factor for comparison for an operating life 
of 10 years. The total activation shown in 
the table for the GLUCKE results is larger 
than the 3.24 x 109 Ci in order to compare 
the two cases on a common ground. 

Comparing the UWMAK-II design to the compact tokamak design used in this 
report, the total activity at time of replacement (after two years for 

UWMAK-II and five years for the ORNL design) is 4.1 x 109 Ci for UWMAK-II and 
2.1 x 109 Ci for the reference design. Normalizing the activity in terms 

of power output~ UWMAK-II activity is 0.82 CijW at time of replacement while 

the compact design is 1.05 Ci x W- l . In comparing these values it is 

significant that impurities were not considered in the UWMAK calculation. If 

impurities had been neglected in the compact tokamak, the calculated activity 

at shutdown would have been 0.83 Ci x W- l -- essentially the same as the 

larger design. Clearly, the activity concentration of the compact design is 

much higher at shutdown than that of the UWMAK because of the difference in 
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physical size. Viewed in terms of waste management, however, the blanket 
activity to be replaced annually is 0.49 Ci x H-l_yr- l for UWMAK-II and 
0.24 Ci x W-l_yr- l for the modified Steiner-Demo design used as the reference 

for the current study. This difference is not a result of the smaller 
physical size of the latter; rather, it reflects the longer blanket lifetime 
assumed for the Steiner-Demo design. 

ALTERNATE STRUCTURAL MATERIALS 

A number of structural materials have been proposed besides stainless 
steel. Among these are aluminum, vanadium, titanium, and alloys of molyb
denum or nickel. A review of radioactivity levels with most of these mate
rials has been presented by Vogelsang. (16) For his analysis, he calculated 
the neutron flux throughout the outer blanket of UWMAK-I.(l) Using this 

neutron flux, he determined the activity of the stainless steel blanket 

described in UWI·1AK-I. The activity for alternate materials was calculated 

by straight substitution of structural materials with identical volume and 
geometry. The neutron flux was assumed to be identical for the different 

materials and no impurities were considered. Vogelsang's results are shown 
in Figure 8. 
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The activity of Nb-1Zr and TZM (molybdenum-based alloy with 0.45% Ti 

and 0.1% Zr) is considerably higher than that of 316 stainless steel. After 

two year's operation, Nb-1Zr is about five times as radioactive, and TZM 

four times, as steel. The V-Ti alloy considered (80% V, 20% Ti) ;s somewhat 

more active than steel, while aluminum is somewhat less after one month of 
operation. Of all the materials considered, the rate at which blanket acti

vity builds up for early operation time is lowest for the 316 stainless steel. 

After one day, all materials except steel have at least half of their life
time activity, while after ten days all but steel have reached 90% of their 

30-year level. For steel these levels are 40% and 50% respectively. 

Vogelsang's results for 316 Stainless Steel show an activity level that 

is about 20% lower after five years than was calculated for this study. With 

his assumption of no impurities, this is consistent with our results. 

Other radioactivity properties of interest are afterheat and biological 
hazard potential. Vogelsang's results for these parameters are shown in 

Table 7. All values are given at shutdown following two years l operation in 

UWMAK-I (5000 MWt). 

Alloy 

316 SS 
TZM 
V-20 Ti 

2024 Al 

Nb-1Zr 

TABLE 7. 

Specific 

Radioactive Properties of Various 
Blanket Materials(17) 

First Wall Afterheat 
Activity (% of 

Concentration Operating Acti vity 
(Ci x W-l) (Ci x cm- 3) Power) 

1.0 100 0.9 

3.9 125 1.5 

1.2 27 1.6 

0.6 44 1.2 

5. 1 158 0.5 
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BHP 
(krn3 air x W- l ) 

0.23 
0.35 
0.036 

0.071 

0.040 



Vogelsang's results for stainless steel are 10-20% higher than our own, 
reflecting his neglect of impurities. Molybdenum has high values of all 
properites after two years: total activity, first wall activity, afterheat, 
and BHP. Vanadium has low first wall activity and low BHP, but high after
heat, which is also true for aluminum. Niobium has very high activity levels, 
but very low afterheat and biological hazard potential. 

Several other authors have investigated activation of fusion blankets 
with alternate materials. Iida, Seki, and Ide(17) examined activation of a 
molybdenum blanket in the JAERI reactor. (18) They concluded that, because 
of the short-lived nuclides 101Mo, 101Tc, 99Mo , 99mTc , and 91 Mo , the activity 

reaches 90% of its 2-year value within 10 days after the start of operation. 
The activity level after two years is 5.4 x 109 Ci, or 2.7 Ci x W- l . This is 
somewhat lower than Vogelsang indicates, but substantially higher than the 
steel blanket considered here. 

Steiner(19) calculated the activity and decay power of a niobium blan
ket. Two years after startup, the activity is 2.0 Ci x W- l , considerably lower 
than Vogelsang's results. The decay heat at that time is 0.65% of operating 
power. 

Powell, et al(20) considered activation of aluminum structures with 

commercial-grade 1199 aluminum, including impurities. The inventory of 
23Na , produced by the 27Al (n,a) fast neutron reaction, is 1.9 or 1.2 x 109 

Ci for a 1 GWe reactor, depending on the reactor design. Assuming thermal 
efficiencies of 28% and 44%, respectively, this is 6.7 or 2.7 Ci x W- l . The 
half-life of 24Na is 15 hours, so that one day after shutdown, the activity 
is 4 x 103 Ci and falling rapidly. 

The General Atomic Demonstration Power Reactor DeSign(4) uses a nickel

based alloy as a structural material. The blanket used Inconel 718 and the 
shield is stainless steel. The total activity after two years is 2.3 x 109 

Ci, or 1.4 Ci x W- l , about 25% higher than that of the steel blanket. 
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IV. NEUTRAL BEAM INJECTORS 

The calculation of neutron flux used in earlier chapters assumed one
dimensional geometry. Although this is a reasonable assumption for calcula
ting activity in most of the blanket, it does not apply to penetrations. 
Vacuum vessel penetrations are necessary for neutral beam injection heating, 
vacuum ports, and plasma diagnostics. They provide pathways for neutrons 
and photons to pass unattenuated through the blanket structure. As a result 
of streaming through penetrations, several reactor components are exposed to 

considerably more radiation than would be predicted using one-dimensional 
calculations. Among these are the neutral beam injectors, toroidal field 
coils adjacent to the injector ports, and vacuum cryopanels. 

Several authors have investigated neutron streaming through tokomak 
penetrations. Abdou(21) performed three-dimensional Monte Carlo calculations 
of the neutron flux within penetrations of the ANL-EPR design. (22) The 

internal structure of the injector was represented as a 5-cm thick stainless 
steel end cap to quantify the level of streaming into the beam injectors and 
vacuum pumps. Abdou calculated fluxes within the beam duct, penetration 
shields, and toroidal field coils for a variety of penetration and shield 

configurations. In all cases of 85-cm diameter ducts, he calculated a neutron 
leakage outside the bulk shield of greater than 0.35% of all the neutrons 
produced. This represents a very strong neutron source for activation of 
adjacent reactor components and reactor building atmosphere. 

Santoro(23) estimated the activation level of toroidal field coils, 
neutral beam injectors, and the beam calorimeter in TFTR. He used the one
dimensional transport code ANISN, in cylindrical geometry. The cylindrical 
axis was the plasma minor axis, and the internal structure was represented 
by fourteen radial lones, alternating between iron and void. This approach 
tends to overestimate the high-energy, direct streaming flux while ignoring 
the neutron flux which has been moderated and attenuated in the blanket or 
duct walls. The specific activity of the unshielded toroidal field coil of 

TFTR calculated in this manner is about 0.005 Ci x cm- 3 after eight hours of 

continuous operation. Most of this activity stems from the presence of 64Cu 
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and 62Cu. This activity results in an unshielded dose rate of 84 rem x hr-1 

at shutdown at 1 m from the face of the unshielded TF coil. The specific 
activity of the innermost zone of the neutral beam injector is 2.24 x 10-3 

Ci x cm-3. The dose rate at shutdown after eight hours is 288 rem x hr-1 at 
a distance of 2 m from the front surface and 1 m to the side of the injector. 

The two-dimensional discrete-ordinates code TWOTRAN-GG(24) was used by 
Ide, et a1(25) to investigate neutron streaming effects in penetrations in 
the JAERI Demonstration Reactor. (18) The D-T neutron flux at the first wall 
of this reactor design is 5.711 x 1013 n x cm- 2 x s-l. At the outer edge of 

the injection ports, the neutron flux of energy over 0.1 MeV is about 1013 

n x cm-2 x s-l. Ide calculated the induced activity of the injector com
ponents and piping with the code ACTIVE. (26) At shutdown following one year 

of operations, the specific activity of the neutral beam injector is 3.6 
Ci x cm-3, of which 89% is due to copper isotopes, especially 64Cu , and 11% 

is due to the 316 stainless steel. 

The neutron radiation deep inside the injector port has three sources 
neutron flux attenuated in the blanket; direct streaming of neutrons produced 
in the plasma; and penetration-assisted streaming. The first source would 
be present even if there were no penetration; neutrons entering the blanket 
are scattered and absorbed by blanket materials, resulting in a moderated, 
attenuated neutron flux throughout the entire blanket region. High-energy 
neutrons (~14 MeV) produced in the plasma can have a direct line-of-sight 
pathway to the injector internals. The resulting neutron flux is essentially 
a Doppler-broadened 14.1 MeV spectrum. Neutrons which make only a few col
lisions with blanket materials near the duct walls and then react with the 
injector materials may still have higher energies than the blanket flux and 

are much less attenuated. 

The activation level of the neutral beam injectors in the reference 

tokamak design is estimated in the following discussion. The model used to 
estimate the neutron flux includes direct streaming and blanket-attenuated 
fluxes. 
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The internal structure of the injector is represented as a slab of 
material at the end of a duct of length d. The duct is assumed to be per
pendicular to the plasma axis, which is modeled as a right circular cylinder 
of radius R. The duct cross section is modeled as a square with length x. 
With this model, the probability that a neutron born within the line-of-sight 
of the injector, represented by the shaded area of the plasma in Figure 9, 
reaches the injector is 

2 
~ if d»R. 
41Td 

For a neutron source density S in the plasma, the rate at which neutrons are 
produced within the line-of-sight region is 

x 
{x 2, 'R2 W = 2Sx Jv VI 

- 2 

Y2 dy (~2 2 . -1 x) = Sx x "R~- ~ + R Sln 2R . 

The flux at the neutral beam injector due to direct neutron streaming is thus, 
assuming d»R, 

R ' W Sx 2 x 2. -1 x 
cp = -:-7 = ~ (x R - 4" + 2R s 1 n -zR) 

41Td 41Td 

d 

FIGURE 9. Injector Streaming Model 
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For the reference case, we assume that 

x = 50 cm, 
d = 292 cm, 
r = 190 cm, 

and S = 1.48 x 1012 n • cm-2 • s -1 

The direct streaming neutron flux inside the injector is then 

~ = 1.31 x 1012 n • -2 cm • s -1 

Superimposed on this flux is that due to neutrons attenuated in the blanket. 
Treating the penetration as a perturbation in the blanket geometry, the 
attenuated flux is that calculated by ANISN at the outer surface of the blan
ket. The spectrum was shown in Figure 4. This total neutron flux is 
8.20 x 1013 n • cm-2 • s-l. This value is still much higher than that of the 
streaming neutrons, but the high energy nature of the latter will affect the 
activation characteristics. 

The activation product inventory of the neutral beam injectors calcu
lated in this manner is shown in Figure 10. After ten years of full power 

operation, the injector activity is 6.1 x 104 Ci. For the first few months 
this activity is strongly dominated by 56Mn ; 55Fe becomes substantial after 
several years. 

The contact dose rate at the plate representing the neutral beam injec
tor immediately after shutdown is 0.98 x 106 rem'hr- l after one day of full 
power operation, of which 0.92 x 106 rem·hr- l is due to 56Mn decay. After 
one year of operation, the dose rate is 1.2 x 106 rem'hr- l , and the dose rate 
increases only slightly from this value after ten years of operation. These 
values have strong implications for safe reactor design. Careful radiation 
shielding analyses must be performed to ensure the safety of the plant per
sonnel performing maintenance on the neutral beam injectors or any adjacent 
equipment. 
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V. VACUUM SYSTEM ACTIVITY 

Design studies on tokamak fusion reactors using the D-T fuel cycle have 
indicated that intense irradiation of the first wall will result in erosion 
and activation product transport in the vacuum system. To provide the neces
sary containment and shielding, all radionuclide inventories must be identified 
both in physical form and location. The mass transport of these materials 
through reactor systems makes prediction of radiation levels in the event of 
required maintenance or prediction of inventories available for accidental 
release quite difficult. 

Ideally, radioactive material removed from the first wall would be confined 
to as few systems as possible to reduce contamination for maintenance purposes 
or to reduce the potential for accidental release. However, the plasma physics 
considerations may dictate the diversion of impurities from the vacuum vessel-, 
possibly compromising containment. In the major reactor design studies done to 
date, such as the UWMAK-I through -III series, (1,2,6) the deposition of material 

removed from the first wall is not discussed in detail; only gross removal 
inventories are predicted for a wall in radioactive equilibrium. The efficiency 
of impurity collection systems is generally given for hydrogen only, leading 
some authors to believe that the first wall erosion products will be transported 
out of the vacuum vessel and collected ~ the vacuum pumps in designs such 
as UWMAK-I. This is not necessarily the case and a more detailed discussion 
of the vacuum system and impurities involved is required. 

VACUUM SYSTEM IMPURITIES 

In the vacuum vessel of a tokamak reactor, a number of mechanisms are 
available for introducing activated materials into the system. The major source 
of impurities will be the vacuum wall itself. In today's physics experiments 
outgassing and desorption of surface layers dominate the influx of impurities. (27) 
However, with longer burn times and higher wall loadings expected during reactor 

operating conditions, the actual erosion of the first wall will dominate impu

rity influx in fusion reactors. The phenomena of interest will be physical 

sputtering, chemical sputtering, blistering and evaporation. 
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Impurities may also originate from leaks in the vacuum system around pumps, 
seals, etc. Such leaks are expected to be negligible during normal operations. 
Fuel injection systems such as pellet injectors are assumed to be free of impu
rities; however, neutral beam injectors may introduce impurities from particle 
sputtering on grids and other surfaces along the beam line. No real informa
tion is available on impurities from leaks and injection systems,(28) so we 
assume that sputtering, blistering and evaporation dominate. Direct ejection 
of radioactive recoils from wall material also will not be considered. 

The reference design under consideration will determine which sources of 
impurities are applicable. For example, with stainless steel first walls, 
physical sputtering and blistering due to particle bombardment will be the 
phenomena of interest under normal operating conditions. Accidental plasma 
dumps to the first wall will not be considered. Reference values for sputtering 
and blistering will be established after an impurity flow model is developed. 

Once removed from the first wall, the transport and final deposition of 
material will depend on the specific impurity involved as well as the physical 
conditions which exist in the main torus, divertor region and vacuum system. 
This will include the geometry of the system for high Z impurities, as will be 
discussed below. 

The transport and deposition of metal alloy constituents removed by erosion 
will be generically different from the transport of volatile compounds or gases 
released from the wall. Gases are expected to be pumped from the vacuum vessel 
regardless of cavity temperatures. Compounds which are volatile under condi
tions in the reactor cavity may remain in the gaseous phase and be pumped out 
through the system, but will likely condense on piping surfaces or the outer 
chevrons of cryopumps designed to retain hydrogen. (6) In any event, the acti
vation products of stainless steel are not associated with volatile compounds. 
The metallic first wall constituents are chosen for the extremely low vapor 
pressures under the expected operating conditions (~500°C). The wall will be 
highly conditioned during startup and operation to remove gases and contaminated 
layers with techniques being used now in machines like ORMAK. (29) Under high 

vacuum conditions (~lO-4 to 10-5 torr) these surfaces will likely promote 

excellent adhesion for sputter deposition of materials removed and later trans
ported back to the wall. 
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The deposition of material back to the vacuum wall during operation is 
expected to be at a grazing angle of incidence, as was found in ORMAK(30) where 

small protrusions in the wall shielded the liner from deposits. Deposition of 
impurities streaming from the plasma in the absence of magnetic fields at the 
end of the burn is also expected to be a line-of-sight phenomenon due to the 
long mean free paths and high sticking probabilities expected. In laboratory 
sputtering of materials with discharge gas pressures in the 10-3 to 10-4 torr 

'31 \ range, mean free paths are on the order of 4 cm. \ J At the lower tokamak 
operating pressures and higher particle energies, much larger mean free paths 
can be expected in the reactor. For these reasons, and because the exhaust 
ports can be shielded and/or baffled, no high Z metallic impurities are expected 
to be transported far into the exhaust manifolds. For designs relying on cryo
pumping surfaces located within the vacuum vessel, the exhaust manifolds lead
ing to backup pumps or tritium cleanup systems can actually be valved off, 
assuring deposition in the vacuum vessel. At the end of plasma burn a tokamak 
reactor would likely include a cooldown cycle by impurity injection, followed 
by a current interrupt with subsequent loss of confinement. The dump to the 
first wall will cause additional sputtering but this material is expected to 
again deposit out. The cooldown cycle will have to be tailored to preclude 
significant evaporation as well as thermal stresses caused by the plasma dump. 

All larger reactor designs to date include a magnetic divertor to channel 
a significant fraction of the ionized impurities out of the main vacuum vessel 
to some type of collection bed. A flowing lithium collector was used in 
UWMAK-I and -II, and was further refined in UWMAK-III, to reduce backstreaming 
of impurities to the plasma. The divertor efficiencies are projected as 90% 
and 99% respectively. The collection system used in UWMAK-III is designed to 
provide an efficiency of 99.9% using sputter deposition on particle bombardment 
plates. The ports leading field lines to the plates are also designed to 
reduce the likelihood of backstreaming of resputtered material. 

For the collection systems relying on sputter deposition, the eroded first
wall material would be entrained permanently in a region requiring no routine 

maintenance, located behind the reactor shielding along the first wall. How

ever, for designs using a flowing lithium surface, the eroded first-wall 
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material will be transported to some cleanup system. The resulting radiation 
fields caused by crud buildup in pipes, etc., will be design dependent and so 
only gross inventories will be identified. 

In the event of vacuum vessel failure, the radionuclide inventory in the 
plasma may be transported in part into the reactor containment building. The 
exact fraction of the inventory cannot be determined in this paper, therefore 
the full inventory will be used as a potential upper bound to assess the impact 
on building containment, aerosol blowdown systems, etc. 

The above discussion on wall removal and deposition will now be incorpo
rated into a simple impurity flow model to estimate radionuclide inventories 
in the plasma and on collection surfaces. 

IMPURITY FLOW MODEL 

Several impurity flow models for tokamaks have been developed recently; 
the most detailed are models by Stacey, et al. (32) and by Sucov. (33) These 

models were developed primarily to determine the effect of impurities on plasma 
performance. In this paper radionuclide inventories in the plasma and on the 
collector plates are at issue. The models will therefore be changed slightly 
to produce the impurity flow diagram shown in Figure 11. 

The flow diagram depicts an impurity source at the vacuum wall introducing 
material into a plasma scrapeoff region. Here the magnetic divertor fields can 
sweep impurities into the divertor with a probability, PD. The remaining 
impurities move into the plasma. 

Once in the divertor, the ionized impurities have three options: 

1. they may impact a collector plate with probability PC' 
2. they may enter the vacuum system manifolds (highly unlikely) with 

probability PV' or 
3. they may simply sweep through the divertor with probability 

(1 - Pc - PV)· 

Depending on the design, secondary sputtering and reemission are not completely 
eliminated, and so a permanent entrainment probability, Pe , is shown. For 
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impurities reaching the plasma, a leakage term back into the scrapeoff region 
is assumed. This source term is assumed to be the ratio of impurity density 
and confinement time in the plasma. However, the differential equations in 
this case will be consistently solved for impurity inventory rather than den
sities. The source term shown is then the ratio of impurity inventory to con
finement time, in atoms per second. This material can then be transported to 
the divertor, or appear as a flux in the vacuum wall (1 - PD), resulting in 
additional self-sputtering. 
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The model is simplified in that the same divertor efficiency is used for 
impurities coming in from the walls ("shielding") or leaking out from the plasma 
("unloading"). For impurity terms the model will further be simplified by 
assuming that: 

1. transmutation effects on the chemical composition of alloys over 

the reactor lifetime will not be considered, and 
2. burnup of activation products once generated in the vacuum wall 

will not be considered. 

Although the scrapeoff region and divertor will undoubtedly have some charac

teristic residence time, it will be assumed that particles are immediately 
passed through these regions with no time delay. 

The time-dependent differential equations generated by this model have 
been solved for the buildup of radionuclides in the plasma during each burn 

and in the collectors over a 30-year lifetime. 

The reactor operating characteristics chosen to run the model are shown 
in Table 8. Because of the variation in wall areas among designs, the wall 
area of the reference design (Steiner Demo) will be normalized to 1000 m2. 

This is consistent with the trend towards smaller tokamak designs, and allows 
for simple scaling and comparison of final results. 

TABLE 8. Reactor Operating Parameters(1,2,6,34) 

Ion Con- 14.1 i1eV 14. 1 ~1ev 
Burn Down I,a 11 f'j nement Di vertor Neutron Neutron 
Time Time Duty Plant Area Time Efficiency ('/all Loading Current Total Flux 
~ (sec) Factor Fac tor lIl13l ~~ _U __ ~i'~_ -.iC!11..Sl n'cm- 2's- 1 

UWr1AK- I 5400 390 0.927 0.80 2330 14.2 90 1. 25 5.5 x 1013 4.34 x 1014 

U,/MAK- I I 5400 330 0.942 0.80 2830 8.28 99 1. 16 5.1 x 10 13 3.5 x 1014 

U,/r·1AK- I I I 1800 100 0.947 (?) 1600 3.33 99.9 2.0 8.8 x 10 13 9.0 x 10 14 

Princeton FPP 6000 180 0.97 (? ) 1563 3.83 (? ) 1.76 7.8 x 10 13 8.66 x 1014 

Thi s Paper 1200 60 0.95 0.80 1000 1 - 10 90-99(a) 1.3x1014 9.83 x 1014 

(a) Collector Efficiency - 95-99 . 
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To determine a wall erosion rate the particle currents to the first wall 
and their mean energies must be chosen. Based on previous design estimates, 
the assumed values with sputtering yields and resulting erosion rates for stain
less steel are given in. Table 9, where S is the sputtering yield in atoms per 
incident particle. A return flux for Fe ions will be dependent on total sput
tering and blistering erosion and on divertor efficiencies. Ion sputtering 
yields are from the review by Stacey, et al. (32) 

TABLE 9. Assumed First Wall Particle 
Fluxes and Sputtering Yields 

Mean 
Energy Flux Erosion 

Particle {keV} {cm- 2sec-1} S (mmoyr- l ) 

0 20 2 x 1013 0.018 0.0014 

T 20 2 x 1013 0.028 0.0022 
He 20 2 x 1012 0.20 0.0015 
He -100 2 x 1011 0.02 0.00002 
n 0.1-104 5 x 1014 Negligible 
n 104 2 x 1014 5 x 10-5 0.00004 
Fe 20 ? 3.8 

-0.005 
-1.6 x 10-11 cmos- 1 

The more recent experimental values of fast neutron sputtering are for 
niobium, estimated by Harling, et al. (35) at 

Sn ~ 1.1 x 10- 5, (d, t) neutrons 

S < 2.5 x 10-5, (d, Be) neutrons 
n -

where Sn is the number of atoms sputtered per incident neutron. This compares 
to a theoretical va1ue(36,37) of 

-5 Sn - 1.5 x 10 atoms/neutron. 
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Neutron sputtering for other potential first wall materials is lacking. Thomas, 
et al. (38) now use the estimate of 

Sn = 5 x 10-5 atoms/fast neutron 

for Type 316 stainless steel, vanadium and molybdenum. This value is used here 
as the best estimate of neutron sputtering into the vacuum system. 

Blistering and exfoliation were initially projected as a serious wall 
erosion problem, especially for helium bombardment. The estimates of wall ero
sion for stainless steel in UWMAK-I assumed that new layers of blistered mate
rial continued to exfoliate under irradiation. However, more recent work has 
identified a number of mechanisms with the potential for reducing or elimina
ting blistering beyond the initial layer. 

Several investigators have reported that after formation and sputtering 
removal of the original blister layer, no subsequent blistering is observed. 
The particle bombardment fluence necessary to achieve this condition is 
referred to as the cutoff dose. It has been shown that the cutoff dose can be 
reduced by decreasing ion energy or increasing target temperature. The cutoff 
dose can also be reduced by continuously changing the angle of incidence during 
bombardment to simulate an isotropic source,(39) which would more closely 

approximate conditions expected in a fusion reactor. It has also been shown 
that irradiation by a broad energy distribution of He ions can dramatically 
reduce subsequent blistering from He bombardment in the ~10 keV range. (40) A 
majority of the recent blistering and sputtering work has been with niobium; 
however, the cutoff phenomenon has been observed with Type 304 stainless steel 
bombarded by 5 keV hydrogen ions. (41) 

Based on experimental results of cutoff dose(27) and blister skin thick
ness(42) for niobium, an assumed blister erosion rate is calculated in Table 10. 

The total erosion rate estimated by blistering and sputtering can then be used 
to determine a high Z impurity flux to the wall, and hence an erosion rate due 
to self-sputtering. With an assumed divertor efficiency of 90% this flux, ¢, 

becomes 
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The incremental erosion rate, R, due to self-sputtering is then 

R = S¢ M cm 
6.02 x 1023p S-

= 6.5 x 10-12 cmos-l 

where the self-sputtering ratios atomic mass number and density for stainless 
steel are assumed to be 

S = 3.8 atoms sputtered per incident atom 
M = 56 

-3 P = 7.615 gocm . 

Erosion by self-sputtering is then assumed to be comparable to D and T ion 
sputtering. Total erosion of the vacuum side of the first wall is estimated 
to be -0.007 mmoyr- l (2.4 x 10-11 cmos-l) as opposed to the 0.13 mmoyr- l 

(-4 x 10-10 cmos-l) assumed in UWMAK-I. The difference is largely due to the 
reevaluation of 14 MeV neutron sputtering and the blistering. The impurity 
model can now be run with the following wall erosion rates, with the lower 
value more likely: 

x 10-11 < R < 1 x 10-10 cmos-l 

Plasma confinement times, Tp' will range from 

1.0 < Tp < 10 sec. 

TABLE 10. Assumed Blistering Parameters 

Thickness (~m) 

Critical Dose (cm- 2) 

Time to Dose (s) 
R (cm o s -1 ) 

45 

Energies 
20 keV 100 keV 

O. 1 

1.5 x 1019 

7.5 x 106 

1.3 x 10-12 

0.5 
x 1020 

5 x 108 

x 10-13 



Oivertor and collector plate efficiencies will range from 

0.90 < Po < 0.99 
0.95 < Pc < 0.99 

RESULTING VACUUM SYSTEM ACTIVITY 

As expected, the predicted radionuclide activities in the plasma at the 
end of each burn are directly related to the divertor efficiency, plasma con
finement time and wall removal rate. The activities predicted for a relatively 
inefficient divertor and long plasma impurity confinement time (PO = 0.90, 

) -11 -1 Tp = 10 s are shown in Figure 12 for a wall removal rate of R = 10 cmos 

For the case of R = 10-10 cmos-l, the entire series of curves would shift 
up one order of magnitude. The total inventory of gamma emitters in the plasma 
at the end of each burn will then be -0.2 Curies after several years of opera
tion. With a lower wall removal rate, more efficient divertor, and shorter 
plasma confinement time this could go down to 2 x 10-4 Curies. Again, all of 
these estimates are for a wall area of 1000 m2. 

The potential air volumes required to reduce a complete release from reactor 
containment to maximum permissible concentrations (MPC) are shown in Table 11. 
The activities are those illustrated in Figure 12 for R = 10-11 cmos-l, 

Tp = 10 sec after 30 years of operation. As can be seen, the air volumes 
potentially required are not insignificant; however, they are not large com
pared to the volume of the Steiner Demo containment building (>104m3).(3) 
Larger wall removal rates and areas above 1000 m2 will increase the predicted 
inventory given; however, this is unlikely considering the trend towards com
pact tokamaks and efficient divertors (PO> 0.90). Partial trapping of inven
tories in the vessel itself in the event of vacuum failure will further reduce 
the aerosol release. It then appears likely that dilution of radionuclides 
in the reactor hall will be below MPCs. Any subsequent release to the environ
ment would be further reduced by holdup in the containment building. 
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TABLE 11. Potential Air Volumes Required for MPC 

Radionuclide Activit~ (Ci) 

56Mn 4 x 10-3 

58Co 3.5 x 10-3 

54Mn 2 x 10-3 

60Co 3 x 10-4 

57 Co 3 x 10-3 

55Fe 1.2 x 10-2 

52V 1 x 10-3 

MPC {llCiocm-3} 

5 x 10-7 

5 x 10-8 

4 x 10-8 

9 x 10-9 

2 x 10-7 

9 x 10-7 

x 10-6 

Air Volume (m3) 

8 x 103 

7 x 104 

5 x 104 

3.3 x 104 

1. 5 x 104 

1.3 x 104 

1 x 103 

The predicted inventory of radionuclides in the divertor collection system 
is very insensitive to the assumed machine parameters. This is due to the rela
tively long machine burn times (-1000 s) compared to plasma confinement times 
(1 to 10 s). Because plasma impurities are likely to be swept out sometime 
before the end of burn, the predicted inventories with Po = 0.99 are only 

slightly larger than at Po = 0.90. The only real variables of importance then 
are the wall activation and wall removal rates. 

In Figure 13 the predicted collector inventories are shown for radionu
elides of interest. In addition, the 55Fe activity is shown with wall removal 

rates ranging from 10- 11 cmos-l < R < 10-10 cmos-1. The most likely predicted 

gamma activities for all radionuclides in the collector region are then 
-2 x 105 Curies for R = 10-11 cmos-l. Activity increases by one order of mag
nitude to -2 x 106 Curies for R = 10-10 cmos-l. Again this is for a wall area 
of 1000 m2. 

For a liquid lithium collection system the erosion products would be trans
ported to some cleanup system such as the zirconium foils used in UWMAK designs. 
Crud would also build up in pipes. Therefore, the actual collector inventory 
would be subject to some maintenance schedule. For example, a wall removal 

rate of 10-11 cmos-l would result in -24 kg of erosion products per year per 
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1000 m2 of wall area with the activities shown in Figure 13. The vacuum wall 
will eventually come into radioactive equilibrium presenting a constant source 
to the collector; however, the maintenance schedule may preclude equilibrium 
in the collector. That is, the radionuclide inventory, N, will be 

or 

dN' _ C - AN' crt -

where C' is in fact the equilibrium collector radionuclide inventory predicted 
in Figure 13. For example, with a maintenance schedule of one year, important 
radionuclides would have the following fraction of predicted collector equilib
ri urn acti vity: 

60Co - 0.123 

55 Fe - 0.226 

54Mn - 0.555 

57Co - 0.607 

58Co - 0.970 

Replacement of the first wall structures every five years, as in the 

Steiner Demo, would further reduce the inventory of the longer-lived radionu
clides delivered to the collector system, since these radionuclides would not 
yet have reached equilibrium activity in the stainless steel first wall. 

CONCLUS IONS 

The erosion rate of a stainless steel first wall in a compact tokamak 
fusion reactor has been reviewed, based on recent experimental results in mate
r; a 1 s radi at; on damage. The hi gh energy 14 MeV neutron fl uence to the wa 11 ; s 
no longer seen as a major source of erosion, with the best estimates of sput
tering yield now put at Sn ~ 5 x 10-5 atoms/neutron. In addition, a number of 

mechanisms have been identified to reduce or eliminate surface blistering due 
to ion (He, D, T) bombardment. With a set of first wall particle fluxes based 
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on previous reactor designs, the wall erosion on the vacuum side is now esti
mated at 10- 11 cm-s-1 < R < 10-10 cm-s- l with values near 10-11 cm-s- l being 
more likely. This compares to an estimate of ~ x 10-10 cm-s- l used in the 
UWMAK-I study. 

As for the subsequent transport and deposition of activation products in 
the vacuum system, it is suggested that the divertor collection system and 

exhaust manifolds can be designed to effectively eliminate the transport of 
high Z gamma emitters into the mechanical vacuum pump system. For the high Z 
elements in stainless steel, no compound and/or phase has been identified which 
would allow transport deep into the exhaust manifolds towards the diffusion 
pumps, roots pumps, etc. Metal walls and collection surfaces are expected to 
provide for excellent sputter deposition in the divertor region or in the main 
torus vacuum vessel itself. High Z stainless steel impurities still in the 
plasma at the end of the burn are expected to dump to the first wall and deposit 
when magnetic confinement is lost. Experiments to identify any bulk or elemen
tal redistribution of material around the torus have yet to be performed. 

With vacuum deposition, eroded material swept from the plasma by divertor 
action and permanently entrained on a collector system in the divertor region 
will no longer be available for accidental release, and will not be in a loca
tion to expose workers during routine maintenance. The radiation hazards pre
sented by a flowing liquid lithium system which subsequently transports activa-

\ 

ted erosion products out of the divertor region to some impurity cleanup system 
will be design dependent and must be evaluated individually. For a wall area 
of 1000 m2 the activity is expected to reach ~ x 105 Curies after several 
years of operation. This is for a wall removal rate of 10-11 cm-s- l . Collec
tor inventories will be very insensitive to divertor efficiencies (~90%) and 
impurity confinement times (~10 s) when long machine burns (~1000 s) are 
considered. Predicted inventories are directly related to wall removal rate, 
with 10-10 cmos-l proposed as an upper bound giving ~2 x 106 Curies gamma 
activity in equilibrium. 

In the case of vacuum vessel failure, the maximum gamma-emitting radio
nuclide inventory in the plasma potentially available for release was found 
to be ~.2 Curies for a wall area of 1000 m2. This inventory easily reduces 
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several orders of magnitude for low wall erosion rates and high efficiency 
(~99%) divertors. In the event of a catastrophic failure of the vacuum vessel, 
this potential source term would likely be reduced further by the initial 
influx of air into the vessel with some subsequent deposition in the vessel. 
More work will be required to identify actual release values and transport 
mechanisms into the reactor containment building; however, it is likely that 
in the event of release, airborne radionuclide concentrations in the reactor 
hall will be below MPCs. It is suggested that further holdup by the contain
ment building would further reduce releases to the environment to insignificant 
levels. 
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VI. RELEASE OF ACTIVATION PRODUCTS IN LITHIUM FIRES 

Some form of lithium is required in all fusion reactors which breed tri
tium. It may be present as a solid compound or liquid metal, either of natural 
isotopic abundance or enriched in 6Li to take advantage of the large (940 barns) 
thermal neutron cross-section for tritium production (6Li (n,a)3H). Thermal 
properties of lithium have led to its consideration as the primary coolant in 
a number of reactor design studies. In the reference design considered here, 
the blanket vessel is filled with liquid lithium. Heat generated by neutron 
reactions in the lithium and steel structures is transferred out of the blanket 
by high-pressure helium flowing through steel coolant pipes. The liquid 
lithium metal is circulated slowly to extract tritium. 

Liquid lithium reacts vigorously with water and readily with air or con
crete. Its chemical activity, similar to that of liquid sodium, has caused 
some concern over the consequences of accidental spills. The liquid lithium 
inventory is expected to be around 100 tons. This could present a significant 
fire hazard in the reactor building in the event of lithium release. 

This study considers the possibility of such a release as a result of a 
lithium fire within a magnetic fusion reactor containment vessel. Descriptions 
of lithium reactions that could occur in the fusion reactor are followed by 
discussions of the effects of adiabatic flame temperatures, radiation and vapor 
pressures of neutron activation products and their compounds on lithium reac
tions. There is little experimental evidence in this area and much of what is 

I 
reported is based on predicted behavior. All conditions and constraints uti-
lized in the determination of the predicted results are explicitly expressed 
in the text. 

LITHIUM PROPERTIES AND REACTIONS 

Lithium is one of the most reactive elements known, yet good reliable 
information concerning its chemical behavior is often lacking. The most com
prehensive compilation of its physical properties and interactions with other 
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materials is a document authored by Ballif, et a1. (43) For the purposes of 
this study the chemical reactions are of predominant interest. 

Table 12 is a partial list of the known reactions of lithium, their 
enthalpies and free energies at 250C. (44) 

Lithium reacts with all known molecular gases. Reaction of lithium with 
air may be considered to consist mainly of reaction with nitrogen, oxygen, and 
carbon dioxide. These reactions and their products are included in Table 12. 

TABLE 12. Lithium Reactions, Entha1pies, and Free Energies(45) 

Reactions 

2 Li(c) + 1/2 02(g) ~ Li 20(c) 

2 Li(c) + 02(g) ~ Li 202(c) 

Li(c) + 1/2 H2(g) + 1/2 02(g) ~ LiOH(c) 

Li(c) + 3/2 H2(g) + 02(g) ~ LiOH.H20(c) 

Li(c) + H20(1) ~ LiOH(c) + 1/2 H2(g) 

3 Li(c) + 1/2 N2(g) ~ Li 3N(c) 

Li(c) + 1/2 H2(g) ~ LiH(c) 

2 Li(c) + 3/2 CO2(g) ~ Li 2C03(c) + 1/2 C(c) 

2 Li(c) + 3CO(g) ~ Li 2C03(c) + 2C(c) 

2 Li(c) + 2C(c) ~ Li 2C2(c) 

2 Li(c) + Mo(c) + 202(9) ~ Li 2Mo04(c) 

Li(c) + A1(c) + 2H2(g) ~ LiA1H4(C) 

Li(c) + Sn(c) ~ LiSn(c) 

Li(c) + Pb(c) ~ LiPb(c) 

3 Li(c) + 2Sb (c) ~ Li 3Sb2(c) 
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Entha1~~ Free Energ~ 
tlW 250C tlGo 250C 

(kca1/mo1e} (kca1/mo1e} 

-142.650 -133.950 

-151. 9 -138.1 

-116.589 -105.676 

-188.926 -163.437 

- 48.7 - 48.99 

- 47.500 - 37.300 

- 21. 61 - 16.72 

-148.6 -128.4 

-210.45 -171.38 

- 14.2 

-365.25 

- 24.67 

- 16.8 

- 14.6 

- 43.5 



Lithium-Nitrogen Reaction 

Reaction of lithium and nitrogen occurs at room temperature with catalytic 
amounts of water present. Observation of the reaction of molten lithium 
and dry nitrogen indicates that the reaction rate is strongly temperature 
dependent. The free energy of formation of lithium nitride has been calculated 
as a function of temperature,(44) and these results are given in Table 13. 

Basically these results indicate that the lithium-nitrogen reaction becomes 
less thermodynamically favorable with increasing temperature. 

TABLE 13. Lithium Nitride - Free Energy of Formation 

Temperature 
( °e) 

25 
527 

1227 

L\GO(kca1/mole) 

-37.3 
-20.1 

+ 3.8 

Predicted adiabatic flame temperatures of lithium-air or lithium-concrete 
reactions exceed the temperature where the lithium-nitrogen reaction is thermo
dynamically favorable. This does not indicate, however, that a lithium-nitrogen 
reaction will not occur in a lithium fire. The lithium-nitrogen reaction pro
bably would not occur at the flame front in a lithium-air fire. However, 
nitrogen diffusion through this zone into the cooler molten lithium pool should 
allow rapid formation of lithium nitride. 

Lithium nitride is a very reactive material, and it has been stated(43) 
that no metal or ceramic material has been found to be resistant to attack by 
the molten compound. 

Lithium-Oxygen Reaction 

Lithium reacts with oxygen to form lithium oxide, Li 20, under most condi
tions, although the peroxide species, Li 202, is slightly favored thermodyna
mically. The ignition temperature of lithium in oxygen has been cited as 
630°C(45) although this is probably not an exact figure. Reactions of lithium 
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appear to be a complex function of moisture content, impurity concentrations, 
diffusion rates, surface to mass ratio of lithium and other undetermined fac
tors. The significant fact is that the lithium-oxygen reaction is thermodyna
mically favorable at both the temperatures of a lithium spill and the calcula
ted adiabatic flame temperatures. 

It is expected that the lithium-oxygen reaction will predominate to the 
extent of the limiting reagent in any lithium-air reaction envisioned. Once 
formed, lithium oxide is a very reactive compound and may be expected to attack 
most refractory materials. (43) 

Lithium-Carbon Dioxide Reaction 

Lithium reacts with carbon dioxide, as shown in Table 12, to form lithium 
carbonate, Li 2C03. As in the case of sodium, carbon dioxide will also react 
with the alkali metal oxide forming the carbonate species to the extent of the 
limiting reagent of the reaction. 

Lithium-Concrete Reaction 

Reaction of lithium with concrete is essentially a lithium-water reaction, 
the water being present in the concrete as water of hydration. Lithium can 
also react with other components of concrete but such reactions are not as 
thermodynamically favorable as the lithium-water reaction. 

Predictions of most lithium-concrete interactions have been based on the 
more available sodium-concrete reaction data. There does exist, however, some 
r~cent experimental evidence on lithium-concrete reactions. (43) This evidence 
indicates lithium reduces silicates to silicides, and that the quantity of heat 
released is a function of the type of concrete. Definitive studies of lithium
concrete reactions do not appear to be available. 

Lithium-Water Reaction 

Lithium reacts with water to form lithium hydroxide and hydrogen in the 
presence of both air and nitrogen atmospheres. It has been reported(46) that 
the lithium-water reaction occurs preferentially with respect to the lithium

nitrogen reaction. In a fire involving both lithium-air and lithium-concrete 
reactions, reaction with concrete will continue even if all the available 
atmospheric oxygen is consumed. 
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The release of hydrogen as a product of the lithium-water reaction may 
lead to further hydrogen-metal reactions or to hydrogen combustion which would 
increase the overall flame temperature. 

Lithium hydroxide is reported to be extremely corrosive, attacking all 
known metals or refractory materials. (43) 

Lithium-Hydrogen Reaction 

Molten lithium reacts with hydrogen to form lithium hydride over the 
approximate temperature range of 400 to 710°C. (47) Lithium hydride is a relatively 
stable compound which can be melted (m.p. = 688°C) without decomposition. 
Lithium hydride reduces oxides readily and reacts with both metals and ceramics 
at high temperatures. (43) 

Lithium Reactions With Metals and Refractory Materials(43-44,48-5'l) 

Molten lithium may be expected to attack almost all known ceramics and 
insulating materials. The mechanism of attack is formation of the relatively 
stable lithium oxide, nitride or carbide species. Molten lithium may be 
expectec to reduce most metal oxides and to react with the less thermodynami
cally stable carbides and silicides. 

The mechanism for reaction of lithium with most metals and refractory 
alloys is intergranular attack on precipitated nitrides, carbides or silicides. 
The resistance to attack by lithium is a function of elemental composition, 
impurity concentration, prior heat treatment of the material and temperature. 
An increase in the temperature results in increased attack by lithium. 

The result of molten lithium attack on refractory metals or alloys that 
are candidates for the first wall may therefore be disintegration of structural 
integrity and production of a high surface area material. 

ADIABATIC FLAME TEMPERATURES 

Calculated adiabatic flame temperatures of both lithium-air and lithium
concrete reactions have been reported by several authors. (51-53) Various 

assumptions and constraints were chosen and utilized in these calculations, 
including selection of reactant and product species, pressure, reaction 
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kinetics, equilibrium processes, and overall adiabatic behavior. Assumption 
of overall adiabatic behavior is reasonable and produces calculated temperatures 
which should exceed those which would actually occur. Heat capacities of struc
tural materials have, in general, been neglected; their inclusion will lower 
predicted temperatures. 

The significant points made by these authors are: 

• Both lithium-air and lithium-concrete reactions produce flame temperatures 
of approximately 2400 to 2500K. 

• The predicted temperatures are almost identical regardless of the 
individual assumptions and constraints imposed. 

• A significant concentration of 
-3 produced -- approximately 10 

and approximately 10-4 atm for 

extremely reactive atomic oxygen is 
atm for the lithium-air reaction(52,53) 

the lithium-concrete reaction. (53) 

These calculated adiabatic flame temperatures are dominated by reactions 
with oxygen and water for the lithium-air and lithium-concrete reactions, 
respectively. Release mechanisms of neutron activation products, however, 
depend not only upon the temperatures achieved in a fire but also upon accurate 
knowledge of reaction products, their concentration, and subsequent reaction 
pathways. This information is presently not available but should be a major 
concern and requires further investigation. 

One additional aspect which seems to be often neglected or even incorrectly 
interpreted is the vapor pressure of neutron activation products at the tempera
tures expected to occur. That temperatures are below the melting or boiling 
points for materials of concern do not preclude volatile release of neutron 
activation products. 

RADIATION EFFECTS 

Previous studies have neglected the effects the high radiation field 
caused by neutron activation products may have on the chemical reactions pos
sible in a lithium spill and accompanying fire. The question of whether the 

radiation field contributes to the possible reactions must be examined. Poten
tial reactions of importance - assuming air is present - include: 
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O2 -+ 20 
N? -+ 2N 

L. 

o + O2 + M +03 + M 
N + O2 -+ NO + 0 
NO + O2 -+ N02, etc. 

(1 ) 

(2) 

(3 ) 

(4) 

(5 ) 

The G value (molecules produced per 100 MeV energy absorbed) is about 8 
for reaction (1) and 4-5 for reaction (2). (54) Reactions (3 through 5) are 

only illustrative of the many oxidation reactions that are possible. The 
net result of reactions (4) and (5), if water is present, is the formation of 

nitric acid. A primary concern is the reaction of various metals with the 
nitric acid or with atomic oxygen. Thus, it becomes important to estimate the 
yields from radiolysis. 

The total activity of the reference blanket after five years l operation 
is about 2 x 109 Ci. The energy released as gamma radiation after shutdown is 
about 1026 eV s-l. Much of this energy will be absorbed in the blanket and 
in construction materials. For a very crude estimate we will assume that half 
of the energy is absorbed in the containment building air, 105 m3 at 300K. 
This means that 1025 eV is assumed to be absorbed in O2 and 4 x 1025 eV in 
N2. Based on G values of 8 molecules per 100 eV absorbed in O2 and 5 in N2, 
the production of active atoms is 3 x 1024 atomsos-l, resulting in a concentra
tion of atomic oxygen and nitrogen of about 3 x 1013 atomsocm- 3os-1. 

The contribution from 8 energy is more difficult to estimate since both 
the amount escaping the stainless steel and the amount absorbed by the air 
depend on the energy of the particles, which varies from zero to the maximum 
8 energy. For a rough approximation we will assume that for steel (maximum 
range ~l mm) half of the 8 energy of 1017 eV cm- 3 escapes from the outer 0.1 mm 
layer and is absorbed by the first centimeter of air. This is 5 x 1014 eV cm-3 s-l 
or approximately 20 times the estimate for y energy. However, the S effect 
occurs only in the surface layer of air. Although these estimates are very 
crude, it seems likely that the maximum production rate of atomic species and 
hence other active molecules is on the order of 1012 to 1013 molecules cm-3 s-l. 
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Typical second-order rate constants for atomic oxygen are of the order of 
10-11 cm- 3o(moleculeos)-1. (55) Thus for reactions with a gas at any signifi

cant pressure, the half-life is less than a n1icrosecond. 

When one notes that the concentration of oxygen molecules in 1 atm air 
is 1018 moles ocm-3, the production of 1013 atoms per second of a species with 
a half-life of one microsecond does not appear to be significant in an accident 
situation. However, over a long period of time, the effect of secondary reac
tions, e.g., corrosion, arising from these active species could be important. 

VAPOR PRESSURES OF NEUTRON ACTIVATION PRODUCTS AND THEIR COMPOUNDS 

Volatile release of neutron activation products, or their compounds, at 
the temperatures expected in a lithium-air or lithium-concrete fire is the 
primary release mechanism of concern. Accurate experimental vapor pressure 
data for such an analysis are often lacking, but Tables 14 and 15 present data 
selected for use. The sources of such information are cited, but the values 
reported should be viewed as approximate in most cases. 

TABLE 14. Selected Elements - Melting Points, 
Boiling Points, and Vapor Pressures 

Element Me~ting BOH i~g Vapor Pressure(56) 
(S,lmbo1 ) Point 55) (K) Point 5 (K) T = 2500K (torr) 

A1 933 2793 201 
Co 1765 3203 24(a) 
Cr 2133 2953 69 
Cu 1356 2833 101 
Fe 1809 3133 12 
Mn 1517 2333 (b) 
Mo 2888 4883 4 x 10-4 

Nb 2740 5013 1 x 10-4 
Ni 1728 3188 14 
Pb 600 2023 (b) 
Ti 1940 3558 2. 
V 2175 3683 1 
Zr 2125 4673 2 x 10-3 

(a) Required extrapolation beyond temperature range cited. 
(b) Flame temperature exceeds normal boiling point. 
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TABLE 15. Selected Oxides, Nitrides and Carbides - Melting 
Points, Boiling Points, and Vapor Pressures 

Compound Melting Point(55) Boiling Point(55) Vapor Pressure(57) 
{Formula) {Kl (K) T = 2500K (torr) 

A1 203 2318 3253 2(a) 

A1N >2473 in N2 2273(b) at 1760K 

A1 4C3 Stable to 1673 2473(c) 

CoO 2208 

C0203 1168(c) 

C0304 Transforms to CoO, 
1173-1223 

Cr02 Loses 0, 573 

CrO 

Cr203 2708 4273 

Cr03 469 Decomposes 

CrN 1973(b) at 992K 

Cr3C2 2163 4073 2.47 x 10-5 
at 2073K 

Cu20 1508 Loses 0, 2073 

CuO 1599 

Cu3N 573(b) 

FeO 1693 

Fe203 1838 

Fe2N or Fe4N2 473(b) 

Fe3C 2110 

Mn304 1978 

Mn02 Loses 0, 808 

Hn 207 279 328(b) 

MnO 

Mn203 (Questionable 
Existence) 

Mn3C 

Mo02 

MoZOS 

Mo203 

Mo03 1068 1428(a) 
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TABLE 15. Selected Oxides, Nitrides and Carbides - Melting 
Points, Boiling Points, and Vapor Pressures (cont'd) 

Compound 
(Formula) 

MOZN 

Nb02 

NbO or NbZOZ 

Nb20S 

Nb203 

!ibN 

NbC 

NiO 

NiC 

PbOZ 

PbO 

Pb 304 

Pb203 

Pb20 

Ti02 

TiO 

Ti 203 

TiN 

TiC 

VO or V202 

V02 

V20S 

V203 

VN 

VC 

Zr02 

ZrN 

ZrC 

Melting point(55) 
( K) 

1733 

2053 

2846 

3773 

2263 

1161 

773 (c) 

643(c) 

2103-2123 

2023 

2403(c) 

3203 

3413 ± 90 

Ignites 

2240 

963 

2243 

2593 

3083 

2973 

3253 ± 50 

3813 

Boiling Point(55) 
( K) 

2773-3273 

>3273 

5093 

4173 

5273 

5373 

(a) Required extrapolation beyond temperature range cited. 
(b) Sublimates. 
( c) Decompos es . 

62 

Vapor Pressure(57) 
T = 2500K (torr) 

at 592K 

2(a) 

1 x 1O-4(a) 

759(a) 

>760(a) 

3 x lO-l(a) 

8 x'1O-4(a) 

2 x 10-2 

2 x 10-4 

4 x 10-2 

",2 x 10- 5 



• 

A flame temperature of 2500K was utilized in all cases. This occasionally 
required extrapolation of existing vapor pressure information beyond the 
reported temperature range. 

The vapor pressure in mm Hg (torr) may be represented by an equation of 
the type 

log P = - * + B + Clog T + 10-3 DT 

where A, B, C, and D are constants for a specified temperature range, and T 
is the Kelvin temperature of interest. 

Table 14 presents the melting and boiling points and vapor pressures at 
2500K of selected pure elements. Melting and boiling points were obtained 
from Reference 55 while the required constants for calculation of the vapor 
pressures were obtained from Reference 56. 

Table 15 gives the melting points, boiling points, and calculated vapor 
pressures at 2500K for those oxides, nitrides, and carbides of the elements 
listed in Table 14 for which information was available. 

Phosphides, sulfides, and silicides were omitted because their probabil
ity of occurrence is low and available information is lacking. Hydrides will 
not be stable at the flame temperature and will dissociate into the respective 
metal and hydrogen. 

Comparison of calculated elemental vapor pressures obtained from data in 
Reference 57 often showed large discrepancies with respect to that obtained 
from Reference 56. Therefore, calculated vapor pressures of the compounds 
reported in Table 15 should be regarded as only approximate without further 
confirmation as to their accuracy. 

Table 14 indicates that only molybdenum, niobium, and zirconium have vapor 
pressures of less than 1 torr at the expected flame temperature of 2500K. 
Titanium and vanadium have calculated vapor pressures at 2500K in the 1 to 10 
torr range, while cobalt, chromium, iron, and nickel have vapor pressures of 
10 to 100 torr. The calculated vapor pressures of aluminum and copper exceed 

100 torr at 2500K, while this temperature exceeds the normal boiling pOint of 
both lead and manganese. 
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Table 15 shows that only a few compounds have a significant vapor pres
sure. Compounds whose vapor pressures exceed those of the elemental metal 

are: Mo03, Nb02, and NiO. Thus, with these exceptions, the major concern for 
volatile release of neutron activation products is the vapor pressures of the 
elements. The contribution to this volatilization through thermal decomposi
tion of oxides and other compounds has not been considered. 

LITHIUM ACCIDENT CONDITIONS 

We have discussed the possible reactions of lithium resulting from a 
lithium spill, the predicted flame temperatures of both lithium-air and 
lithium-concrete fires, and the vapor pressures of selected elements and com
pounds of concern. These results are now applied to three specific atmospheric 
conditions: 1) when the volume inside the containment vessel is a vacuum, 
2) when the reaction is confined to the interior of a containment building, 
and 3) when the containment is breached so that air may be exchanged between 
the reactor and the external environment. 

1. If the volume inside the containment vessel is under vacuum, then we 
are limited to a lithium-concrete fire. The mechanism of initiating this fire 
is not examined, but we assume it exists. The flame temperature is essentially 
the same as that of the lithium-air fire but is expected to proceed with a 
slower consumption of lithium. This slower rate of consumption is due to both 
a limited surface area of the lithium-concrete interface and the requirement 
that dehydration of the concrete must occur to obtain the necessary reactant, 
water. 

The total system should be expected to be very reducing due to the amount 
of lithium present and the exclusion of air or oxygen from the reaction zone. 
The temperatures reached, however, are sufficient to cause considerable trans
port of neutron activation products as is seen by the vapor pressures reported 
in Table 14. This transport may be aided significantly by chemical attack of 
both lithium and lithium hydroxide on structural materials, destroying their 

structural integrity and producing a high surface area material. Even in the 
event that the vapor pressures are low, chemical attack may produce particles 
that can be transported by the "smoke" of the lithium fire. 
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2. If the containment building is assumed to be in one atmosphere of 
air, we still have a limiting reagent situation - the quantities of oxygen 
and nitrogen are less than that of lithium. Again, the total system would be 
expected to be a reducing one. Chemical attack again is a major concern, 
especially with the probable occurrence of molten lithium nitride. The mechan
isms of release are expected to be the same as in the previous case. In addi
tion, one must not ignore that it is probable that lithium-concrete as well as 
lithium-air reactions will occur in this situation. 

3. When the containment vessel is breached and free exchange of air 

between the containment vessel and the environment occurs, we have our "worst 
case". In this event, unlimited air (oxygen and nitrogen) is available, and 
the maximum consumption of lithium will occur. This implies the flame tempera
ture will exist over a longer time period than in the previous two cases, and 
that the environment is accessible to volatile activation products, transported 
either as vapor or condensed in the "smoke." 

SUMMARY 

Release of neutron activation products as a result of a lithium fire is 
possible. The vapor pressures of elements of concern at the expected flame 
temperatures are predicted to be a major mechanism of release. Contributing 
to this effect are the expected chemical reactions of lithium and its reaction 
products on structural materials. 
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VII. COMPONENT ACTIVITY AFTER SHUTDOWN 

The radioactivity in a fusion reactor remains high long after reactor 
shutdown. In the first wall, for example, the specific activity remains above 
1 Ci.cm- 3 for about five years after shutdown. This activity presents a number 
of potential hazards to plant personnel and the general public. The possibility 

of radioactive releases as a result of accidents such as lithium fires or cool
ant failures still exists, just as during operation. Afterheat and dose rates 
remain high long after shutdown. The risks of personnel and public exposure 
actually increase after shutdown because of maintenance operations and compo
nent transportation. 

The total blanket activity is shown in Figure 14 for times after reactor 
shutdown. It is seen that the decay is rather slow--from a total activity of 
2.06 x 109 Ci at shutdown fol"lowing five years' operation, the blanket takes 
52 days to decay to 109 Ci, 15 months to decay 5 x 108 Ci, and about 10 years 
to decay to 108 Ci. The key nuclides contributing to this activity can be 
seen in Figure 15, which shows the first wall activity as a function of time, 
by nuclide. The first wall activity is dominated by 55Fe , 58Co , 57Co , 51 Cr , 

and 54Mn for the first few years. The same is true of the outer blanket, 
except that 56Mn is more significant for the first few hours, the differences 
between regions being primarily a result of the neutron energy spectrum shown 
in Figure 4. The thermal flux in the outer blanket is about four orders of 
magnitude larger than in the first wall or inner blanket. Therefore, in the 
case of 56Mn the thermal 55Mn (n,y) 56Mn reaction dominates over the fast 
neutron-induced 56Fe (n,p) 56Mn reaction (see Table 3) in the outer blanket. 
The activities of other components, such as neutral beam injectors and plasma 
divertors, decay from their shutdown value in a similar manner. If these com
ponents have longer lifetimes than the first wall, then the dominance of 55 Fe 

;s more pronounced. Iron-55, however, decays by electron capture and the 
internal bremsstrahlung and x-rays are soft. Hence, they were not considered 
in the dose calculations presented herein. 
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DOSE RATES 

Maintenance operations need to be carefully examined for potential hazards. 
Maintenance activities include both scheduled maintenance, such as removal and 
replacement of the first wall or neutral beam injectors at the end of their 
useful life, and unscheduled maintenance, such as repair of damaged or defec
tive equipment. In current nuclear power plants, unscheduled maintenance 
accounts for over 50% of total down time. A fusion power plant is expected to 
be an even more complex engineering structure with at least an equivalent rate 
of component failure. 

It is instructive to investigate plant dose rates with some background 
information on allowable exposures. The maximum exposure to plant personnel 
permitted by current United States Nuclear Regulatory Commission(58) regula
tions is: 

Whole body 
Skin of whole body 
Hands and forearms, feet and ankles 

Quarterly Limit 
(rem) 
1.25 
7.5 

18.75 

To ensure compliance with these limits, the maximum dose rate in which an 
unshielded worker, such as a welder, can work is about 15 rem/hr. At this rate 
the worker would exceed his quarterly permissible dose after 5 minutes. This 
includes time to enter and exit the area and set up and remove his equipment. 
Further, it cannot be assumed that an infinite pool of trained personnel exists 
to perform reactor maintenance on such complex machinery. Therefore, a more 
realistic upper limit to the acceptable dose rate is about 0.1 rem/hr. Per
sonnel would be allowed to work at this exposure rate for one week per year, 
providing the quarterly limit is not exceeded. 

With this background, it is obvious that dose rates around the reactor 
are much too high to permit contact maintenance on many components for years 
after shutdown. Remote maintenance techniques will be essential to the opera
tion and maintenance of any tokamak which uses steel structures. Contact dose 
rates at the blanket shield are shown in Figure 16. This is the dose rate to 
which any unshielded worker performing maintenance on the shield would be 
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exposed. Even after five years this dose is still three orders of magnitude 
above the maximum unshielded working limit. The reference design calls for 
replacing the blanket modules every five years, which requires removal of the 
biological shield for the segment to be replaced. 

The contact dose rate at the first wall, shown in Figure 17, is even 
higher than at the shield. Starting from a value of 5.3 x 106 remohr- l 

immediately following shutdown after five years' operation, the dose rate falls 
to 2.0 x 106 remohr- l after one day, 1.6 x 106 remohr- l after one month, and 
8.3 x 104 remohr- l after five years. Even after five years the dose rate is much 
too high to allow contact maintenance, even with extensive removable personnel 
shielding. 

Considering the key nuclides contributing to the dose rates, the first 
wall and shield show similar patterns. For the first few hours, most of the 
dose is due to 56Mn decay. Following 56Mn decay, the 58 Co dominates for 

several months. After five years, 60Co is by far the major contributor to the 
dose rate, followed by 54Mn and, to a much lesser extent, 57 Co . Long-lived 
activity (>10 years), however, may be determined by activation of trace ele
ments not considered in this study which produce very long-lived isotopes 
(e.g., 94Nb ). (59) 

The dose rate of the neutral beam injector has been calculated after 
ten years' operation. This is shown in Figure 18. The dose rates shown are 
those at the injector at time of replacement, assuming a ten-year lifetime. 
No shielding of the injector has been considered in calculating the dose rate. 
At shutdown, the dose rate is 4.9 x 105 remohr- l , after one month it is 
1.7 x 105 remohr- l , and after five years it is still 1.1 x 104 remohr- l . 

An estimate has been made of the contact dose rate at the collector plate 
of the plasma divertor. For this estimate, the plate was assumed to be a 
3-cm thick plate of stainless steel, exposed to the neutron spectrum of the 
inner blanket. First wall materials collected were assumed to deposit on a 
thin surface layer. The calculated dose rates are shown in Figure 19. Out of 

7 1 7 -1 4.9 x 10 remohr- at shutdown following five years' operation, 3.2 x 10 remohr 

are due to first wall material that is deposited. This result is not surprising 
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when one considers that the sputtered first wall materials deposit with a high 
packing fraction in a thin layer on a collector surface area which is much 
smaller than the first wall area. After five years the contact dose rate at 
the collector plate is still 1.1 x 104 remohr- l . 

DECAY HEAT 

Activation products may present another hazard to safe reactor operation 
besides radiation. Energy release through radioactive decay may cause key 
reactor materials to heat up, possibly compromising the materials integrity 
of systems vital to reactor safety. The activation product concentrations 
were treated as a beta and gamma source to assess the blanket heating rate. 
Data were used from Table of Isotopes(60) to describe the beta and gamma radia
tion emitted with each radionuclide. 

The gamma production was separated into 21 energy groups and the heating 
rate in the blanket was calculated with the ANISN computer code. For S decay, 
it was assumed that two-thirds of the Q value of the reaction is shared by the 
S- and y rays, with the remainder being carried off by neutrinos. The S- energy 
is deposited at the production site. For electron capture processes it 
was assumed that the entire Q value is removed by neutrinos. For S+ decay it 
was assumed that only two 0.511 MeV photons are produced. The total afterheat 
at shutdown after five years of full power operation is 23.9 MW, of which 3.8 MW 
are due to beta decay and 20.1 MW due to gamma decay. One day after shutdown 
the total blanket afterheat is 3.37 MW, of which 0.57 MW is due to beta decay 
and 2.80 MW is due to gamma decay. The beta and gamma heating rates by zone 
are tabulated in Table 16. 

An estimate was made of the temperature rise of the blanket due to radio
active afterheat. Each zone was considered with a uniform heating source. 
Heating was assumed to be adiabatic, with no coolant flow. This model is very 
conservative, totally neglecting the effects of thermal conduction and radia
tion. Nevertheless, it provides a lower limit on how soon blanket damage 
might occur following a loss of coolant flow accident after shutdown. 
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The rate of temperature rise due to adiabatic heating is 

TABLE 16. Decay Heat Production Rate 

Time After Shutdown 
I="nlln"tinn I:; Va::lV'c Opera+ion '....,11....,".11::1"" I,-UIJ _ '" I 

Zone 0 1 Day 

3. First Wall 0.211 0.0308 
5. Inner Blanket 0.053 0.0078 
6. Inner Reflector 0.046 0.0067 
7. Middle Blanket 0.025 0.0036 
8. Outer Reflector 0.019 0.0028 
9. Outer Blanket 0.078 0.0115 

10. Shield 0.045 0.0067 
Total 23.9 MW 3. 37 ~1W 

where Q is the volumetric heating rate, p is the mass density of the lone, and 
cp is the average specific heat. Exponentially-decreasing decay heating was 
assumed. Using the data of Table 16, the time constant T during the first day 
after shutdown is 12.25 hr. The temperature rise in time t during a loss of 
flow is then: 

where Qo is the heating rate at shutdown. For the first wall the initial tem
perature was assumed to be 400°C, and the time required to heat the wall to 
750°C was calculated. Since the thermal properties of stainless steel dete
riorate rapidly above this temperature, it was taken as a damage threshold. 
Using an initial heating rate Qo = 0.211 W/cm3, a smear density p = 1.21 gocm-3, 
and a specific heat cp = 0.50 Jo(g-deg)-l, the time required for the first wall 
to heat up to 750°C is t = 16.9 min. Therefore, some active cooling of the 
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first wall after shutdown may be desirable, at least for the first few hours, 
but afterheat does not appear to be a major problem in terms of material 
damage, especially when thermal conduction and radiation are considered. 

The rest of the blanket was assumed to have an initial temperature of 

500°C, and 750°C was taken as the damage threshold. The results are summarized 
in Table 17, where t is the time to heat up to the threshold. It appears that 
afterheat does not pose a safety problem anywhere in the blanket away from the 
first wall. 

3. 
5. 
6. 
7. 
8. 
9. 

10. 

TABLE 17. Time Required for Adiabatic Heating 
to 750°C Following Shutdown 

Zone 
QO- 3 

W·cm P-3 q·cm 
cp -1 

J. (g-deg) 

First Wall 0.211 1. 21 0.50 
Inner Blanket 0.053 0.534 2.45 

Inner Reflector 0.046 2.25 1. 67 
Middle Blanket 0.025 1.11 1. 64 

Outer Reflector 0.019 2.25 1. 67 

Outer Blanket 0.078 5.79 0.55 
Shield 0.045 7.62 0.50 
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VIII. DIRECTIONS FOR FURTHER RESEARCH 

The objective of this study has been to identify key activation products 
which are likely to have an impact on safe magnetic fusion reactor operation. 
Since stainless steel is almost certain to be the primary structural material 
at least in early experimental fusion reactors, the analysis has focused on 

activation of stainless steel structures in a compact tokamak. This analysis 
is one necessary part of an assessment of the safety acceptability of stain
less steel as a structural material. 

Although it has been shown that the total activation inventory of a steel 
reactor structure is high, no information has been identified which would pre
clude the use of stainless steel. No structural activation products exist 
which are volatile under normal operating conditions. It appears that the 
activated materials are well-confined to the basic nuclear island structure 
so that adequate shielding can be provided in reactor design. Under accident 

conditions, liquid lithium may result in the volatilization of some components 
of steel. This is probably also true of any other structural material. 

Maintenance-related activities will be the dominant source of radiation
environment exposures of personnel. Radiation exposures to maintenance 
personnel during anticipated and accident conditions should be investigated 

so that the activities to be performed remotely can be determined and the 
technology necessary to assure personnel safety can be developed. 

Other candidate structural materials should be analyzed and compared with 
stainless steel. An evaluation of the acceptability of stainless depends 
partially on the relative characteristics of the alternative materials. In 
this respect qualitative differences should be stressed. A reduction of total 
plant inventory or contact dose rate is not by itself an improvement in plant 
safety. Only if expected releases during accidents or actual maintenance 
exposures are reduced is a gain realized. 

There are several methods available for reducing inventories and dose 

rates in steel if that would result in a significant safety advantage. It has 

been seen that the presence of manganese, cobalt, and molybdenum result in a 
substantial fraction of the total inventory, particularly during the first few 
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days of operation. The effects of controlling impurities should be investi
gated, as should the relative merits of using other types of steel. Isotopic 

tailoring of steel has also been suggested as a means of reducing activation 
inventory(6l) and should be investigated. 

Several mechanisms have been identified by which activation products can 
be transported away from the nuclear island. Two mechanisms which have not 
yet been reported here are neutron sputtering of activation products in the 
coolant system and activation of reactor building air. The first may con
ceivably lead to accumulation of radioactive materials in the coolant piping 
and heat exchangers, making personnel access to these areas difficult. Air 
activation may be the limiting factor in determining the waiting period after 
normal or emergency shutdown before personnel can access the reactor building. 
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APPENDIX A 

REVIEW OF ACTIVATION CODES IN USE FOR FUSION REACTOR DESIGNS 

by 

Paul E. Thiess, Assistant Professor of Nuclear 
and Mechanical Engineering, The Catholic UniversitY(R; America 

NORCUS Summer Faculty Research Participant . 

INTRODUCTION 

The activation and dose rate calculations presented in this report were 
made using a number of simplifying assumptions in order to solve the activation 

and decay equations analytically rather than numerically. Analysis of these 
results showed that for almost all nuclides this simplified method is accurate 
to within the desired uncertainty of current calculations and the accuracy of 
input cross section data. However, in the future, it may be desirable to use 
more sophisticated codes, particularly for certain nuclides (e.g., 58Co ) and 
structural materials other than 316 stainless steel. Hence a review of cal
culational methods employed by other researchers and used in major fusion power 
reactor design studies was undertaken. 

In the modifications made by Willenberg to the GLUCKE computer code(Al) 

it was necessary to assume no burnup of the parent stable nuclide, nm(t) in 
Equation 2. Since burnup cross sections for radioactive species were not available. 
the R2 term for the activated products was taken as only the decay constant 
Ap~' If these two criteria are relaxed and one allows for decay back to a 
nuclide that can be activated, the computational methods used are nontrivial 
and must be done numerically. There presently are at least ten codes in the 
literature which solve numerically the coupled linear ordinary differential 
equation set given in Equation 5. These are: DKR.(A2-A4) AKTIV,(A5) 
ACTIVE (Japanese), (A7.A8) MATEXP,(A9) ORIGEN, (A10) TCAP,(All,A12) GAMACT,(A13) 

(a) Supported by the U.S. DOE Education Programs Division via NORCUS/University 
of Washington. 
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CINDER,(A14-A16) and INDRA (GLUCKE). (Al) The ORIGEN and CINDER codes were 

written for fission reactors, but by proper weighting of the cross section 
set used they can (and have, in the case of ORIGEN) be used for fusion calcu
lations. The ACT/ACTIVE code is applicable only to inertial confinement fusion 
because the neutron source is assumed to be a delta function in time (burst) 
followed by decay. All of the codes except ACTIVE and CINDER accept multiregion
multienergy group, one-dimensional neutron fluxes generated by the ANISN 
code(A17-A19) and most use the ENDF/B-IV cross section library. THRES-2 is 

used where isotopic cross sections are needed. The chief differences between 
the codes are their decay chain libraries and their generation of gamma 
flux source terms. Each of these codes was originally written for a specific 
blanket structure, as they each have a specific decay chain library. The DKR, 
ORIGEN and CINDER codes have more complete libraries than most. Table A-l 
lists the reactor design studies to which these codes were applied. Further 
discussion of each code will appear in the following sections. 

There is presently no code which calculates activation, dose rates, etc., 
for two- and three-dimensional blankets with the precision that will be necessary 
when specific fusion reactor designs are being finalized. Some work on 2-D 
neutron flux calculations has been carried out for the neutral beam injectors 
of the JAERI reactor using TWOTRAN-GG,(A83) and for the divertor openings of 
UWMAK-III with DOT. (A84) Jung at Argonne is modifyi~g the DKR code to accept 
neutron flux inputs from 2-D and 3-D codes, but this work is in its early stages. 
Shielding stUdies for TFTR neutral beam injectors are being done at Oak Ridge by 
Santoro, et al., using Monte Carlo calculations. (A67) The flux maps from these 
could be scaled to power reactor conditions as first estimates of activation 
and dose rates in commercial designs. This is an important area of investiga
tion as any penetration into the blanket-shield that cannot be adequately shielded 
will seriously restrict all maintenance activities in the reactor hall and 
personnel access during shutdown prior to removal of the shield. 

Comparision of these calculations for the activation of blanket structural 
materials with the activation of light water reactor core support structures 
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TABLE A-l. Summary of Fusion Reactor Design 
Study Activation/Dose Calculations 

Des i gn Study 

A. Tokamaks 

UWMA~ 

UWMAK- I I (A2l ) 

UWI~AK- III (A22) 

ORi~L EPR (A23) 

ORI~L "Steiner" OEMO(A24) 

GA EPR(A13) 

Structural Material 
Proposed 

316 SS, no impurities) 
Nb-lZr 

V-20Ti 

TZM 

Al-2024 

316 SS impurities 

SAP 

316 SS 

Nb-l Zr 

V-20Ti 

TZM 

Nb-l Zr 

Nb, V 

304, Nb & Nimonic 105 

316 SS 

GA Nonci rcular GAHACT 
OEMO(A25) 

TETR(A26) 

AllL- Tokamak EPR(A27) 

Princeton Tokamak(A28) PE-16, Nb 

(43.i, 37Fe, l8Cr) 
JAERI (A29) 

Culham Conceptual (A30) PE 16, Nb 

Tokamak Reactor Mk-II 

(CCTR- I J) 

German Blanket 

FINTOR(A3l, A32) 

JET(A33, A34) 

TFTR(A35) 

V-10Cr-20Ti 

316 SS 

V-I OCr-lOTi 

B. Other Magnet i c Confi nement Reactors 

Tandem Mi rror Incone 1-718 SS 

Reactor(A69) Stainless Steel 

Mirror(A70) 

ANL/LASL- Theta Pi nch I"lb-l% Zr, 

V-20t Ti 

C. Inertial Confinement Reactors 

SOLASE(A73) Al-606l 

LLL_IFC(A74, A75) 

LASL- IFC(A76, A77) 

Sandi a-EBR (A78) 

HIDE(A79) 

Ti-SMn 

AI-llOO 

Nb 

Mo 

V-20Ti 

316 SS 

SAP 

Code Used 

DKR 

MATEXP 

ANISN only 

GKR 

OKR 

MATEXP 

MATEXP 

MATEXP 

ORIGEN 

ANISN 

GAHACT 

DKR 

DKR 

OKR 

TCAP 

ACTIVE 

MATEXP 

AKTIV 

ISPRA Code 

OOT 

Monte Carlo 

MORSE/ANISN 

TR 3A 

DKR/OOSE 

ACT/ACTIVE 

A-3 

Coomrents 

J
NO impurities considered 

Alternative structural 

materials and isotopic 

tailoring considered 

Gennan study of 316 SS 

Brookhaven Low Activation 

Alternative Blanket Study 

No impurities considered 

No impurities considered 

No impurities considered 

No impurities considered 

No impurities considered 

No impurities considered 

Reported here wi th 

helium coolant 

A25 

Impurities Specifically 

Incl uded 

Activity calculations 

not reported in deta i1 

Pre 1 iminary results 

Impurities in Al only 

incl uded 

not documented 

Ilo data 

No data 

References 

A36, A37, A38 

A46, A47 

A39, MO 

A4l-A45 

A2l 

A22 

A38, M8, M9 

A50-52 

A53, A54 

A58 

This Report 

A13 

A26 

A27 

A38, A59 

A8, A66, A87 

A60 

A6l 

A62, A63 

A64 

A65 

A66-A68 

A55-A57 

ABO 

A81 

A82 



and pressure vessels at the time of decommissioning provides useful informa
tion. The calculations for a typical PWR have just been published using the 
ORIGEN code(A85) and those for a BWR are expected within a year. In other 
words, fusion blanket activation and dose estimates using the codes listed in 
Table A-l are at least as sophisticated and complete (if not more advanced) 
as those for structural materials activation in a technology that is now 
c9mmercial. 

Developing detailed activation/dose calculations this early in the design 
of commercial fusion reactors will help avoid some of the problems that have 

occurred in fission technology. Maintenance and repair problems occasionally 
arise in fission power plants which were not considered during reactor design. 
Thjs has been a. major cause of long power outages because neutron activation 
products may prevent direct contact maintenance and repair. In some cases, the 
maintenance problems were overlooked because of a lack of detailed analysis of 
neutron activation. 

The problem of radiation exposure during maintenance and repair operations 
may be magnified for fusion, since major structures with complex configurations 
such as blankets, shields, and vacuum vessels will need to be periodically 
replaced on a routine basis. This will greatly increase the effort required 
for maintenance. Consideration of maintenance, component replacement, and 
decommissioning is therefore essential in fusion reactor design. Sophisticated 
analytical techniques are justified for fusion even during preliminary con
ceptual design studies for commercial power plants. 

CODE DATA NEEDS 

The primary deficiency in existing data for activation codes which numeri
cally calculate the production and decay of radioactive species is the avail
ability of isotopic, energy-dependent neutron reaction cross sections--not just 
for the stable nuclides but also for the radioactive species produced. While 
energy-dependent reaction cross sections are available up to 14 MeV for many 
stable isotopes, there are almost no measured energy-dependent cross sections 
for radioactive species (e.g., 58Co , 53Mn , 59Ni , 63 Ni , 94 Nb ). Activation 

inventories may be reduced by transmutation of long-lived radioactive species, 
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but until cross sections are available it is difficult to estimate the magnitude 
of this reduction. Efforts should thus be made in the comming years to include 
the radioactive species in cross section measurements after assessing which 
species are most affected by fusion neutrons. (a) 

Radioactive chain decay and isomeric states form a second major area of 
data needs. Isotopic chains and half-lives are well known and well under
stood. Fortunately, since one starts with stable nuclides, activation of 
structural material rarely leads to a chain with more than three species. 
The simplified model used in Section III neglects chain decay and isomeric 
states. As long as activation of radioactive species and burnup of stable 
nuclei are neglected, it is a simple matter to include chain decay. The 
biggest gap in knowledge today is in the branching ratios for production by 
fast neutrons of isomeric states (e.g., 98Mo + 99mMo or 98~o + 99Mo ). Some 

of the standard materials lie in the region of the "islands" of isomers (Nb, 
Mo, Tc). Fortunately 92mNb and 93mNb have only microsecond lifetimes and can 
be neglected in calculations. But if activation of either the long-lived 
92Nb or 94Nb (13.6 b thermal cross section) is included branching ratios must 
be known. (A48) Figure A-l shows the niobium decay chain and illustrates this 
point. 

CODE CALCULATIONAL DIFFICULTIES 

While differencing of Equation 4 and numerical time-step integration 
using matrix inversion is straightforward since most of the non-zero elements 
lie near the diagonal, difficulties are encountered for nuclides which have 
half-lives shorter than the time step used. To facilitate rapid convergence, 
short-lived isotopes should be treated separately and the Bateman equation 
solutions should be used as suggested in the ORIGEN code. (A10) A review of 
the accuracy and reliability of the various codes listed in Table A-l is 
impossible at this time because no two codes have been used to calculate the 

(a) Based on the results presented in Section III, Willenberg estimated that 
very few radioactive species may be burned up more than a few percent 
(e.g., 59Ni, 58Co, 53Mn). 
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same case nor are there any experimental data available against which to check 
the results. ORIGEN and CINDER have been extensively checked for LWR calcula
tions(A10) and are now accepted for licensing calculations. In the case of 
fusion calculations, it is not the codes that would cause uncertainty, but 
the uncertainty in the input cross-section data, some of which are available 
only from theoretical models or "guesstimates." In many cases the impurity 
concentrations in the structural materials are also unknown; some of these 
may contribute significantly to the activity and dose. (A86) 

CODE DESCRIPTIONS 

The primary differences between the various activation codes listed in 
Table A-l are their reaction libraries and decay chain libraries. Almost 

universally ANISN and the ENDF cross-section library are used. Hence the 
chief differences between codes lie in the extent of the activation and decay 
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libraries. The codes are restricted to the nuclides and reactions contained 
therein. GLUCKE(Al) and AKTIV(A5) are primarily intended for stainless steel. 
GLUCKE restricts its library to 68 reactions shown in Table 3 and put into 
"Chart of the Nuclides!! in Figure A-2. It and AKTIV are a part of the INDRA 
Neutronic and Photonic Program System developed by the Max-Planck-Institut 
fUr Plasmaphysik. (Al) The information flow diagrams for this system are 

shown in Figures A-3 and A-4. Somewhat similar, but less ambitious code 
diagrams for the DKR(A2-A4) and fusion ORIGEN package(AiO) are shown in 

Figures A-5 and A-6. The other codes, with the exception of ACT/ACTIVE(A5) 
which is for neutron burst applications such as pellet fusion (inertial 
confinement), all have similar formats but are specific to the user group's 
computational package. Hence the discussion below will be limited to differ
ences in the codes from the reaction chain indicated in Table 3 and Figure A-2. 

AKTIV 

The AKTIV library has 94 reactions for stainless steel, including isomeric 
states for Ti, Sc, V, Co, Mn, Cr, Ni and Fe. It does not include Al, C, Nb, 
Cu, Mo and Si impurities contained in GLUCKE or in the studies by Gruber and 
Schneider(A6l-A63) at the Hahn-Meitner-Institut fUr Kernforschung which also 

include 0, N, Ti, Ta, S, P, As and B impurities. AKTIV includes neutron 
reactions with radioactive nuclides 49V, 53Mn , 54Mn , 55 Fe , 60Co , 59Ni and 
63Ni , but not 52V, 51 Cr , 55Cr , 53Fe , 59 Fe , 57 Co , 58Co , and 63Ni shown in 

Figure A-2. AKTIV does not include(n,y) reactions for 51 V, 50Cr , 52Cr , 53 Cr , 
54Cr , 56Fe , 57 Fe , 60 Ni , and 61 Ni which are in GLUCKE and surprisingly has 

no reaction for 59Co which is the only stable isotope of that impurity in 
stainless steel. The additional 70 reactions not in the GLUCKE library are 
primarily those for (n,a), (n,d), (n,n'a), (n,t) reactions not considered in 
GLUCKE and those with radioactive nuclides. Unfortunately, no computations 
using AKTIV have been reported to compare with the results in Section III, 
the results of the DKR code, and those of Gruber and Schneider for stainless 
steel. While the library of reactions is more extensive, the omissions in 
AKTIV and the exclusion of impurities may make it not as useful as thought. 
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The DKR code library used in the UWMAK studies contains many of the 
same isotopes as the GLUCKE library (additions being 13c, 160, 207,208pb , 
182-l86W, and 94Mo ). Its reaction library is more extensive for each isotope 
as it includes (n,a), (n,t), (n,d) and (n, nla) reactions, for a total of 
121 different reactions. The code has a few isomeric states in the library 
(60mCQ, 99mTc , 95mNb , and 93mNb ), The code uses only linear decay chains 

to avoid the problem of matrix inversion. A simple recursion relation is 
thus possible to use when Equation 4 is put in numerical form. This eliminates 
the possibility of including transmutation of a radionuc1ide if the daughter 

is not a member of the chain or if the chain branches to an isomer. The DKR 
code has been used extensively not only at Wisconsin but at Argonne, and used 
some at GA. Its calculational procedure is shown in Figure A-5. 
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ORIGEN 

Smith and Parish(A53,A54) modified the input library cross-section data 

for the ORIGEN code so that it could do fusion activation calculations. 
Their calculational procedure is shown in Figure A-6. ORIGEN takes only 
three neutron energy groups rather than the full ANISN output so it is 
necessary to provide a weighted one; two; or three-group set. While the 
library Smith constructed was very limited and included only (n~y» (n,2n), 
(n,3n), (n,a), (n,n'a), (n,p), (n,d) and (n,t) with the stable isotopes of 
Fe, Ni and Cr, and those stable nuclides formed by decay from the initially 
stable Fe, Ni, and Cr, their solution represents a contribution in displaying 
the potential of a code which will be available to most researchers. Smith 
and Parish did not include impurity elements in stainless steel, but ORIGEN 
has been run for LWR and LMFBR flux distributions for the important impurities 
and this library can be easily modified to include the fast neutron reactions 
above the fission spectrum. An alternate but equivalent code is the LASL 
CINDER code prepared for EPRI. This code will also be widely available in 
the near future. 

INDRA 

The INDRA(Al) code package shown in Figure A-3, which contains the sub
program GLUCKE used in this report, is a complete package which also calculates 
gamma fluxes (as is ANISN). As it stands, however, INDRA does not contain a 
subprogram which calculates time-dependent activation. This is the purpose 
of AKTIV, but as noted AKTIV's library currently does not include all the 
blanket elements in the INDRA library. 

MATEXP 

The MATEXP(A9) code is a general purpose numerical matrix inversion 
code which solves Equation 4. As such, it has been used in the codes such 
ORIGEN and AKTIV. Gruber and Schneider have adapted MATEXP for fusion 
activation calculations by adding subprograms for data input: ATOM to 
calculate atom densities, IWAM-l to interpolate cross sections, and DOSIS to 

calculate gamma doses. The code documentation, in German, does not indicate 
how the subprograms are coupled together or neutron energy group data (99 

A-13 



groups), or how the reaction library is kept in the code. A complete map 
of reactions similar to Figure A-2 is documented but these are displayed by 
groups and not as a full "Chart of the Nuclides" matrix like Figure A-2. 
When many reactions are included, the "Chart of Nuclides" flow diagram 
becomes so complex it is necessary to break it apart this way for clarity. 
The Gruber and Schneider library contains 240 nuclides from 3H to l83W. Over 
250 reactions with stable and unstable nuclides are included. The library is 
thus more complete than the other codes and includes most impurities encountered 
in structural material. 

ACTIVE 

The Japanese have written a matrix inversion code called ACTIVE(A87) 

to calculate blanket, structural and magnet activation rates in the JAERI 
Demonstration Fusion Reaction (JDFR). The documentation on this code is 
limited and not all translated to English. The actual code documentation 
(Reference A7) could not be obtained in the U.S. to review but portions 
of it are contained in several reports and papers in the open litera
ture(A8,A66,A83,A87). From these publications the ACTIVE reaction library 

appears to contain a fairly complete reaction set for the isotopes of stain
less steel (Cr, Fe, Ni) without impurities, B4C, Pb, and concrete-shield 
materials (no impurities), Cu and Nb normal and superconducting magnets. Of 
the calculations reviewed, the set of materials included in the JAERI activa
tion and dose modeling of a demonstration power reactor is perhaps the 
closest to a real design of all the studies (see Reference A87, pp. 18-19) 

and the numbers calculated compare to those calculated in this report for 
the total activity, first wall and shield contact dose using GLUCKE. 
Unfortunately full details of the calculations were not available for review 
and some inconsistency between the reaction diagrams and equations were 
noted in the report which gives some details in English (text mostly in 
Japanese). (A8?) 

Figure A-7 shows the information flow diagram for the ACTIVE-ANISN 
package. Gamma transport is treated by feeding the ACTIVE results into a 
subprogram, SOURCE which calculates the gamma ray source in the various 
zones of the reactor. 
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Other Codes 

The ACT/ACTIVE code(A6) was written at Livermore originally for under

ground neutron testing and PLOWSHARE projects. It has been adapted recently 
to inertial confinement fusion. ACT calculates the fast neutron flux reactions 
solving for them using the IO-MEG code. Ground states and isomeric states for 
(n,3n), (n,2n), (n,y), (n,p), and (n,a) reaction are included. Time steps 
are taken for less than 2% burn-up of the sum of all isotopes. ACTIVE uses 
the 2-D thermal flux results from TART. No published data is available on 
the activation library. 

The Princeton Plasma Physics Laboratory has developed an activation 
code, TCAP (Transmutation Chain Analysis Program) which utilizes MATEXP. The 
chain library is not documented and the code and library have recently been 
destroyed with the departure of Dr. Price from Princeton. A code was 
developed at General Atomic, GAMACT, (A13) to calculate gamma ray produc-

tion from ANISN results to then be fed back into ANISN to calculate gamma 
transport. No documentation on the code has been obtained to date. The 
code is a point code and being replaced by the OKR code. 

Los Alamos has done blanket structural calculations for the Reference 
Theta-Pinch Reactor (RTPR)(A55-A57) and developed a code package to fit into 

the OTF-IV neutron transport code. The activation code (TR3A) itself is not 
documented in the available literature but some of the activation chains 
included are in the publications. 

Finally, Culham has developed a code for transmutation calculations of 
fusion blanket structures. (A60) The code was not available for review and 
the published literature is sketchy on the activation chains for PE-16 and 
Nb. 

SUMMARY 

The transmutation and dose codes available for fusion blanket structural 
material and shield calculations have been reviewed. While individual codes 

are centered around standard neutron transport codes such as ANISN, there is 
a wide diversity in the transmutation and decay chain libraries that have 
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been developed. An effort now needs to be made to develop a universally
accepted library and to "standardize" the reaction set included. Particularly 
needed is an effort to obtain an energy-dependent set of cross-sections for 
the transmutation of selected radionuclides (analogous to the Xe and Sm 
burnup in fission reactors). This report has indicated that calculations 
using simplified analytical solutions not including burnup of the parent 
and daughter nuclides provide reasonably accurate results. However, this is 
totally dependent on having good input cross-sections, including important 
reactions and impurities. It is difficult to obtain initial concentration 
data on impurities as they are highly dependent on the process used to 
make the structural materials, on the raw materials used, and the techniques 
employed to control impurities. Manufacturers are reluctant to release data 
on impurities as they vary significantly from batch to batch and to date no 
procedure to include trace element analyses as a routine part of the QA has 
been initiated. This suggests that a research program using a 14 MeV neutron 
source be initiated to measure trace elements in various proposed structural 
materials using neutron activation analysis . 
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