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I. Introduction

One of the major obstacles to the successful operation of a nuclear

fusion power reactor will be the ability of its structural components to with-

stand the extremely harsh radiation damage environment and to maintain structural in-
tegrity over an extended period of time. A flux of 14.1 MeV neutrons and charged
particles from a D-T plasma incident on the first structural wall around the

plasma will cause such mechanical property degradation and erosion of the first
wall that it will have to be replaced after a certain amount of time. Several
studies have concluded that the periodic replacement of a 316 SS first

structural wall might take place at intervals anywhere between 2 to 5 years

under typical 1-5 MW/m2 neutron wall 1oad1ngs.(1'3) One economic assessment

study of fusion reactors concludes that for the UNMAK—I(4) and UNMAK-II(S)
reactors cost of electricity is significantly increased with decreasing first
wall 11fetime.(6) In fact, it was shown that in these reactors

the cost of electricity increased over the 10-year first wall Tifetime

value by 17-28% if the wall life is only 2 years and 35 to 65% for a wall life of
one year. Therefore, it is apparent that a great incentive exists for
seeking ways to increase the first wall 1ifetimes. It has been shown

that one way of obtaining higher wall lives is by placing passive shields

between the plasma and the first wa11.(7'9) It has been demonstrated that a
graphite shield reduces both the displacement damage and the gas production

rates in the first structural wall. For example, some slab geometry calculations
for the non-breeding blanket structure of references 8 and 9 showed that a

12.5 cm thick carbon shield reduces the displacement rate in various metallic

first walls by a factor of 3 to 5 in a DT or DD fusion neutron environment.



When the graphite thickness was 1ncfeased to 25 cm, the factors of reduction
in the displacement damage varied between 8 and 20 in the various first

wall materials and the two plasma cycle systems. The passive shield
employed was given the name ISSEC,’for Internal Spectral Shifter

(7)

and Energy Converter.

It was shown in references 8 and 9 that the helium and hydrogen production
rates in the various first wall materials were also reduced when protected
by an ISSEC. In fact, gas production rates were lowered by factors of 7 to
14 when a 12.5 cm thick carbon ISSEC was used. With a 25 cm shieid the gas
production rates in various first wall materials dropped by factors of 17
to 80 over the unprotected wall case.

Depending on whether the isotopes responsible for the first wall radioactivity are
produced as a result of fast or thermal neutron activation, the first wall radio-
activity either went up or down with increasing carbon shield thickness. It was
found that at shutdown, the radioactivity in 316 SS, Al and Nb first walls was reduced
with increasing carbon thickness while the activities in V and Ta were increased.

Long term radioactivity displayed the same trends in Al, 316 SS and Ta as did
short term radioactivity. However, the long term activity in Nb increased and

that in V decreased with increasing shield thickness.



In previous studies two concepts of an ISSEC have been investigated;(8’1o)
the full ISSEC and the partial ISSEC. In the full ISSEC concept, the shield
extends all the way around the plasma and the plasma is never exposed directly
to the first wall. In the partial ISSEC concept, the spectral shifter is
used to protect only the inner blanket, nearest to the axis of a Tokamak where
access and maintenance is most difficult. From a neutronics point of view,
it does not make much difference whether the protected wall is behind a full ISSEC
or partial ISSEC; it is the thickness of the ISSEC that is important. One
added advantage of a partiail ISSEC, however,is that it allows larger thicknesses of
shield to be used because now the ISSEC is cooled from both sides by radiation
and the temperature Tlevel is not as high as in the full ISSEC case for the
same thickness of material. It was shown that a partial ISSEC can employ up
to 30 cm of carbon without exceeding a 2000°C temperature iimit compared to 7 cm for
a full ISSEC.(]O) A 2000°C temperature Timit was imposed on carbon because at
that temperature the vapor pressure of carbon becomes comparabie to the pressure in the
vacuum chamber of a Tokamak, i.e. -~ 107> torr.

In this paper we expand the ISSEC concept to the area of high temperature refractory
metals. We also study the effects in a more realistic cylindrical geometry blanket model
and include the effects of breeding tritium. Furthermore, we deal
with the more realistic mechanical and heat transfer design characteristics
of ISSECs. The layout of the paper is as foiiows. In Chapter II, a description
of the way the calculations were carried out is given and the model blanket
design used in this study is presented. Chapter III shows how various ISSECs
affect the 316 SS first structural wall radiation damage parameters. Chapter IV
outlines the effects of ISSECs on the parameters characterizing the whole

blanket, e.g., tritium breeding ratio, energy multiplication, radioactivity.



In Chapter V we elaborate on the radiation damage inside the ISSECs themselves.
Chapter VI investigates how an ISSEC might mechanically be constructed as

well as the associated heat transfer and stress problems. Chapter VII

details some other considerations that might affect the choice of an ISSEC
material. For example, it deals with the cost and availability, vacuum
properties, chemical activityssputtering, and thermal shock properties.

Conclusions from the study are given in Chapter VIII.

Finally, we have Timited our discussion to a fuii ISSEC oniy and we

did not consider such aspects as internai breeding, as it is treated e1sewhere.(7)



II. Calculational Procedures

The one-dimensional, homogeneous, cylindrical geometry, model blanket
design used in this study is shown in Figure II-1. A variable thickness
ISSEC zone was placed between the plasma and the 316 SS first structural
wall. A density factor (D.F.) of 1.0 was used for neutronic calculations
although in practice a density factor of somewhat less than 1.0 would be
reasonable, especially for carbon. This would result in a thicker ISSEC
region. However, the neutron "optical" thickness would be the same in both
cases. The materials studied for an ISSEC were carbon, molybdenum, njobium,
vanadium and tungsten.

The first wall material used in all cases was 316 SS with 1 cm thickness
at a D. F. of 0.5. The first wall is followed by a 60 cm thick breeding zone
composed of 95% natural Tithium and 5% 316 SS for structural material. Behind
the breeding zone is a 30 cm thick reflector zone with a composition of
95% C and 5% 316 SS. Both the breeding zone and the reflector zone have a
D.F. of 1.0 although in reality in the reflector zone a D.F. of less than
1.0 would be more appropriate to take into account the coolant passages.

To simulate the final shield albedos of 0.05, 0.10, 0.20, 0.25 were used

for neutron groups 1 through 5 (9 to 14.9 MeV) of the 46 group energy structure
shown in Appendix A, respectively. An albedo of 0.3 was used for neutrons of lower
energ¥ﬁe nuclear performance of this type of reactor design was studied by

solving the discrete ordinates form of the neutron transport equation for

a cylinder using the ANISN(]])

(12)

program with a 54—P3 approximation. It has
been shown elsewhere that this approximation is adequate to predict integral
parameters such as tritium breeding and gas production rates to within

approximately 2% of a higher order calculation like the S]G"PS’
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The neutron and gamma production cross sections were obtained as a
coupled set of 100 neutron groups and 21 gamma groups produced for EPR
ca]cu]ations.(]3) This data set was generated with the AMPX modular code
system(]4) from nuclear data in ENDF/B-IV. The only exception is Nb where
evaluation of the cross sections is based on ENDF/B-III data. (Previous
calculations in references 7 to 10 were all based on ENDF/B-III data).

Due to the costs and computer memory limitations, the 100 neutron group
cross sections were collapsed to 46 groups keeping the same fine group
structure above 2 MeV as in the original set. The 46 group neutron and
21 group gamma interaction cross sections' group structures used in these
calculations, are given in Appendix A.

Neutron kerma factors were generated using the MACK program(]S) based on
data in ENDF/B-III. The gamma kerma factors were calculated using the MUG(16)
code and ENDF/B-III data.

The displacement cross sections were calculated from a computer code

(17,18) except the displacement cross sections for carbon were from

developed by ?orgn
The values used in these calculations are given in

W. C. Morgan.
references 8 and 9.

Radioactivity calculations have been performed with the DKR(ZO) code.
DKR is a special program developed at the University of Wisconsin for radio-
activity calculations in fusion reactors. It constructs linear decay
chains and solves them to compute radioactivity, biological hazard potential
(BHP), and afterheat using the fluxes calculated by ANISN and nuclear data
from Decay Chain Data Library (DCDLIB).(Z])
The heat transfer problems involving thermal radiation

(22)

23
were solved using the program HEAT. A simpler finite element code FEMZD( )

was used for problems involving conduction only. For radiation problems,



all radiative surfaces were assigned emissivities of 0.9 keeping in mind
that metal surfaces would have to be painted black or carbon coated to
achieve an emissivity that high. Other thermal properties data used in

the calculations are given in Table VI-2 in Chapter VI. 1In all cases, a
first structural wall temperature of 500°C was assumed. However, the ISSEC
temperatures are not very sensitive to this choice.

A1l results are normalized to 1 MW/m2 neutronic wall loading, i.e., 1 MW
of neutron energy passing through the first wall (or inner ISSEC surface) per
m2 of area. A surface heat load of 4 W/cm2 was taken assuming there would be
a divertor to reduce the charged particie fiux incident on the first wail or
inner ISSEC surface. The heat flux number is consistent with calculations

reported for UNMAK-1T¢®) and uwmak-111.(24)



III. Effects of ISSEC on the 316 SS Structural First Wall

II1-A. Reduction of Displacement Damage in the First Wall

The first wall neutron spectra obtained using the anzsn{(1T) program in the
cylindrical geometry of the model blanket shown in Figure II-1of Section II is
combined with the 316 SS displacement cross sections, to yield the displacement
rates shown in Figure III-1. The absolute values of the displacement rates,
in units of dpa per 1 MW/m2 neutronic wall Toading per year, are plotted
as a function of increasing ISSEC thickness for five different ISSEC
materials. As can be seen in Figure III-1, tungsten is most effective
in reducing the displacement damage in the first wall while carbon is
Teast effective. In fact, we can see from the figure that the higher the
atomic number of the ISSEC material, the more effective it is. This is mainly
due to the higher neutron inelastic cross sections of higher Z
metals at high neutron energies .

Factors of reduction in the displacement rates in the 316 SS first wall
vary between 2 for C and approximately 5 for W for a 10 cm thick spectral
shifter. These reductions are much higher for a 25 cm ISSEC varying
between approximately 5 for C and approximately 50 for W. The significance
of this observation is that if the wall life is predominantly determined by the
level of the total displacement damage, then one might extend the wall
lifetime due to radiation damage alone by factors of 2-50.

The displacement cross sections for various elements have recently
been recalculated with proper inclusion of charged particle-out reactions
[(n,p), (n,0), etc.] and using the ENDF-IV dat? tHer than ENDF-III as

(17)

in previous calculations. The newer calculations show the displacement cross
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sections to be higher than the old ones at high neutron energies. These
newer cross sections were available to us after the bulk of calculations for
this paper were finished. How the displacement rates in the 316 SS first

wall are affected by them is briefly explained in Appendix B.

ITI-B. Reductions in He and H Production Rates

The effects of 5 different ISSEC materials on the helium and hydrogen
production rates in the 316 SS first wall are shown in Figures III-2 and
III-3 respectively. The gas production rates are given in terms of appm per
1 MW/m2 neutronic wall loading per year. The absolute effect here is more
pronounced than in the case of displacement damage. This is due to the
fact that gas production cross sections have the threshold reactions which
occur above 2 MeV whereas the displacement cross sections are continuous
from thermal energies.

The factors of reduction in helium production rates in the first wall
vary between 3.2 for C and 12 for W for 10 cm thickness and between 12 and 275
for a 25 cm ISSEC of the respective materials. Similar reductions are seen

in the hydrogen production
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rates. The helium production rates shown in 316 SS do not include thermally

58

produced a's from the Ni““(n,y) Nibg(n,a) reaction sequence, but as was shown

earlier in the case of a D-T p]asma(g) thermaily produced helium

constituted less than 18% of total helium production in a 316 SS first waii
protected by a 12.5 cm carbon ISSEC up to 5 years of operation time. After

1 year, it was 4% and after 20 years of continuous operation that number

was 46%. Considering the differences due to 1.) geometrical effects between the
slab geometry calculation of reference 9 and cylindrical geometry calculations

of this study, 2.) differences in blanket structures and 3.) the effectiveness

of metals versus carbon in softening the neutron spectrum, the absolute values given
in Figure III-2 for helium production might be too low by 5-10% for a 10 cm

ISSEC thickness and somewhat lower for greater thicknesses.

III-C. Radioactivity and Afterheat

The ISSECs can change the neutron induced radioactivity in the first
structural wall. Since most of the activity of 316 SS is the result of trans-
mutations due to high energy neutrons, the presence of an ISSEC reduces,
to varying degrees, the activity of the first wall. However, at long times
after shutdown when only a few nuclides dominate the radioactivity, the
activation due to thermal neutrons may cause a deviation from this trend.

At shutdown, the major contributors to the radioactivity of the 316 SS

first wall are 55Fe(t]/2 = 2.6 yr), 56 o]

58 54

Mn ( = 2.6 hr), ~Cr( = 27.8 days),

Y2 ty/2

Co( = 71.3 days), Mn(t]/2 = 303 days); these contribute more than 85%

/2
of the total activity in the case of an unprotected wall. After one year of decay,

55Fe alone contributes greater than 80% of the radioactivity. Other radioisotopes such



54 57

60
as = 'Mn, Co(tU2 = 270 days),

58
Co(t]/2 = 5.26 yrs) and Co contribute

18% of the radioactivity. The major contributors to 316 SS at 100 years

after shutdown are long half-life radioisotopes; 93

93m

Mo ( = 1000 yrs.),

ty2

63 (

Nb(t]/z = 13.6 yrs, from B+ decay of 93Mo) and “Ni = 92 yrs).

t1/2
Tables III-T, III-2 andIII-3 show the changes in the first wall
radioactivity, biological hazard potential (BHP)in air, and afterheat respectively,
at various times after shutdown for different ISSEC materials and thicknesses.
At shutdown and until 1 year after shutdown, tungsten is the most
effective ISSEC material to reduce the first wall radioactivity, mainly
because of its absorption and inelastic scattering properties. A factor of 10
reduction of the activity in the first wall can be achieved by tungsten of 10 cm
thickness.
Tungsten is followed by molybdenum and niobium which are nearly
the same in reducing the radioactivity. They reduce the activity by a factor
of 3 for an ISSEC of 5 cm thickness and by a factor of 7 for 10 cm of
material. The vanadium ISSECs of 5 cm and 10 cm thickness reduce the
activity by factors of 2 and 4 respectively. Carbon is the least effective
one in reducing the activity among these materials. The activity reduction
of carbon is a factor of 1.8 for 5 cm thick case and a factor of 2.5 for 10 cm
thickness. At 100 years after shutdown, the activity reduction due to
ISSECs is not as great as at shutdown and the differences among these materials

become smaller. One interesting fact at this time is that the activity of the

6

first wall actually increases as the carbon thickness increases because of 3Ni

62N1’ by an (n,y) reaction.

produced from
By the same token, the BHP and the afterheat of the first wall decreases

in the same proportion as the radioactivity decreases.



ISSEC

Material

No ISSEC
C

Mo

Nb

Table III-1 Specific Radioactivity of First Wall* (Ci/cm3)

ISSEC

Thickness

5 cm
10 cm

5cm
10 cm

5 cm
10 cm

5 c¢m
10 ¢cm
5 cm
10 cm

Time After Shutdown

0
75.89

43.41
29.99

23.14
9.71

19.91
7.20

24.02
10.14

31.83
18.00

1h

66.12

37.44
25.77

19.85
8.30

17.10
6.17

20.65
8.70

27.52
15.27

52.59

28.29
18.28

15.57
6.31

13.47
4.74

16.39
6.78

20.85
10.20

* 2 years operation, 1 Mw/m2 neutron wall loading

1y

22,47

11.54
.79

(8] N oY

el

.40
.40

.60
.85

.87
.70

.68
.97

100 y

—_ N - —_ N o N w

—_—

.37x10°

.72x10°
.64x10

.95x10_
1.08x10

.21x10°
.72x10

.34x10°
.89x10

.27x1073
.55x10



ISSEC

Material

No ISSEC
C

Mo

Nb

Table I11-2  Specific BHP of First Nall* (km> of air/W-cm)

ISSEC

Thickness

5 em
10 cm

5 cm
10 cm

5 ¢cm
10 ¢cm

5 cm
10 cm

5 cm
10 ¢cm

Time After Shutdown

0
67.80

38.39
23.43

17.87
6.45

16.14
5.29

20.31
7.92

26.99
14.44

1h

66.53

37.61
22.92

17.49
6.30

15.79
5.16

19.89
7.75

28.59
14.01

1d

58.45

33.14
20.05

15.29
5.47

13.79
4.49

17.41
6.75

24.84
11.86

* 2 years operation, 1 Mw/m2 neutron wall loading

T Mo

42.33

24.44
14.95

10.96
3.88

9.87
3.18

12.48
4.81

17.83
8.44

18.36
10.19

—_

W~ Ny o —

.76
.67

.32
.39

.45
.09

.78
.67

100 y

3.66x1073

3

3.18x10 5

1.02x10°

1.42x1073
7.27x10

1.28x1075
5.68x10™"

1.54x107;
9.02x10

3

2.11x10 3

1.57x10°
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IV. Effects of ISSEC on the Totai Bilanket

We will be concerned here with only three parameters out of the many that
characterize a certain type of blanket. These parameters are the tritium
breeding ratio, energy multiplication (total energy available per fusion
event) and radioactivity.

IV - A) Tritium Breeding Ratio

In figure IV-1 the total breeding ratio in the model blanket of
figure II-T is plotted as a function of increasing ISSEC thickness for five
different ISSEC materials. Other dimensions and compositions of each region
in figure II-1 were kept constant. We see from figure IV-1 that the breeding
ratio is less in an ISSEC protected system than in systems with no ISSEC.

The reason for this is that when an ISSEC is placed between the plasma and

the first structural wall, the lower energy spectrum reduces the Li-7 (n,n'T)
reaction rate and there are generaliy fewer neutrons avaiiabie in the breeding zone to
breed tritium by Li-6 (n,T). Some neutrons interact in the ISSEC either through
high energy or low energy reactions and convert their kinetic energy to heat
energy or gamma energy which later gets transported by photons to be absorbed

in the blanket. Also the amount of thermal neutron capture increases in the

first wall and the structure as the ISSEC thickness increases. If an ISSEC
material has a high (n,2n) reaction cross section, that helps the neutron in-
ventory in the breeding zone a bit and the breeding ratio does not drop as

fast as it would just due to the neutron energy degradation. Such is the case
with vanadium, and molybdenum ISSECs. On the other hand, carbon, the material
with the Teast parasitic absorption cross section, does not produce as much T

as does a vanadium ISSEC (up to about 20 cm thickness) because of the high (n,2n)
cross section of vanadium. Beyond a 20 cm thickness it appears that the thermal
neutron captures in vanadium outweight the (n,2n) reactions and the breeding ratio

in the vanadium ISSEC case drops below that in the carbon ISSEC case.
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Similarly a molybdenum ISSEC system has a higher breeding
ratio than a carbon ISSEC system up to about 8 cm of ISSEC thickness.

The maximum useful thickness of an ISSEC in a certain blanket might be
Timited by the amount of breeding required. For example, in our model! blanket
of figure II-1, if we require a minimum breeding ratio of 1.0, the maximum
thickness of a carbon ISSEC is Timited to ~13 cm, vanadium ISSEC to ~18.5 cm,
molybdenum ISSEC to 10 cm, niobium to 8.5 cm and tungsten ISSEC to about 6 cm.

IV-B. Energy Multiplication in the Blanket

Table IV-1 lists the nuclear heating by neutrons and gammas and gives
the total energy deposited in the blanket (including the 3.52 MeV o energy)
per fusion event in the various designs studied.

It is seen from this table that a carbon ISSEC reduces the total energy
deposited in the blanket per fusion event by 3-4%. Neutron heating is some-

what reduced ( fewer exothermic Li-6 (n,T) reactions and more endothermic reactions in

carbon) and the gamma heating is increased compared to the no ISSEC case. This
reduction in neutron heating and increase in gamma heating is more
apparent in metal ISSEC cases. Vanadium ISSECs aiso reduce the totai energy
output of the blanket per fusion as do the carbon ISSECs. The reason for
that is the endoergic neutron reactions in vanadium.

For the caseof metal ISSECs most gammas are born in the ISSEC itself.

W. F. Vogelsang and E. Ramer (27)

point out that the importance of a unit gamma
source at the inner part of a blanket for a dose at the outer edge of shield

is negligible compared to the importance of the same source in the outer

part of the blanket. Therefore, the jncrease in the gamma heating

of the blanket should not pose problems from a shielding point of view. It is
apparent from the results in Table IV-1 that for the same neutronic wall

loading,a reactor with a molybdenum ISSEC wiil have a higher thermai

power output than reactors either with no ISSEC or C, Nb, V or W ISSECs. A
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Table IV-1
Nuclear Heating in the Model Blanket and ISSEC Used in this Study

rﬂiiiﬁm Tm;ssrsc Neutron (a) , Gamma (a) Total Energy (a,b
ckness (cm) Heating (MeV) Heating (MeV) Per Fusion (MeV)
No ISSEC 12.9 3.2 19.6
c 5 12.4 3.2 19.1
10 12.1 3.3 18.9
25 1.8 3.6 18.9
Mo 5 9.4 8.5 21.4
10 6.9 12.6 23.0
25 2.6 20.3 26.4
Nb 5 8.8 7.6 19.9
10 6.7 10.3 20.5
25 3.2 15.3 22.0
v 5 10.2 3.9 17.6
10 8.8 4.8 17.1
25 6.2 8.8 18.5
W 5 7.7 9.2 20.4
10 4.6 13.0 21.1
25

(a) Per neutron born in plasma
(b) Includes 3.52 MeV o energy
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vanadium ISSEC system will have the least output power. The significance
of this is that if all the results in this paper were to be normalized per
megawatt of thermal power (thh) output, a molybdenum ISSEC system would
have the additional advantage of running at a lower neutronic wall loading,
and consequently a higher ISSEC thickness would be allowed.

IV-C. Radioactivity, Biological Hazard Potential, and Afterheat of Blanket

Total radioactivity of the blanket (including the ISSEC) strongly
depends on the choice of ISSEC material, because the ISSEC, which protects
the first wall from high energy neutrons, is itself subject to the neutron
activation and may show high or low activity.

Total blanket activities are shown in Figs. IV-2, IV-3 and IV-4.
Compared to the no ISSEC case, the amount of totai radioactivity at shutdown is
slightly decreased in a carbon andvanadium ISSEC protected blanket while in the tungsten,
molybdenum and niobium ISSEC cases it increases.

After 10 years of decay, the radioactivity for all cases falls in the
same order of magnitude. The activity of molybdenum is the highest, followed
by niobium, and the other three cases in decreasing order, after 1000 years
of decay. The BHP of the blanket at shutdown is highest for the tungsten ISSEC case
and less for molybdenum, no ISSEC, carbon, vanadium and niobium ISSEC cases in
decreasing order. At 1000 years after shutdown, the BHP and radioactivity curves
look similar in trend. As can be seen from Figure IV-4, the afterheat of the
blanket is about the same in all cases except at long times after shutdown it falls
in line with radioactivity. The activity of the various ISSECs themselves will

be discussed in the next chapter.
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V. Radiation Damage in ISSEC

V-A. Displacement Damage and Gas Production

While the radiation damage in the first structural wall is being
reduced to Tevels discussed in Section III, the ISSEC itself encounters
the same sort of high energy neutron fluxes that the first wall would
without an ISSEC. That gives rise to the dpa rates on the order of 8-13
dpa/yr and helium production rates on the order of 20-2400 Appm He/yr (the
high number being for carbon) per 1 MW/m2 neutronic wall loading in the
front few layers of an ISSEC.

Dpa rates, helium and hydrogen production rates in the five ISSEC
materials as a function of distance into the ISSEC are tabulated 1in
Tables V-1 and V-2, V-3, and shown in Figures V-1 and V-2, respectively.

The amount of helium generated in carbon may be somewhat overstated
here, because the (n,n') 3a reaction cross sections used for carbon (as
listed in ENDF) are actually the sum of (h,n') continuum and (n,n')3o0.
Nevertheless, the helium generation rate in carbon is expected to be
much higher than in metals. It was originally thought that this much
helium could coalesce to form large bubbles and cause considerable
dimensional changes and tearing. But some recent experiments tend to
show that heljum generated in carbon may in fact diffuse out at T>800°C with almost

100% efficiency without any build-up inside.(28'3o)

The bulk radiation effects in carbon and graphite have been reviewed else-

(31-40)

where and will not be covered in detail here. Basically, carbon or graphite

goes through two stages during bombardment with neutrons. The first stage is
shrinkage by different amounts in volume and the second stage is expansion. In

most data reported to date on the dimensionai changes in carbon and graphite

with neutron irradiation, the reversal from shrinkage to expansion takes place

2 2 (

at fluences of about 1-2 x 102 n/cm” (5-10 dpa) at temperatures of 800-1400°C.

Above 1400°C, the fluence required for runaway swelling is not certain at this

(41,42) However, the bulk of the data predicts a lower damage rate at the

(

time.
higher temperatures. 42) The surface effects regarding carbon and graphite will

be examined in Chapter VII.
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Table V-1

Distance From
Front Surface

(cm)

0
5
10
15
20
25

** not available

jo

8.60
6.50
4.91
3.71
2.80
2.26

Mo
9.73
5.41
3.16
1.18
0.95

0.47

dpa/MU-yr per m

2

Nb
8.37
4.71
2.91
1.81
1.07
0.62

12.5
7.94
5.28
3.52
2.25
1.50

|=

NA**
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Table V-2

Distance From
Front Surface (cm)

0
5
10
15
20
25

2340
1245
715
435
275
190

Appm He/1 MW-Yr neutronic

m2

Mo Nb v

43.0 21.8 54.5
12.7 6.9 21.4
4.84 2.75 9.83
2.06 1.23 4,98
0.91 0.58 2.65
0.49 0.33 1.63

|=

3.71
0.91
0.30
0.11
0.04
0.02
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Table V-3

Distance From
Front Surface (cm)

0
5
10
15
20
25

None

Appm H/1 MW-Yr neutronic
Wil

m

Mo
70.5
20.9
7.96
3.39
1.50
0.80

Nb
71.3
22.7
9.05
4.06
1.93
1.12

=<

91.3
36.4
16.9
8.66
4.69
3.02

|=

7.98
1.95
0.65
0.23
0.084
0.036
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The effect of the displacement rates and gas production rates as listed
in Tables V-1, V-2 and V-3 on the metal ISSECs are not known, especially at
temperatures of 1500-2000°C. It is expected that at such high temperatures point
defects such as vacancies and interstitials may anneal out or recombine quickly,
and insoluble gas atoms will form bubbles. The lack of void swelling will be
countered by the swelling due to gas bubbles and the net effect is also
unknown at this time. However, an ISSEC, being a non-structural non-load
bearing member, could operate with some deformations and cracks. As will be
discussed in Chapter VI, if the ISSEC could be constructed in such a fashion
that it is free to expand in all directions, tolerance 1imits might be

quite liberal.

V-B. Radioactivity, Biological Hazard Potential and Afterheat of ISSEC

As discussed earlier, the ISSECs generally reduce the first wall
activity while they themselves become active. The amount of activity induced
in the ISSEC varies greatly depending on the ISSEC materiai. The activities
of different materials for 5 cm ISSECs areshown in Figs. V-3, V-4, and

V-5 with those for the first wall without an ISSEC.

6

One observation is that the activity of carbon, mainly from “He

(t]/2 = 0.8 sec), is three orders of magnitude Tower than that of the
others at shutdown. After one minute, the activity is dominated by
]40 (‘c]/2 = 5730 yr) whose magnitude is six orders lower than the
shutdown value of carbon.

The intensity of radioactivity at shutdown is highest for tungsten
with molybdenum, niobium, and vanadium foiiowing in decreasing order. This order

changes to tungsten, niobium, vanadium, and molybdenum after 1 year of

decay. After 100 years, both molybdenum and niobium show the long-term
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activities, and with the molybdenum level only three orders of magnitude
Tower than that at shutdown.

Table V-4 lists the radioisotopes (and their half lives) that are
major contributors of radioactivity in ISSEC materials at various times
after shutdown.

The biological hazard potential (BHP) of the ISSEC generally follows
the behavior of radioactivity. BHP is another measure of radiological
hazard by weighting the amount of radioactivity with the maximum permissible
concentration of each radioisotope. The long-term BHP is governed by

93 93Myb in the niobium ISSEC.

Mo in the molybdenum ISSEC, and
The afterheat of the various ISSECs at shutdown varies among vanadium,

molybdenum, tungsten, and niobium in decreasing order, and after 1 year

of decay the order changes to tungsten, vanadium, molybdenum, and niobium. Beyond

100 years, only nijobium and molybdenum show any afterheat, but at relatively

minor levels.
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VI. Mechanical Design and Heat Transfer of fSSEC's

An ISSEC (Internal Spectrum Shifter and Energy Converter) is envisioned
as some passive non-structural member placed between the plasma and the first
structural vacuum wall. In the process of softening the neutron spectrum, a
considerable amount of heat will be generated inside an ISSEC. This heat, pius
the heat incident on the front surface of an ISSEC due to ions and electromagnetic
radiation originating in the plasma, will have to be transferred to the
blanket behind. We considered two processes by which heat could be trans-
ferred from an ISSEC to the first wali. They are thermai radiation and simpie
conduction mechanisms. For the present we have excluded any active cooling
schemes for ISSECs.

For reasons of simplicity in design radiation cooled ISSECs made of
a high temperature material like graphite or a refractory metal have received the
most attention. Figure VI-1 shows the temperature profiles in 5, 10 and 25
cm thick carbon and molybdenum ISSEC's cooled by radiation only. A1l
radiating metal surfaces were assumed to be painted black and were assigned
thermal emissivities of 0.9. The neutron wail ioading was 1 MW/m2 and the surface
heat load was taken to be 4 W/cmz. The heating rates used were calculated
by the ANISN(]]) program. The structurai first waii temperature was assumed to be
500°¢C. Figure VI-2 shows the front and back surface temperatures of carbon,
niobium, and vanadium ISSECs as a function of increasing ISSEC thickness.
Table VI-1 lists the front and back surface temperatures of the five ISSEC
materials considered at 5, 10 and 25 cm thickness and Table VI-2 gives some
selected thermal properties of importance for the ISSEC materials and stainless
Steel.

We see from Figures VI-1, VI-2 and Tables VI-1 and VI-2 that beyond some

certain thickness the front surface temperature of the spectral shifter
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Table VI-1
Front and Back Surface Temperatures in the

Radiation Cooled 5, 10 and 25 cm ISSEC's*

(°C)

5 cm ISSEC 10 cm ISSEC 25 cm ISSEC

Material TFront TBack TFront TBack TFront TBack
C 1480 1290 2085 1465 (%) 1680
Mo 1670 1545 2265 1810 (%) 2110
Nb 1630 1485 2210 1710 (*x) 1960
v 1370 1215 (%) 1400 (**) 1755
W 1790 1630 2350 1850 (*%) 2060

*For 1 MW/m2 neutronic and 4 W/cm2 surface heat loading

**Exceeds melting point
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Table VI-2
Selected Thermal Properties of Importance

For ISSEC Materials and 316 S.S.

Property ¢ Mo Nb v W Steel

Melting point (°C) .3600° 2620 2468 1900 3400 ~1430
(sublime)

Thermal Conductivity

(W/cme°C)

100°C 1.46 1.34 0.48 0.32 1.63 0.17

400°C 1.00 1.21 0.50 0.35 1.36 0.21

800°C 0.68 1.11 0.53 0.39 1.17 0.27

1200°C 0.52 0.98 0.61 0.45 1.09 -—-

1600°C 0.44 0.92 0.65 0.47 1.03 -—-

Coefficient of
Thermal Expansion

(°c=1 x 10-6)

100°C 2 5 7 9 5 16.5
400°C 8 5 7 10 5 17.5
800°C 13 6 9 1 5 19.0
1200°C 17 6 10 13 6 -
1600°C 19 7 1 15 6 -
Heat Capacity

(Asec)

gr °C

100°C 0.9 0.26 0.27 0.46 0.13 0.46
400°C 1.51 0.28 0.29 0.55 0.14 0.54
800°C 1.80 0.31 0.31 0.64 0.15 0.63
1200°C 1.95 0.33 0.33 0.72 0.16 -
1600°C 2.05 0.36 0.36 0.80 0.16 -
Vapor Pressure

(torr)

1500°C 2.5x107 70 1.2x1077  5.ax1071! sx107 3.7x1071% 1x10”
2000°C 1.0x107° 1.9x107°  2.5x10°6 .- 1.2x107°7  ---
2500°C 2.4x1072 8.6x107°  --- - 2.1x107% -
3000°C 5.0 —-- - - 1.2x1073 -
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exceeds the melting point of the material. Obviously

one can not allow the ISSEC to meit during operation. If the absolute maximum
temperature the front wall of the ISSEC can attain is taken to be the

melting point of the respective materiai, it is found that with radiation
cooling only, ISSEC's can not have a thickness any greater than 20.5 cm

for carbon and 13 cm, 11.5 cm, 10 cm and 18.5 cm for Mo, Nb, V and W
respectively. In actual practice the Timits would be set much lower than these
given here.

In a tokamak reactor the pressure inside the plasma chamber is ~1O_5
torr. Another important thickness criteria then is that the vapor pressure of any
material enclosed in the vacuum chamber be kept below that value. Figure
VI-3 plots the vapor pressure of the five ISSEC materials considered in
this study versus temperature. If we draw a line at 10'5 torr, that sets
an upper 1imit on the maximum temperature a carbon ISSEC can have at about
2000°C, Mo at ~1950°C, Nb 2100°C, V ~1300°C, and W 2600°C. These temperatures
under the conditions stated previously, translate into maximum allowable
thicknesses of 9.5 cm for C, 7.5 cm for Mo, 9 cm for Nb, and 4.5 cm for
V and 12.5 cm for W as shown in table VI-3.

It is important that a radiation cooled ISSEC be an unrestricted, free to
move body. Otherwise the kind of thermal stresses set up inside an ISSEC of
any appreciable thickness will far exceed the yield strength of the material
at such elevated temperatures. One such scheme where the ISSEC couid expand freeiy
in all directions could be an ISSEC made up of a series of square plates.

Each square plate could be attached to the fifst wall through its center by
a non-conducting ceramic stud. Because of the type of temperature profile
shown in fig VI-T, the front wall of the ISSEC wiii expand more than the back

surface and the square plate would tend to bow outwards (towards the first wall).
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‘ Table VI-3
Maximum Allowable ISSEC Thicknesses(aln Three

Limiting Cases With Radiation Cooling Only

Maximum Maximum (c)

ISSEC Temper?t re Vapor Pressure Breeding Ratio
Material Limit'h)(cm) Limit (cm) Limit (cm)

c 20.5 9.5 13

Mo 13 7.5 10

Nb 11.5 9 8.5

v 10 4.5 18.5

W 18.5 12.5 6

éa; 1 MW/m2 neutronic and 4 W/cm2 surface heat load.
b) For melting. -
(c) For the model blanket used in this study and a breeding ratio of 1.0.
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The absolute maximum temperature would be reached when the inside corners of
the plate touch the 316 SS first structural wall to cause partial melt-
down of the first wall.
If an ISSEC is taken as a square piate of iength ¢ and thickness t, and the
temperature profile inside it is considered as linear, the deflection x at
the corners of the plate due to differential expansion between the front
and the back surfaces is

2
_ X

where o is the thermal expansion coefficient and AT is the temperature
difference between the front and the back. As an example, if the plates are
20 cm x 20 cm by 5 cm thickness, and are attached to the first wall by 1.0 cm
Tong studs and if we set the maximum deflection x at 0.25 cm,the maximum
temperature difference between surfaces, AT is found to be 350°C for carbon,
1035°C for Mo, 620°C for Nb, 475°C for V and 1550°C for W. If the plate
thickness is 10 cm, ATmax is 700°C for carbon, 2070°C for Mo, 1240°C for Nb,
950°C for V and 3100°C for W. As we see from table VI-1, these numbers are
well above the actual temperature differences calculated. So it appears that
with proper choice of the size of the plates and the length of the connecting
studs both carbon and metal ISSECs can run safely without ever touching

the first wall.

In the hot state during the time of normal operation most stresses will
be relieved by creep so that the plate will be stress free. Several questions
then arise such as, how fast will the ISSEC cool down if the plasma is suddenly
turned off? Will there be any residual stresses to cause an ISSEC to rupture?

We have calculated the temperature profiles in carbon and molybdenum

ISSECs as a function of time after shutoff. The results are plotted in



48

figures VI-4 and VI-5 and Figure VI-6 shows the front and back surface
temperatures of carbon and molybdenum ISSEC's as a function of time.

It is apparent from figures VI-4 - VI-6 that it takes a short time
for the temperature profile in a 5 cm ISSEC to flatten out by conduction
and then a relatively Tong time to cool down to first wall temperatures by radiation.
Since flattening out of the temperature profiles takes place still at high
temperatures and in times on the order of 5-10 minutes the material might
have enough time to respond to any internal stresses that may be generated.
After the first flattening out of the temperature profile it is like uniform
cooling of an unsupported free plate with no stresses produced. Of course,
one needs to do a detailed calculation to show how much those stresses actually
are, but it is expected that in a radiation cooled ISSEC (free to
expand in all directions and attached to the first wail through its center
by a non-conducting ceramic stud), the Timiting factor on the maximum allowable
thickness that can be used will be the vapor pressure criteria rather
than the thermal stresses.

If an ISSEC could be designed in such a way that it can still expand
freely in all directions to minimize thermal stresses, but cooled by
conduction plus radiation so that the front surface temperature is lower
than the pure radiation cooled ISSEC case, thicker ISSECs could be used
in actual designs. One such design will be described below but it
should be emphasized that this is not the only way an ISSEC can be supported
from and conduct its heat to the first wall. The following is an example only.

Assume the ISSEC is made up of an array of rectangular plates with
each plate having its longer dimension along the toroidal axis of a tokamak
reactor plasma chamber. Behind each plate there is the structure shown in

Figure VI-7 and the attachment of the piates to the first waii is
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iflustrated in Figure VI-8. The stem connecting the ISSEC to the

first wall may or may not be of the same material as the ISSEC. If it

would be necessary to change the ISSEC during the lifetime of the plant,

plates could be moved in and out of each module along those tracks. If

the ISSEC is stuck to the first waii, it couid be cutoff from the stem, and the
other two spare slots in the first wall under each plate, shown in figure VI-8,
can be used. If the diamond shaped blanket concept of I. Sviatos]avsky(43)

or rectangular shaped blanket model of R. Benenati et a].(44) or the cassette

(45) with sliding first walls is adopted,

blanket concept of D. Steiner et al.
changing the ISSEC should be fast and easy. Figure VI-9 shows schematically the

blanket arrangement of I. Sviatoslavsky with a diamond shaped first wail arrange-

ment. The arrows show the directions in which each blanket segment moves.

Because of symmetry, the heating rates and temperature do not vary along the
toroidal Tength of the plates. The variation in temperature is only along the width
(poloidal direction) and thickness of each plate. Along the poloidal direction the
temperature can be taken as symmetrical with respect to the centerline. Fig. VI-10
shows half the side view of 5 cm thick 15 cm wide molybdenum ISSEC. The nodal points 14
and 15 were assumed at 500°C constant temperature. The connecting stem, 0.5 cm
long, was also taken to be molybdenum and good contact was assumed between the
ISSEC and the 316SS first wall. The temperatures shown at the nodal
points are for three different contact areas between the ISSEC and the first
wall; 15%, 20% and 22.5% of the ISSEC back surface. The heat was assumed
to be transferred through the throat by conduction only. It was found that
in this case more than 90% of heat transfer was by conduction and inclusion
of radiative heat transfer did not change nodal point temperatures by more
than 5%. Figure VI-11 shows the nodal temperatures in 5 cm thick, 15 cm
wide ISSEC plates of molybdenum, niobijum, vanadium, tungsten and carbon.

Figure VI-12 shows the temperatures for 10 cm thick ISSEC cases. For
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Figure VI-9 1Incorporation of ISSEC into Moveable

Blanket Concept(43)
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15 c¢m wide molybdenum ISSEC, cooled by
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both figures VI-11 and VI-12 the connecting stem was taken as 0.5 cm long
and the same material as the ISSEC.

For the 5 cm thick ISSEC cases, a contact area equivalent to 20% of ISSEC
back surface (3.0 cm® per cm of Tength of rectangular slab of 15 cm width) was
assumed. Contact area was 22.5% for 10 cm cases. Actually the above assumptions are
for the cross sectional area of the throat between the ISSEC and the first wall. As can
be seen from Figures VI-7 and VI-8, the actual heat transfer area between the
ISSEC and the first wall will be higher than just the area of the throat,
especially if the material making up the ISSEC and the connecting stem has a
much higher thermal conductivity than the first wall material, which is the case
with 316 SS and materials considered for an ISSEC in thisstudy. The significance
of this increase in contact area is not only that the temperatures shown in
figures IV-10 - IV-12 will be Tower than shown but also the flux of heat conducted
to the first wall will be less. Table VI-4 Tists the total heat generated in
5 and 10 cm thick ISSECs per cm of Tength and 15 cm of width. It also gives the
amount of heat conducted to the first wall, conduction heat flux, temperature
drop across 316 SS first wall and the thermal stresses generated in it for the
given heat fluxes. The yield strength of 316 SS is 475 Mpa at 500°C and
higher at lower temperatures. The thermal stresses listed in Table VI-4 are
Tower than 475 Mpa by 12-75%. If another material with a higher thermal
conductivity were to be used for the first wall, the temperature gradients and
thermal stresses listed in table IV-4 would be lower by as much as the
increase in thermal conductivity.

Even though the ultimate ISSEC design has not been presented it can be seen
from calculations that a 1 MW/m2 neutronic and 4 W/cm2 surface heat Toading
would allow either a graphite or a metal ISSEC with thicknesses of at least
15 cm to be employed in a tokamak reactor of dimensions similar to the UWMAK

c1ass.(4’5’24)
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Table VI-4

Generation and Conduction of Heat From ISSECs to 316 SS First Wall and the
Thermal Stress Generated in the First Wall

Conduction(5) Temp.

(6) Thermal
(1,2) Stresses
Total Heat' *"’/Total Heat Heat Flux to Drop Across in First

(6)

%ﬁ?giness ISSEC Generated Conducted First Wall First Wall Wall
(cm) Material (W) (W) (W/cm2) (°C) (Mpa)
5 c 330 352(3) 65.2 74.1 144
Mo 688 674 125 142 275

Nb 592 586 109 124 240

v 262 290 53.7 61.0 119

844 814 151 172 332

10 c 550 488(4) 84.1 95.6 185
Mo 1254 1052 181 206 397

Nb 1002 850 147 167 323

v 470 414 73.1 83.1 161

W 1320 1104 190 216 47

(6)

For 15 cm width and unit length plates.

Nuclear heating per 1 Mw/m2 neutronic wall load. Does not inciude 4 W/cm2

surface heat.

For 5 cm cases 90% of heat transfer was assumed by conduction and 10% by

thermal radiation.

For 10 cm cases, 80%
by radiation.

of heat transfer was assumed by conduction and the rest

Conduction areas of 5.4 and 5.9 cm2 per unit length of slab was assumed
for 5 and 10 cm thick cases, respectively.

A thickness of 0.25 cm was as

the first wall.

sumed between coolant and the front surface of
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VII. Other Considerations Affecting ISSECs

VII-A. Cost and Availability

Table VII-T 1ists the raw and the fabricated material costs of the various
ISSEC materials considered in this study. The high cost of vanadium is due
to the fact that there is not as well established ga mining and miiiing industry
for that metal. Among the five materials listed in Table VII-1, the most avail-
able and the Teast expensive one is carbon (which is also the easiest to fabricate).
Molybdenum, niobium and tungsten cost about the same but tungsten is the hardest
to fabricate followed by molybdenum and niobium. The thickest tungsten plate
that could be fabricated by forging at the present time is about 2-3 ¢cm x 10cm x 30 cm

(46) The dimensions of molybdenum,

dimensions at 92% theoretical density.
niobium and vanadium plates that can be fabricated by forging at present are
about 5 cm x 15 cm x Tength, 5 cm x 30 cm x length, and 5 cm x 30 cm x length
respectively with desired length up to I5Ocm.<46)
Table VII-2 shows the availability of metals considered for an ISSEC.
Listed in Table VII-2 are the U.S. and the world reserves at present day prices
and reserves in the U.S. at three times the present prices, and U.S. and
free world production and consumption of these metals in 1974.
For illustration purposes assume a tokamak fusion reactor like UWMAK-I(4)
or UWMAK-II(S) with a i3 m major radius and a 5 m piasma radius. Aiso assume the
presence of an ISSEC in such a reactor with a 5 m inner radius and a 10 cm thick-
ness. The volume the ISSEC would occupy would be . 259 m3. This would corresnond
to 2640 tonnes of material for Mo, 2220 tonnes for Nb, 1540 tonnes for

V and 5000 tonnes for W. At 1974 rates the excess



Current Materials Costs for ISSECs(46)

6i

Table VII-1

Material
Carbon
Molybdenum
Niobium
Vanadium

Tungsten

$/kg
Raw
3
55
65
100

35

Fabricated

10

110
100

200

70
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production of molybdenum in the U.S. could supply about 8 UWMAK size reactors
per year with enough material for a 10 cm ISSEC. At the 1974 rate of production
molybdenum reserves in the U.S. would last at least 100 years. Niobium, even
though it had a zero production rate in the U.S. in 1974, is not expected to
present any resource problems, either.(46’48) Vanadium seems to have plenty of
reserves and given the need, technology could be developed enough for its
production for use in fusion reactors. Tungsten seems to have a serious
resource problem. 1970 estimates of tungsten reserves were 1.36 million metric
tonnes. In 1974 the estimates were reduced to 1.08 million metric tonnes

and its production capacity is not certain.

To compare the various ISSEC materials on the basis of how much they will
cost we must allow for the difference in their effectiveness in reducing the
radiation damage to the first structural wall. For the purposes of comparison,
if we calculate the amount of material needed for an x cm thick ISSEC in a
UWMAK type reactor, where x is the required thickness of ISSEC to reduce the
displacement damage to the first wall by a certain amount, say a factor of 2,
we can find the cost of each ISSEC to produce the same effect. From Figure III-1
of Chapter III, we see that to get a factor of 2 reduction in the first wall
displacement damage, we need 9.5 cm carbon ISSEC, 5.5 cm Mo, 5.2 cm Nb,

6 cmV, and 4 cm W ISSEC. Tabie VII-3 Tists the amount of ISSEC materiai

required for an ISSEC with 5 m minor and 13 m major radius and the thickness

given above for each material. It also gives raw and fabricated costs of each

ISSEC. We can see from this table that for the same effect a carbon ISSEC

costs the ifeast and a vanadium ISSEC costs the most, foliowed by moiybdenum, tungsten

and niobium ISSECs.
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Table VII-3

Comparison Costs of Various ISSECs for the Same Effect in Reducing
the Displacements Damage to the First Sturctural Wall

ISSEQ Effective * Amouqt ** Raw 6 Fabricated6
Material Thickness (cm) Required (kg) Cost, $x10 Cost, $x10
c 9.5 .394x10° 1.18 3.94
Mo 5.5 1.45x10° 79.8 160.

Nb 5.2 1.15x10° 74.8 115.

v 6 .923x10° 92.3 185.

W 4 1.99x10° 69.5 139.

* Thickness required to reduce the displacement damage to the first wall by a
factor of 2.

** For a tokamak reactor with 13 m major and 5 m minor radius
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VII-B. Vacuum Properties and Vapor Pressure

Vapor pressures of the five ISSEC materials considered in this study were
given in Figure VI-3 and Table VI-2 of Chapter VI. The free vaporization
rates of these materials as a function of temperature are presented in Table
VII-4. Values for carbon are taken from reference 49 and the free vaporization
rates of the other four materials are calculated using the formu]a(54)

. 3.5x10°2 p(1)
AT

n(T)

where n(T) is the free vaporization rate in units of atoms/cm2 sec at temperature T
P(T) is the vapor pressure in torrs
M is the atomic weight of material

and T is the temperature in %.

We see from Tables VII-4, VI-2, and Figure VI-3 that tungsten is the
best of the five materials from & vacuum properties standpoint. It is foilowed
by niobium. Molybdenum and carbon have similar vapor pressures. Vanadium is the
least suitable of these five materials for vacuum applications.

Other criteria that affect the use of materials in vacuum environments
are the gas content, and absorption of gases on the material. The gas content
of metals is not expected to present a problem. Carbon which may have a high gas
content before baking was originally thought by many to be unsuitable for hard
vacuum applications. However, several experiments have shown that with proper

outgassing and baking at high temperatures, the residual
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Table VII-4

Free Vaporization Rate of Various ISSEC Materials

Temperature (°C)

1000
1500
2000
2500
3000

5.5x10°

9.8x101°

4.0x10'5

4.4x10'8

1.0x10°]!

(atoms/cm2 sec)

Mo

4
11

3.0x10

1.0x10

3.0x10'3

5.8x101/

| =<

2.4x10
5.8x10

11
16

=

4.0x10°

2.3x10

6.5¢10'0

2.0x101%

5.4x10' 6



67

gas content in carbon could be lowered drastica11y.(50-52) G. A. Beitel(S]) measured
the quantity and composition of gases retained in several graphites and tungsten.
After 300°C and 24 hour bake out, he found that the results were quite similar
for graphite and tungsten.

More recently G. P. Lang and V. L. Ho1mes(52) measured the gas content of
WCA and Thornel 50 S graphite fibers. They found that relatively large amounts
of gas (0.04-0.1 torr liters/gram for WCA and 0.2-0.5 torr liters/gram for
Thornel 50 S at 1500-2000°C)are removed from the fibers during an initial
desorption. But after the first desorption the amount of gas removed from the
samples was very small (0.001-0.01 torr Titers/gram for WCA and 0.01-0.03
torr 1iters/gram for Thornel 50 S at 1500-2000°¢C).

(52) also measured the sticking probability of hydrogen and

Long and Holmes
air on WCA and Thornel 50 S fibers at simulated tokamak fusion reactor operating
conditions. They showed that the sticking probability of both hydrogen and
air on these fibers was very low on the order of 1078 - ]0']0, which should

present no problem during refueling operations between burns.
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VII-C. Surface Effects

The side of the ISSEC facing the plasma in a tokamak fusion reactor will
be subjected to high fluxes of high energy atomic D+, T" AND He® ions, 14.1 MeV
neutrons as well as lower energy back scattered neutrons and impurity ions
present in the plasma. Al1 of these particles to some degree will cause
sputtering of atoms off the surface of an ISSEC. D+, T jons could react chemicaiiy
with carbon and add to removal rate of surface atoms through formation of

some volatile hydrocarbons. He+ and D" ions could also cause blisters in metals.

The surface effects problem cannot be covered in any detail here and we
will only mention some of the more important experiments in this area
and comment on their results.

VII-C-1. Sputtering

R. Behrish has recently summarized the light ion sputtering values for

(3) (54) and these are given in Figures VII-1 and VII-2,

mo1ybdenum and niobium
respectively. Behrish has drawn the most 1ikely curve through the data and
estimated the sputtering curve for tritium with both metals. From Figures
VII-1 and VII-2 one might draw the following conclusions.

(1) Sputtering yields of Mo and Nb are very similar.

(2) There will be very little sputtering of Mo and Nb by D and
T below 200 eV and by He below 100 eV.

(3) The maximum in the sputtering curves occurs at 3-4 keV for D and T
and at approximately 5 keV for He.

(4) The maximum sputtering coefficients are:

for Mo: 0.008 for D', 0.02 for T" and 0.05 for He,
and for Nb: 0.012 for D+, 0.018 for T+ and 0.1 for He.
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There isn't much information on the ion sputtering of vanadium and
tungsten, but Behrish(54) reports that the sputtering yieid of vanadium might
be about a factor of 2-3 higher than for Nb, and W might be a factor of 2-3
Tower than Nb. Relative magnitudes of the sputtering yields of these metals
and others from 400 eV helium ions can be seen on Figure VII-3.(55)

As we see the relative magnitudes are about the same as reported by Behrish.

The ion sputtering of carbon deserves special attention in that it is
reported to react chemically with atomic hydrogen and its isotopes at certain

(28,56-59,62-67‘
temperatures. Therefore, in addition to physical sputtering which occurs
with all materials and ions, there is a form of sputtering called chemical
sputtering that takes place when carbon is bombarded by H+, D" or .
The difficulty, however, is finding the experimental values of the sputtering
coefficient for D+, T  and He™* at appropriate energies characteristic of a
tokamak fusion reactor. There have been a few recent studies(56'59) utilizing
hydrogen isotopes to measure the sputtering behavior of carbon and some results
from these studies are summarized in Figures VII—4(56’59) and VII-5€58%he basic
difference between these studies is that the data in Figure VII-4 comes from
2-20 keV H, D and Tions on carbon which was heated to 1400°C while that in
Figure VII-5 comes from carbon bombarded with very low energy (0.2 eV) hydrogen
while the samples were heated to approximately 1900°C. Some general observations
about Figures VII-4 and 5 are:

(1) The sputtering coefficients rise from a value of 10'2 atom/atom at

2

room temperature to a maximum of -8 x 107~ at 600°C. This peak has been found

to be associated with methane formation.
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Figure VII-4
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(2) As the temperature is increased above 600°C, the sputtering values
start to return to their low initial values. This is accompanied by a reduced
methane formation.

(3) The sputtering coefficient from tritium is reduced as its energy is
increased from 2 to 6 keV. However, 6 keV tritium is more effective in
producing methane than is the same energy deuterium.

(4) The low energy hydrogen bombardment depicted in Figure VII-5 shows
smaller absolute levels of methane formation than for higher energy hydrogen.
Furthermore, the Tow energy sputtering is quite sensitive to crystal orienta-
tion.

(5) Above 1000°C, the formation of acetylene becomes important although
the absolute values are still low (<<10'2 atom/atom).

(6) There appears to be a region between 800 and 1200°C where little
gasification occurs.

The peak in the sputtering yield vs. temperature curve around 600°¢C

(57,62,63) (28)

was also observed by other investigators. G. J. Thomas, et al. also
report high methane formation around 650°C when they bombarded pyrolitic
graphite with 150-300 keV H+ but they also report the formation of propane

and its derivatives in the 800-1200°C range which has not been found by others.
R. Ekern, S. K. Das and M. Kaminsky of Argonne National Laboratory(65)
irradiated rayon based WCA graphite cloth at room temperature, 400°C and 800°C with

4He+ jons at 100 and 250 keV energy. They observed considerable

deuterons and
flaking of individual fibers at room temperature irradiations but at 400°C

and 800°C irradiation surface damage was greatly reduced. In fact, in high
temperature irradiations with 4He+ they did not observe any flaking or other

surface damage.
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S. K. Erents, et a].(66) at Culham Laboratory in the United Kingdom also
studied the methane formation during the interaction of energetic protons
and deuterons with carbon. They found a behavior similar to that of the

56) with a maximum in methane production at about 575°C and

Garching group(
a reduction in methane production and an increase in hydrogen release above
575°C.  The maximum hydrogen release occurred at 925°C.

Physical sputtering of graphite by helium ions is thought to be practically
independent of temperature.(67) Two independent measurements give the sputtering
ratio as 0.06 for 0.4 keV He ions(®8) and 0.07 for 0.5 kev He ions.(69)

The sputtering yield results for carbon on carbon are even more scarce
than hydrogen and helium bombardment results. One value quoted in the iiterature is
0.4 for 45 keV C on C.(70) Assuming that this value is correct, the self
sputtering yield of carbon under tokamak operating conditions (1-20 keV C on C) may
be expected to be around 0.5-0.6.

The incident 14.1 MeV and Tower energy back scattered neutrons will also
cause atoms to be sputtered from the front surface of ISSEC. Unfortunately,
there have been no 14 MeV neutron studies on Mo, W or carbon. Most studies

b(71-75)

have been carried out on N and very little on V.(75) However, fission

neutron sputtering results of Garber, et a1.(76) show the neutron sputtering

rates of Mo, Nb, V, and W within a factor of 2 of each other. The current 14

4

MeV neutron sputtering values on Nb range from approximately 107" to 10'3 on

4 (72-74)

the high side(71) to 107 - 107% on the Tow side. Lacking any specific

data and using Nb as a model for Mo, V, W and carbon, it appears to be reasonable

4

to choose a value of 107" atom/neutron for the 14 MeV neutron sputtering of all

five ISSEC materials considered in this study.
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In order to find the flux of particles leaving the ISSEC surface as a
result of sputtering, we need to know the current of charged particles incident
on the surface from the plasma, the energy of these incident particles and the
sputtering coefficient at that energy. Using the values calculated for

uwmak-111 (4)

for the charged particle fluxes incident on the ISSEC, and the
sputtering coefficients given in this section, we can calculate the flux of

particles leaving the ISSEC surface by making use of the formula
¢ =L S;(E) ¢,(E)
i

where Si(E) is the sputtering ratio (atoms per particle) for the i'th particle
with energy E incident on the ISSEC.

¢1(E) is current of i'th particles at energy E on the ISSEC surface.

Table VII-5 gives the energy and the current of charged particles and neutrons
incident on the ISSEC surface per 1 MW/m2 neutronic wall Toading under UNMAK-III(24)
conditions (6% plasma burnup and 99.9% efficient divertor). Also listed in
Table VII-5 are the sputtering coefficients for the various incident particle-
target combinations at the incident particle energy shown. Table VII-6 gives the
flux of sputtered atoms from various ISSEC surfaces due to D+, T+, He++ jons and
14.1 MeV neutrons. Comparing the values for the total flux of sputtered atoms
from the surfaces of the five ISSEC materials from Table VII-6 with those given
in Table VII-4 for vaporization, we see that the rate of vaporization is about
the same as the rate of sputtering at about 1550°C for carbon, 1600°C for Mo,
1650°C for Nb, 1050°C for V and 2100°C for W. When the surface temperature of

each material is below the value given above, the sputtering rate is higher than

the vaporization rate, otherwise the vaporization rate is higher.
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Table VII-5

Summary of Particles Striking the ISSEC Surface for UWMAK-III(24) Conditions

Physical Sputtering Coefficient

Atoms/Particle
Mean (1) 2 1
Particle Energy-keV Current-cms [ Mo Nb v W
ot 3 5.8 x 1012 0.01 0.008 0.01 0.02 0.005
T 3 5.8 x 1012 0.01 0.02 0.02 0.04 0.01
T 3 6.8 x 10! 0.1 0.06 0.09 0.18 0.05
et 100 6.8 x 1010 0.05 0.007 0.02 0.04 0.01
n 14.1x10° 4.43 x 103 10°% 10% 10t 07t q07d

(1) Adjusted to 1 MW/m2 average neutronic wall Toading.
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Table VII-6

Flux of Sputtered Atoms From Various ISSEC Surfaces

Atoms/cm2 sec
Mean
Particle Energy-keV c Mo Nb v W

p* 3 5.8x10'0  4.6x10'%  5.8x10'0  1.2x10"7  2.9x10'°
T 3 5.8x10'0  1.2x10'T  1.2x10'T 2.3x10"7 5.8x1010
He™* 3 6.8x1010  4.1x10'0  6.1x10'0  1.2x10""  3.4x10'C
He™ 100 3.4x10°  4.8x10%5  1.4x10%  2.7x10%  6.8x108
n 14.1x103 4.4x10°  4.4x10°  4.4x10°  4.ax10°  4.4x10°

1ox1o't 2axa0’ 2sx10’t alsxaoll 1.3x10!!

Total -
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VII-C-2. Blistering

Blisters have been observed in Mo,(77-81) Nb,<82_84) V(85"87) and w<77)
with He' irradiations. In some instances they have also beenobserved with
" and H* irradiations on Mo.(78’79’8]) In general, the blister skin
thickness is about the same as the depth at which range probability distribution
of incident particles peaks. The minimum fluence for blisters to form and
exfoliate decreases with increasing temperature, increases with increasing ion
energy and decreases with increasing particle current.

To the authors' knowledge, there has been no experimentai data reported to
show blisters forming in graphite with helium ion bombardment.(57’64’65’88’89)

It is not certain at this time whether blisters in metals keep reforming
after every exfoliation or that they will stop forming after the first few exfoliations.
Some recent results by Roth, et a].(90) show that if the ions have a spread in
energies or if they strike the wall with varying angles of incidence, after the
first few exfoliations, the surface becomes so porous that the bombarding particles
diffuse out as fast as they are injected. If this happens to be true at high
fluences, or if it turns out that no blisters form in carbon, metal surfaces could

be carbon coated to avoid serious probiems with biisters.
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VII-D. Thermal Shock Resistance

Resistance to thermal shock is a measure of the ability of a material to
resist crack formation and fracture when subjected to sudden heating or cooling. No
standard tests exist which will accurately evaluate the property since shape is
an important factor. A fiqure of merit number is obtained
with the combination of parameters k, thermal conductivity,

S, tensile strength, o, coefficient of thermal expansion, and E, modulus of
elasticity as gg-. The higher this number, the better the ability of the material
to resist thermal shock.

Table VII-7 gives é%—va]ues for the five ISSEC materials investigated at
two temperatures. We see from the table that W has the best resistance to thermal
shock followed by carbon, niobium, molybdenum and vanadium in decreasing order
at 1600°C. At 1200°C niobium is next to W, carbon is third, and then molybdenum
and vanadium.

There are two important things to mention in Table VII-7., One is that carbon,
a non-metal, has as good as or better thermal shock resistance than metals at

high temperatures. The other is that vanadium, because of its very low strength

at high temperatures, is at the bottom of thermal shock resistance scale.
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Table VII-7

Relative Figure of Merit for Thermal Shock Resistance
of Potential ISSEC Materials*

Temperature

Material ~ 1gggf2; ]jﬁﬁfﬁ;
C 51. 40.
Mo 47. 15.
Nb 70. 39.
v 0.35 0.35
W 200. 100.

* g%- Watts/cm - high numbers are desired
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VIII. Discussion

A comparison of the five ISSEC materials considered in this study is
made in table VIII-1 on the basis of how much they reduce the displacement
and gas production rates in the 316 SS first wall, and how they change the
total blanket (including ISSEC) radioactivity and the energy multiplication when

they are used at maximum allowable thicknesses, respectively, for pure radiation

and radiation plus conduction cooling schemes. We also list the fabricated materials

costs of the five ISSECs if they were to be used in a UWMAK-type reactor with a

13 m major and 5 m minor radius and the thicknhess shown. Factors that limit
the maximim thickness of each ISSEC material are shown in parenthesis by the
thickness values. The maximim ISSEC temperatures are also shown.

It is interesting to note that all 5 materials reduce the displacement
damage by ~1/2 {(to within 25%) and the helium production is reduced by a
factor of 2 to 6. The only ISSEC material to result in an overall reduction
in blanket radioactivity at shutdown is carbon while all of the metallic
ISSECs increase the activity. After 1 year of decay the total radioactivity
of the ISSEC and blanket is reduced for all the materials except W. On the
other hand, the long term activity (at 1000 years after shutdown) is increased
for Mo, Nb, and V ISSECs while it is reduced by 23% with W and almost 50%
with C. The carbon and V ISSECs reduce the energy production per fusion
while the Nb and-W slightly increase it and Mo results in a 15-17% energy
production increase. Finally, the relative cost of the metal ISSECs to
produce the above results is a factor of 30-55 higher than the cost of a
carbon ISSEC. The advantages and disadvantages of each ISSEC material as
compared to others considered in this study are summarized in Table VIII-2.

Examination of Tables VIII-1 and VIII-2 show that because of its
various disadvantage such as high vapor pressure; low melting point,

reduction in nuclear heating in the blanket, high cost, etc., V would
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probably not make a good ISSEC material. Comparing Mo and Nb one can see
that Mo in every respect is as good or better than Nb. Therefore, Mo would
be considered to be a better ISSEC material than both V and Nb. A comparison
between Mo and W is difficult in that W has the most desirable advantages from
the point of view of reducing radiation damage in the first structural wall,
low vapor pressure, high melting point, and low long term radioactivity,
but it is much harder to fabricate and it is also hard to breed tritium.
In fact, as we see in Table VIII-1, a breeding ratio limited 6 cm thick W
ISSEC is less effective than 10 c¢m thick Mo ISSEC (also Tlimited by breeding
ratio) in reducing the dpa and helium production rates in the first wall.
Based on these considerations we feel that at least at the present time Mo
would be the best of the four metals studied for use as an ISSEC material.

A definitive choice between a graphite ISSEC and a Mo ISSEC is also
not clear. From radioactivity, afterheat, cost, and fabricability standpoint,
graphite is clearly superior to Mo, but Mo reduces the radiation damage in
the first structural wall more (by 20% in dpa and ~100% in He production)
and increases the energy multiplication in the blanket (by as much as 15-17%).
If indeed the question of C2H2 formation between hydrogen ions and C at
high temperatures is resolved, the choice might becore clearer, but at this

time neither C nor Mo has a clear superiority over the other.
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IX. Conclusions

A few general conclusions can be gathered from these studies about
both graphite and metal ISSEC cases.

- ISSECs reduce the displacement damage in the first structural wall.
Reduction factors vary between 2-5 for a 10 cm thick ISSEC, between 5-50
for a 25 cm thick spectral shifter.

«The gas production rates in the first structural wall are also reduced
by ISSECs. Helium production rates are reduced by factors of 3.2 - 12 with
a 10 cm thick ISSEC and by factors of 12 to 275 with a 25 cm thick ISSEC.
The reductions in hydrogen production rates are 2.5 to 12.7 and 8 to 235,
respectively with 10 cm and 25 cm shield thickness.

«The short and intermediate term radioactivity, Biological Hazard
Potential (BHP) and afterheat of the 316 SS first wall are reduced by all
ISSECs, and the long term activities are actually increésed by a 10 ¢cm or
thicker carbon ISSEC.

«A11 five ISSECs reduce the breeding ratio in the model blanket used in
this study. Reduction factors vary between 1.25 and 2.1 for a 10 cm thick
ISSEC and between 2.1 and 13.6 for a 25 cm thick ISSEC.

Mo, Nb, and W ISSECs increase the total energy available per fusion
in the model blanket of this study while C and V ISSECs decrease it.

«The radioactivity of the total blanket (including the ISSEC) a short
time after shutdown is higher than the unprotected case for W, Mo and Wb
ISSECs but it is lower with C and V ISSECs. At 1 - 10 years after shut-
down the blanket has about the same radioactivity with and without an ISSEC.
But a long time after shutdown (longer than 100 years) a Mo ISSEC system has
the most radioactivity followed by the Nb ISSEC system. Carbon, W, and V
ISSEC protected designs have about the same radioactivity as unprotected

blankets.
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«Maximum dispiacement rates in the ISSECs themselves per 1 MW/m2
neutron wall loading per year vary between 8.4 for MNb and 12.5 dpa/yr
for V. Maximum helium production rates vary between 3.7 for W and 2300
appm/yr for C.

*The radioactivity at shutdown of all metal ISSECs is about the same
order of magnitude (1 - 10 Ci/W), and is higher than that of C ISSEC by a
factor of about 104. At long times after shutdown (longer than 100 years)
radioactivity in C, W and V ISSEC has decayed away while in Mo it is . 0.001
times its value at shutdown and in Nb about 10—4 times its shutdown value.

«Most ISSECs cooled only by thermal radiation are limited by their vapor
pressure and the maximum allowable thicknesses are 9.5 cm for C, 7.5 cm for
Mo, and 4.5 cm for V for a 1 MN/m2 neutronic and 4 W/cm2 surface heat
loading. Niobium and tungsten are limited to 9 and 12.5 cm by vapor
pressure and 8.5 and 6 cm by breeding ratio considerations, respectively.

«A conduction plus radiation cooled ISSEC can have greater thickness
up to 15 cm or higher depending on the specific design.

*Molybdenum appears to be the best overall choice for a metal
ISSEC (compared to W, Nb, V).

«A definitive choice between a carbon and molybdenum ISSEC cannot be

made at this time as both materials have strong positive features but in

different areas.
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Appendix A

Neutron and Gamma Multigroup Energy Structures Used in This Study
TABLE AT
Beutron 66 Multigroup Structure fn eV

_Group Limits

Croup E(Top) E(Low) E(Mid-Point)
1 1.4918 (+7) 1.349% (+7) 1.4208 (+7)
2 1.3499 (47} 1.2214 (+7) 1.2856 (+7)
3 1.2214 (+7) 1.1052 (+7) 1.1633 (+7)
4 1.1052 (+7) 1.0000 (+7) 1.0526 (+7)
5 1.0000 (+7) 9.04684 (+6) 9.5242 (+6)
6 9.0484 (+6) 8.1873 (+6) 8.6178 (+6)
7 8.1873 (+6) 7.4082 (46) 7.7977 (+6)
8 7.4082 (+6) 6.7032 (+6) 7.0557 (+6)
9 6.7032 (+6) 6.0653 (+6) 6.3843 (+6)

10 6.0653 (16) 5.4881 (+6) 5.7767 (+6)
11 5.4881 (+6) 4.9659 (+6) 5.2270 (+6)
12 4.9659 (+6) 4.4933 (+6) 4.7296 (+6)
13 £.4933 (16) 4., 0657 (16) 4.2795 (+6)
14 50657 (+6) 3.6788 (+6) 3.8722 (+6)
15 3.6788 (+6) 3.3287 (+6) 3.5038 (+6)
16 - ) 3.3287 (+6) 3.0119 (+6) 3.1703 (+6)
17 3.0119 (16) 2.7253 (+6) 2.8686 (16)
18 \ 2.7253 (+6) 2.46660 (+6) 2.5956 (+6)
19 2.4660 (+6) 1.8268 (16) 2.14664 (+6)
20 1.8268 (+6) 1.3534 (+6) 1.5901 (+6)
21 1.3534 (+6) 1.0026 (+6) 1.1700 (+5)
22 1.0026 (+6) 7.4274 (+5 3.726  (+5)
23 7.4274 (+5) 5.5023 (+5) 6.4648 (+5)
24 5.5023 (+5) 4.0762 (+5) 4.7892 (+5)
25 4.0762 (+5) 3.0197 (+5) 3.5480 (+5)
26 3.0197 (+5) 2.2371 (+5) 2.6284 (45)
27 2.2371 (45) 1.6573 (+5) 1.9472 (+5)
28 1.6573 (+5) 1.2277 (+5) 1.4425 (+5)
29 1.2277 (+5) 6.7379 (+4) 9.508  (+4)
30 6.7379 (+4) 3.1828 (+4) 4.9604 (14)
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Table A.1 (cont.)

Group Limits

Group E(Top) B (Low) EQfid-Point)
31 3.1828 (+4) 1.5034 (+4) 2.3431 (+4)
32 1.5034 (+4) 7.1017 (+3) 1.1068 (+4)
33 7.1017 (+3) 3.3546 (+3) 5.2281 (+3)
34 3.3546 (+3) 1.5846 (+3) 2.4696 (+3)
35 1.5846 (43) 7.4852 (+2) 1.1666° (+3)
36 | 7.4852 (+2) 3.5358 (+2) 5.5105 (+2)
37 3.5358 (4+2) 1.6702 (+2) 2.6030 (+2)
38 1.6702 (+2) 7.8893 (+1) 1.2296 (+2)
39 7.8893 (+1) 3.7267 (+1) 5.8080 (4+1)
40 3.7267 (+1) 1.7603 (+1) 2.7435 (+1)
41 1.7603 (+1) 8.3152 (+0) 1.2959 (+1)
42 8.3153 (10) 3.9279 (4+0) 6.1216 (+0)
43 3.9279 (+0) 1.8554 (+0) 2.8917 (+0)
Ll 1.8554 (+0) 8.7643 (-1) 1.3659 (+0)
45 : 8.7643 (~1) 4.1399 (-1) 6.4521 (~1)

46 : 4.1399 (-1) 2.2000 (-2) 2.1800 (-1)



97

JABLE A2

Camma 21 Multigroap Structure in MeV

Group Boundarics

Croup. e E(Top) E(Low) E(wid-Point)
1 1.2801 1.4E01 1.30E01
2 1.0EOL 1.2E01 1.10E01
3 8. 0K00 1.0E01 9. 00E00
4 7.5E00 8.0E00 7.75E00
5 7.0F00 7.5E00 7.25E00
6 6. 5L00 7.0E00 6.75 £00
7 6.0LCO 6. 5500 6.25100
8 5.5E00 6.0E00 5.75E00
9 5.0E00 5.5E00 5.25E00

10 4. 5E00 5.0E00 4.75E00
11 . 4.0EQ0 4. 5E00 6.25E00
12 . 3. 5E00 4. 0100 3.75E00
13 ‘ 3.0E00 3.5500 3.25E00
14 2.5L00 3.0E00 2.75E00
15 2. 0E00 2.5E00 2.25E00
16 1. 500 2.0E00 1.75E00
17 1. 0EOO 1.5E00 1. 25E00
18 4. 0E~01 1.0E00 7.00E-1
19 2.0E-01 4.01-01 3.00E~1
20 1.0E~01 2.0E-01 1.50k-1

.21 1.0E~-02 1.0E~-0L 5.00E-2
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Appendix B

A Note on Displacement Cross Sections

The displacement cross sections used for this study were calculated by
D. G. Doran.(17) Recently these cross sections were recalculated using ENDF-IV
data and properly including charge particle out [(n,p), (n,a), etc.] reactions
by T. A. Gabriel, et a1.(25) and D. G. Doran and N. J. Graves.(26)

As an example, to show the difference between the old and newer set
of cross sections we plot in Figure B-1 for 316 SS the older cross sections
of D. G. Doran(]7) and the newer set of cross sections calculated by
T. A. Gabriel, et a].(25) The two sets of cross sections from references
25 and 26 generally are in agreement within 10%.

Then newer cross sections would increase the effectiveness of the ISSEC in
reducing the displacement damage in the first wall, because dpa rates in the
unprotected first wall would go up more than in the protected wall where the
average neutron energy is lower. This is shown in Table B-1 where factors of
reduction in the displacement rates in 316 SS first wall are higher when the

newer set of displacement cross sections are used.
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Table B-1

Effect of More Recent Up-To-Date Displacement Cross Sections on the Reduction
of Displacement Damage in 316 Stainless Steel First Wall by ISSEC

Doran‘17) _ENpF-111 Gabriel (2% _gnpE-Ty

ISSEC Reduction Reduction

Thickness dpa/yr Factor dpa/yr Factor

No ISSEC 10.13 12.54

C ISSEC 5 cm 6.9 .68 8.2 .65
10 cm 4.92 .49 5.64 .45
Mo ISSEC 5 cm 5.34 .53 5.95 47
10 cm 3.1 .31 3.30 .26
Nb ISSEC 5 cm 5.22 .52 5.85 .47
10 cm 3.23 .32 3.44 .27
Y ISSEC 5 cm 5.7 .56 6.51 .52
10 cm 3.69 .36 4.01 .32
W ISSEC 5 cm 4.40 .43 4.93 .39
10 cm 2.13 21 2.29 .18





