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ABSTRACT

PROTECTION OF CTR FIRST STRUCTURAL WALLS
BY NEUTRON SPECTRUM SHIFTING

HALIL IBRAHIM AVCI

Under the Supervision of Professor Gerald L. Kulcinski

The main objective of this thesis has been to explore the
means of increasing the fusion reactor first structural wall Tife-
times in both the magnetic and inertial confinement systems by the
employment of ISSECs (Internal Spectral Shifter and Energy Converters).
To accomplish this objective existing radiation damage theories had
to be modified and models to more precisely quantify the damage state
in the fusion reactor first structural wall materials had to be
developed.

The materials studied for the ISSECs were Carbon, and the
refractory metals, Mo, Nb, W and V for tokamak applications. Liquid
metals such as Li, Pb and a low temperature Pb-Li eutectic, Pb4Li,
were examined for ISSEC in laser fusion reactors. The first wall
materials considered were Al, V, 316 SS, Nb, Mo, and Ta.

A11 ISSECs have been shown to reduce displacement damage and
gas production rates in any first wall and thus increase the first
wall lifetime. Depending on whether the isotopes causing radio-
activity are produced as a result of fast or thermal neutron activa-
tion, the first wall radioactivity has been shown to decrease or

increase respectively as the ISSEC thickness is increased. A com-
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parison study of tokamaks operating on D-T and D-D plasma cycles
showed that there is no significant advantage of D-D cycle over the
D-T cycle with respect to radiation damage.

ISSECs also affect the blanket parameters such as tritium
breeding ratio, energy deposition, and radioactivity. In general, the
breeding ratio is reduced by carbon and solid metallic ISSECs, but
increased by liquid metal ISSECs. ISSECs of Mo, Nb, W, Pb and Pb4Li
increase the energy multiplication in the cylindrical model blanket
of this study, V and C ISSECs decrease it while a Li ISSEC keeps it
about constant. The total blanket radioactivity at shutdown is
increased by metallic ISSECs while it is being reduced by a carbon
ISSEC. At long time after shutdown (>TOO years), Mo and Nb ISSEC
systems have higher radioactivity than systems employing carbon, V,

W ISSEC or no ISSEC at all.

Among the four solid metallic ISSECs studied, Mo is considered
to be superior to Nb, W and V. Mo and C both seem to be suitable for
an ISSEC in tokamaks. In inertial confinement systems the liquid
ISSEC material with the best overall characteristics has been found
to be the Pb-Li eutectic and the thickness to be used for best results
is 50-70 cm.

Another advantage of the ISSECs is that they produce a PKA
spectrum as well as gas production to displacement damage ratio in
the first wall close to that found in fast or thermal fission test
reactors. This means that the materials data obtained in those

reactors become much more meaningful in the design of future fusion
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facilities employing ISSECs.

Modifications made in the radiation damage theories and models
to more accurately quantify the damage state in fusion reactor first
structural walls indicate that the inclusion or omission of the low
energy (n,y) capture and high energy (n,n'c) neutron-charged particle
emission reactions from the analysis has negligible effects on the
calculated spectral averaged displacement cross sections and PKA
energy probability distributions in hard fusion neutron spectra.
However, the inclusion of the (n,y) and (n,n'c) reactions in the
calculational models for ISSEC protected systems has been found to
increase the spectral averaged displacement cross sections by 1-2%
and alter the PKA energy probability distributions by appreciable

amounts at low (<1 keV) PKA energies.

- ! 3
Date: 44/<~LM 26% 197) Signed:
- 7 ¥
v Gerald L. Kulcinski

Professor of Nuclear Engi-
neering
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CHAPTER 1
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 withstand the extremely harsh radiation damage environ-
ment and to maintain their structural integrity over an extended
period of time. In a tokamak fusion reactor, the first structural
wall around a D-T plasma will be required to maintain vacuums of

8 to 10'5 torr while its inner surfaces are being bombarded, in a

~100
cyclic fashion, with 14.1 MeV neutrons and low Z(D,T,He) particles.

In addition to the above environment, the first wall in a laser fusion
reactor will also be subjected to intense X-ray bombardment and high Z
pellet debris, at a 0.1 to 10 Hertz frequency. Such a severe radia-
tion environment can cause considerable property degradation and
erosion of the first wall such that it will probably have to be
replaced before the design lifetime of the plant has been achieved.
Several studies have concluded that the periodic replacement of a

316 SS first structural wall in a tokamak fusion reactor might take
place at intervals anywhere between 2 to 4 years under typical 1-5 MW/mz
neutron wall 1oad1ngs.(]'3) One early economic assessment study of
fusion reactors concluded that for the UWMAK-I(4) and UWMAK-II(5)
reactors, the cost of electricity is significantly increased when the

first wall lifetime drops below 5-10 MW—yr/mz.(G) In fact, it was



shown that in these reactors the cost of electricity is increased by
17-28% over the 10 Mw-yr/mz first wall lifetime value if the wall
life is only 2 Mw-yrs/m2 and it is 35-65% higher for a wall 1ife of
1 Mw-yr/mz. Therefore, it is apparent that a great incentive exists
for seeking ways to increase the first wall lifetimes.
The main objects of this thesis are to:
1. Demonstrate how one might go about achieving higher first
wall lifetimes in both magnetic and inertially confined
D-D and D-T fusion reactors.
2. Develop models and apply radiation damage theories to more
precisely quantify the damage state in first wall materials.
3. Investigate the engineering feasibility of in-situ struc-
tures that might be profitably utilized in fusion reactors.
The first objective is accomplished by expanding the original
ideas of the Carbon Internal Spectral Shifter and Energy Converter
(ISSEC) first proposed in 1974(8) in conjunction with vanadium first
walls. The use of varying thickness of C with other first wall
materials (i.e., 316 SS, Nb, Mo, Ta, A1) will be investigated with
respect to the "normal" response functions such as dpa, gas produc-
tion, and radioactivity. The use of other solid ISSECs (such as
Mo, Nb, V and W) with a single first wall and blanket material
(316 SS) is then presented. Finally, the idea of a liquid ISSEC
(Li, Pb, or a low temperature Pb-Li eutectic, Pb4Li) is explored
in relation to the "waterfall" laser fusion concept recently

proposed.(7’]2)



The second objective is accomplished by modifying existing
displacement cross section models to include the (n,y), and (n, n'x)
reactions. The Primary Knock-on-Atom (PKA) spectra from all the
nuclear reactions (elastic and inelastic) will then be calculated
for the neutron spectra behind various solid and 1liquid ISSECs.

These PKA spectra, for various potential CTR materials, will be
compared to those characteristic spectra of current fission reactor
test facilities. In this way it will be shown that one can have more
confidence in associating future wall life predictions with current
data obtained in such facilities.

Finally, the third objective is accomplished by examining some
of the thermal stress, breeding ratio, and physical property limita-
tions on the realizable benefits of various solid ISSEC concepts in
fusion reactors. The format of the thesis is as follows. In Chapter
IT various ISSEC concepts and their advantages and disadvantages are
reviewed. Chapter III reviews the basic theory of displacement cross
sections and PKA spectra calculations and it indicates the improve-
ments made in these models for this thesis. The description of the
MODISS computer package developed to implement the calculations for
this study and the various sources of data used in these calcula-
tions are outlined in Chapter IV. The results for carbon, metallic
and liquid ISSECs with various first wall materials and blanket
structures are presented in Chapter V. Chapter VI has a discussion

based on the PKA spectra and He/dpa ratio calculations in various



neutron spectra for possible testing of fusion reactor materials in
fission reactors. The implications and conclusions of this study are
listed in Chapter VII.

Finally, the reader should be aware that much of this work has
previously been published in more detail in various journals and
reports listed in Table I.1. The material in Chapter IV and most of
Chapters III and VI have not been published before. This list of
references is provided early in the thesis here to give the interested

reader the opportunity to obtain more detailed information if so

desired,



Table I.1

Summary of Previous Publications of Work Related to this Thesis

Ref. # UWFDM # Date
8 1530 oct. 1974
9 1278)  June 1975
10 135(¢)  oct. 1975
1 202{(8)  pprit 1977
12 205 April 1977
13 208 May 1977
14 (&) gune 1978

(@)published in Nucl.

(b)A1so in Trans. Am.

(c)

Published in Proc.
Fusion Reactors at

Title

New Concepts for Controlled Fusion
Reactor Blanket Design

Protection of CTR Metallic First
Walls by Neutron Spectral Shifting

The Response of ISSEC Protected
First Walls to DT and DD Plasma
Neutrons

The Use and Performance of Graphite
and Metal ISSECs in Tokamak Fusion
Reactors

The Effect of a Liquid ISSEC on
Radiation Damage Parameters in
Laser Fusion Reactor First Walls

Comparison of Liquid ISSECs, Li,
Pb and Pb4Li for Usein Laser Fusion
Reactors

Advantages of Liquid Pb-Li Alloy
Spectrum Shifters in Laser Fusion
Reactors

Tech. 26, 125 (1975).

Nucl. Soc. 21, 50 (1975).

Int. Confer. on Rad. Eff. and Tritium Tech. for
Gatlinburg, Tenn., Oct. 1-3 (1975), pp. 437-473.

(d)Nuclear Engineering and Design, 45, 285 (1978).

(e)Trans. Am. Nucl. Soc., 28, 40 (1978).



CHAPTER II
GENERAL REVIEW OF THE ISSEC CONCEPTS

II.A. Introduction

It was previously shown that the inclusion of a thin (<1 cm)
carbon curtain between a D-T plasma and the first structural wall in
a magnetic confinement fusion reactor system can effectively protect
the first wall from charged particle erosion and protect the plasma
from deleterious effects of the high Z impurity ions and neutrals
originating in the first wa]].(]s) It was later shown that increas-
ing the thickness of the curtain degrades the neutron spectrum suf-
ficiently such that the bulk radiation damage and the long term radio-
activity is also reduced in a vanadium first structural wall of a

8)

tokamak fusion reactor.( The concept was given the name ISSEC, for
Internal Spectral Shifter and Energy Converter.

The early studies considered only the carbon or graphite as the
ISSEC material(g']o’]s) but later metallic elements Mo, Nb, V, and
w(]]) and liquid metals Li and Pb(7’]2) and a Pb-Li eutectic(]3) were
included among the potential ISSEC materials. In tokamak applications
two separate ideas were developed; the full and the partial ISSEC.(]G)
In the case of full ISSEC, the spectral shifter extends all the way
around the plasma and the plasma or its emitted neutrons are 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. One advantage of the partial ISSEC concept is that if the
ISSEC is restricted to transfer its heat to the first wall by thermal
radiation only, the allowable thickness of the ISSEC is much larger
in the partial ISSEC case than it is in the full ISSEC case. The
maximum temperatures in the ISSEC are much lower because a partial
ISSEC can radiate its heat from both inner and outer surfaces to dif-
ferent parts of the first wall. Figures II.1 and II.2 illustrate

the full and partial ISSEC concepts, respectively. In this study,
unless specified otherwise, a full ISSEC will be studied.

Five separate classes of blanket designs have been considered
that utilize the concept of a neutron spectral shifter. They are:

1) Systems that breed tritium in the blanket behind the first
structural wall and utilize liquid lithium as the coolant and the
breeding material.

2) Systems that also breed tritium in the blanket behind the
first structural wall but utilize solid breeders like L1’A102 and gas
coolants such as helium.

3) Systems that breed tritium inside the first structural
wall, in the vacuum chamber.

4) Systems that do not breed tritium.

5) Systems that utilize liquid metals such as Li, Pb and their
alloys as internal spectral shifter and energy converters (ISSECs)

and may breed tritium either internally or externally to the first

structural wall.
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The first four designs above have been intended to simulate
tokamak or mirror systems and the last one is for a laser fusion
system. However, it is conceivable that ISSECs can be used in other
magnetic confinement systems as well as in other inertial confinement
schemes such as in electron or heavy ion beam fusion systems.

Systems 1, 4 and 5 are fully discussed in Chapter V and they
will only be briefly reviewed here. Those aspects regarding the use
of internal neutron multipliers and absorbers such as Be,C and B,C,
which are not covered in Chapter V, will also be highlighted here.
More detailed information on systems 1 through 4 can also be obtained

in reference 8.

II.B. General Results from Earlier Work on the ISSEC Concept

I1.B.1. Description of Design Approaches

In order to illustrate the general features of the ISSEC con-
cept and acquaint the reader with the potential advantages of this
approach, five generic blanket systems were studied.(s) These designs
are briefly summarized below.

Table II.1 Tists the design of blanket systems in which the
first structural wall and the blanket behind it are cooled with
Tiquid lithium. System 1A is used as a reference for this type of

(4,17,18) \hich

system and is modeled after previous blanket designs
utilize liquid 1ithium as the coolant, moderator, and tritium

breeding material. Systems 1B and 1C are used to study the effect
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of placing different thicknesses of three-dimensionally woven
carbon elements in front of the first structural wall. Clearly, the
neutron moderating properties of carbon suggests the use of lithium

enriched in 6

Li to maximize the potential breeding ratio. Neverthe-
less, as will be shown, such systems will not provide enough breeding
although conversion ratios can be close to one. However, the radia-
tion damage and induced radioactivity in the first structural wall is
greatly reduced. Case 1D has been included to show how tritium
breeding ratios of more than 1.0 can be produced with the ISSEC con-
cept and a lithium cooled external blanket. By external blanket, we
shall mean theregion of the blanket behind the first wall away from
the plasma. The internal blanket referred to in Tables II.1 to II.5
is the blanket region between the plasma and the first structural
wall. A density factor of 1.0 was used in the calculations in the
internal blanket. However, from a neutronics standpoint, these models
are equivalent to three-dimensional weaves of twice the thickness at
a density factor of 0.5.

Table II.2 summarizes three blanket designs used to illustrate
the use of ISSEC concepts with external blankets that use solid
breeding materials, such as LiAl or LiA]OZ, and high pressure helium
cooling. One example of such a system is UWMAK—II.(S) Cases 2B and
2C are used to study the dependence of the breeding ratio on the

amount of beryllium (in the form of BeZC) in the internal spectral
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shifter. The 2 cm first structural wall has a density factor of
0.5 to account for direct cooling in that zone.

Table II.3 summarizes ISSEC blanket designs which illustrate
the potential for both neutron spectral shifting and tritium breeding
internal to the first structural wall. Such an approach has an
advantage in that all tritium will be handled by a single gas control
system already provided to handle gases in the vacuum chamber. This
would remove tritium from contact with the primary coolant system and
thus eliminate the main potential path for tritium release from the
proposed fusion power reactors.(4)

Systems 4A to 4D summarized in Table II.4 illustrate fusion
burner blanket concepts designed for energy conversion without
tritium breeding. Such systems may be used with D-T fuel if minimiz-
ing tritium inventory and associated environmental hazards is an
overriding consideration, Relatively near term experimental power
reactors are prime candidates for such blanket designs. Of course,
such blankets could also be used for fusion reactors based on other
fuel cycles, such as D-D, which do not require fuel breeding. In
these cases, the external blanket is designed as a helium cooled
system which utilizes graphite and boron carbide in a form used in

high temperature gas cooled (HTGR) reactor systems.(]g)

The presence
of boron in a system also affects the neutron spectrum and the
radioactivity induced by thermal neutron reactions. The beryllium

carbide and carbon zone in design 4D multiplies the incident neutrons
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and tends to maximize energy production in such ISSEC burners.

Finally, the concept of employing liquid metals such as Li, Pb
or a Pb-Li eutectic Pb4Li as ISSECs in laser fusion reactors is
illustrated in Table II.5. System 5A is a base design and in sys-
tems 5B, 5C and 5D the thickness of the ISSEC zone (zone 1) has been
varied up to 100 cm while the other thicknesses are kept constant.
(The first wall is moved back by the corresponding thickness of the
ISSEC.) The performance of these class 5 systems will be discussed
in Chapter V.

In systems 1-4, models 1A, 2A, 3A and 4A are reference designs

with which the performance of other designs will be compared.

I1.B.2. General Effects ot ISSEC Designs on Material Response
Functions

The shift in neutron spectrum at the first structural wall that
occurs as a result of using ISSEC is illustrated in Figure II.3.
These results are for the blanket design shown later in Figure V.1
and a 316 SS structure is assumed. The results are similar for other
structural materials such as V, Nb, Mo, etc. Notice the large amount
of decrease in the high energy end and increase in the low energy end
of the spectrum. Naturally the thicker the carbon ISSEC, the larger
is the shiftin the spectrum. Examples of the reduction in the dis-
placement damage rates, gas production rates and long-term radio-
activity for a vanadium first structural wall are summarized in

Table I1.6 for a liquid lithium cooled externally breeding system.
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Table II.6

Comparison of Important Reaction Rates in Reference Systems
and in Designs Using ISSEC Concepts

Model Model Breeding Energy Per He Prod. Rate H Prod. Rate DPA Rate
Number Class Ratio ~Fusion in First Wall 1in First Wall in Pirst Wall
(MeV) (zone 3) (zone 3) (zone 3)
appm/yr*: appm/yr¥: dpa/yr*?
1A Reference 1.29 17.85 72.1 13474 14.7%
Li Cooled
Blanket
18 ISSEC + 0.75 17.33 10.6 26.1 -3.92
Li Cooled
External
Blanket .
1c ISSEC + 0.536 17.03 2.71 7.9: 1.59
Li Cooled
External
Blanket
1D ISSEC + 1.05 20.0 17 26.87 3.49
Li Cooled
External
Blanket

‘% Normalized to 14.1 MeV neutron wall loading of 1 m/mz.
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(For a more detailed analysis of the reduction of radiation damage
parameters see Chapter V.)

A 12.5 cm carbon ISSEC leads to about a factor of 7 reduction
in the H and He production rates and about a factor of 3.5 reduction
in the displacement damage rates in the first wall (zone 3). A 25 cm
carbon shaper produces about a factor of 15 reduction in H and He
production rates while the dpa rate in the vanadium is reduced by an
order of magnitude. Since the first wall lifetime tends to vary
inversely with these response rates, (particularly the dpa and helium
production rates) one can expect extended structural wall lifetimes
as compared with previous approaches. Note that if the spectral
shaper is made of three-dimensional woven carbon fibers, these
neutronics results still apply. For a density factor of 0.5, model
1B corresponds to a 25 cm spectral shaper while model 1C would be a
50 cm internal blanket.

Of course, the softening of the neutron spectrum by the carbon
leads to a reduction in the breeding ratio, even though the lithium

is enriched to 90% in 6

Li. As suggested earlier, this may be
remedied by including beryllium as a neutron multiplier in the spec-
tral shaper. For example, the use of beryllium carbide pellets
coated with pyrolytic carbon and embedded in the 3-D carbon weave

is one possible approach. Model 1D has been analyzed to illustrate

such a blanket design. The spectral shaper zone is assumed to be

composed of 50% Be2C and 50% C, at one half of actual density to
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model carbon coated pellets embedded in aweave system. As indicated
in Table II.6 the breeding ratio is above 1.0 in this case, and the
energy per fusion is also substantially increased. Both these
quantities can be increased even further by increasing the thickness
of the lithium breeding zone in the external blanket. For example,
in model 1A, an increase in zone 4 from 30 cm to 50 cm increases the
breeding ratio from 1.29 to about 1.45.

It is interesting to compare the nuclear performance of cases 1B
and 1D since they both include a 12.5 cm internal blanket using a
density factor of 1.0. As seen in Table II.6 both the He production
rate and the dpa rate are lower when BeZC is used together with carbon.
The reason is that the Be2C slows down neutrons more effectively than
pure C particularly via the (n,2n) reaction, so that the flux above
1 MeV in the first wall is lower in model 1D than in model 1B. This
is a general result and is found to hold in all cases with Be,C.

An important characteristic of all fusion reactors will be the
amount of induced radioactivity and afterheat that is generated.
This is typically very small in carbon(zo) but quite substantial in

(21-24)

metallic structural materials. The radioactivity in the

vanadium first wall of all the models examined in this Chapter is
summarized in Table II.7. The level of short-lived radioactivity is

assessed by considering only the main contributing isotopes (namely,

48 _ 51... _ 52 _
Sc(t]/2—1.82 d), T1(t]/2-5.76 m), and V(t]/2—3.75 m)) at

shutdown and at one week after shutdown. For models IB, 1C, and 1D,

48 51

there is a substantial reduction in the "~Scand ™ Ti activities com-



Table IIL.7

Comparison of Radioactivity in the First Structural Wall (Zone 3)

at Shutdown and One Week After Shutdown of Refercnce Systems

.

and ISSEC Design Concepts

(After 10 years of Operation; In Units of Ci/cm3 per 1 lemz
of 4.1 McV neutrons)

22

Activity Activity Activicy Total
Model - Model from 455¢ from SIT4 from 32y Radicactivity
y - ”, - -
Number Class (I:l/2 l.B-d). (‘112 5.76m) (‘1/2 3.75m)
t=0 1 WK t=0 1 WK t=0 1 wx t=0 1 WK
1A Reference- | 4.34  0.302 8.1 ——— 30.5 —eeee 32.8 0.302
Li Conled
1B 1SSEC/EP 0.67 0.0466 1.57 =e=me 28.3 ——— 30.5 0.0466
1c 1SSEC/EB 0.16 0.011 0.47  ~—n 110 — 110.6 0.011
1p 1SSEC/ER 0.47 0.033 1,25  ——eee 128 —— 129.4 0.033
2A Refercnce- | 4.56 0.317 8.33 ~me—e 18,3  —eem 31.2 0.317
He Cooled
Solid Brecder
2B 1SSEC/EB 0.24  0.0167 0.71  ——me 316 — 317.5 0.0167
2¢ 1SSEC/LCB 0.34 0.0237 0.96 ———ee 169 — 170 0.0237
3A  Reference | 4.3 0.3 7.97  ——— |361.2 ——— 353.5  0.30
3B 1SSEC/IB 0.28 0.0195 0.82 ———- 50.3 —— 51.4 0.0195
3c 1SSEC/1B 0.34 0.024 0.97 —-—o 49.2 —— 50.5 0.024
LA Reference-] 4.32 0.30 7.97 —eme— 1.0 —— 13.3 0.30
Burner
4B 1SSEC/Ab 0.64 0.0445 1.6  —~eee 30.5 —— 32.8 0.045
4c ISSEC/Ab 0.61  0.0424 1.55 e 12.7 —— 14,8 0.0424
4D 1SSEC/Ab 0.46 0.032 1.26  <meem 2.07 ——n 4.79  0.032
“n -~
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pared to case 1A and this leads to reduction by a factor of 10 or more
in the Tong-term radioactivity (greater than 1 week). The reason is

48 51

that both the "~Sc and " 'Ti activities are produced by high energy

neutrons, which are moderated by a spectral shaper. On the other

hand, the 52

V activity, which is induced by the (n,y) reaction, is
increased sharply in cases 1B, 1C, and 1D because of the increase in
the number of slow neutrons. These specific results illustrate the
general effects that can be expected regardless of the structural
material.

There have been several reactor studies that utilize solid
(5,26)

(5)

breeders and gas coolants, typically helium. Model 2A outlined

in Table II.2 is an example of such a system. It includes pure Be
for neutron multiplication, (LiA]Oz) as the solid breeding compound
and He as coolant. This is the reference model for this class.

As we can see in Table II.8, the reductions in displacement and
gas production rates are even higher than in the previous case.
Calculations have been made to determine the amount of Be2C required
to achieve a breeding ratio of more than one. Figure II.4 shows the
breeding ratio as a function of the fraction of Be2C in the spectral
shaper. The spectral shaper thickness was taken to be 12.5 cm. It
appears that about 85% of the shaper must be BeZC to obtain a breeding
ratio greater than one with such an external blanket design. This is

in contrast with the results for model 1D where 50% BeZC is adequate

to achieve breeding. Of course, the reason is the relatively low Li



Table I1.8

Comparison of Important Reaction Rates in Reference Systems

.and in Designs Using ISSEC Concepts

24

Model Model Breeding Enexgy Per He. Prod. Rate H Prod. Rate DPA Rate
Number Class Ratio Fusion in First Wall in First Wall in First Wall
(MeV) (zone 3) (zone 3) (zone 3)
appm/yr* appm/yr* dpa/yr*
24 Reference He. 1.35 21.9 75.8 138.4 15.%
Cooled Blanket
with Solid
Breeder
2B ISSEC + He 1.06 22.3 4.2 12.4 12.9
Cooled External
Blanket
2C ISSEC + He .87 20.0; 6.0 17.6 ‘3.5
Cooled External
Blanket

% Normalized to 14.1 MeV neutron

wall loading of 1 W/mz.
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atom density in the breeding zones when LiA]OZ is the breeding material
and the corresponding increase in parasitic absorption. Other
materials, such as LiAl or Lizo, would yield higher Li atom densities
and thus somewhat higher breeding ratios.

The effect of the spectral shaper on the radioactivity in the
vanadium of the series 2 models is shown in Table II.7. The results
are quite similar to those found for models T1A-1D and the explanation
of the results is the same.

Table I1.9 summarizes the nuclear performance of the ISSEC
systems with internal breeding. There are several advantages of these
systems over the ones that breed externally to the first structural
wall. One is that it can allow all tritium in the system to be
handled by a single gas control system already provided for the
vacuum chamber. This will remove tritium from contact with the
primary coolant and thereby eliminate the main flow path for poten-
tial tritium release to the environment. A difficulty with such
designs is that there will be high heat deposition rates in the in-
ternal blanket, particularly in the breeding zones. This will Timit
the practical thickness of such systems but a detailed heat transfer
analysis is required to establish a maximum thickness accurately. It
is also quite possible that an effective heat transfer scheme can be
designed such that one does not have to depend solely on radiation
to transport heat from the'ISSEC zone to the first wall. Then the
thickness of this ISSEC zone could be as large as or larger than shown

on Tables II.1 to II.4 for a full as well as partial ISSEC.



Table I1.9

Comparison of Important Reaction Rates in Reference Systems
and in Designs Using ISSEC Concepts

Model Model Breeding Energy Per He Prod. Rate H Prod. Rate DPA Rate
Number Class Ratio Fusion in First Wall in First Wall 1in First Wall
(MeV) (zone 3) (zone 3) (zone 3)
appm/yr#* appm/yx+’ dpa/yr*’
3A Reference —— 15.3 71.6 L32.4 4.2

Burner: He
Coaled Blanket
Without Boron

3B ISSEC/I.B.%* 1.21 18.3 4.58 13.6 .2.93

© 3C ISSEC/I.B.%* 0.9 18.4 5.69 16.% 13.26

“* Normalized to 1l4.1 MeV neutron wall loading of 1 W/mz.

** An ISSEC/I.B. (ISSEC/Internal Breeder) system designed for tritium Breeding ineide the
first structural wall (zone 3 in Table II.1).

27



28

Since the tritium breeding and most of the heat deposition occur
on the vacuum side of the first structural wall, the external blanket
design can be flexible and various coolant - material combinations
can be used. For illustrative purposes, a helium cooled, solid
graphite system is considered as the external blanket, much Tike the
structures employed in high temperature gas cooled (HTGR) reac-
tors.(]g’zo)

For the early calculations the solid breeder material used in
the ISSEC is L1A102 although one might also consider Li,0. The basic
properties ot the L1'A102 and its potential use in fusion reactors has

(25) Lithium aluminate (using Li enriched

been discussed elsewhere.
to 90% 6L1') has good high temperature properties but at the tempera-
tures expected in the internal blanket (around 2000°C), its vapor
pressure is quite high. It would therefore be coated with a material
having acceptably low vapor pressure as well as reasonable permeation
properties for tritium. Pyrolitic carbon may be acceptable for this
role in the 1500-2000°C range. For this reason, and because such
composites could be in the form of pellets embedded in graphite or a
3-D carbon weave, the composition of zone 2 in models 3B and 3C is
taken as a 50-50 mixture of LiA10, and carbon.

From an interpolation of the breeding ratio between models 3B
and 3C in Table II.9, it appears that the ratio of Be2C to total
Be,C plus C content in the first 20 cm of the internal blanket must

be approximately 0.65 to achieve a breeding ratio of 1.0. Note,
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however, that this is very much dependent on both the thickness of
zones 1 and 2 in models 3B and 3C and the lithium bearing compound.

As stated earlier, compounds with higher Li atom density, such as
LiZO, would yield higher breeding ratios for the same thickness of the
tritium breeding zone.

The performance of ISSEC systems that do not breed tritium
(ISSEC Burner Concepts) is discussed fully in Chapter V. Here the
effects of B4C and BéZC used in models 4C and 4D on Table II.4 will
briefly be considered. The external blanket in all these class 4
models is 30% B4C (Boron enriched to 92% in B]O) plus 70% which acts
as a neutron absorber and shield and is cooled by helium.

It is clear from Table II.7 that the 1 cm boron carbide zone
has a significant effect on the thermal component of the neutron flux
in the first wall so that V52 activity which is caused by thermal
neutron captures is reduced by a factor of 2.4 and 14.7 in models 4C
and 4D, respectively, when compared to model 4B. As can be seen from
Table II.10, Be2C in the ISSEC not only increases the reduction in
displacement damage and gas production rates for the same thickness
as carbon in model 4C, but also increases the energy per fusion. In

away it allows one to "burn" boron to enhance the energy production.

I1.B.3. Summar
The results ot earlier work on the ISSEC concept have shown that

it has a great potential for reducing damage in a vanadium first wall
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Table II.10
Comparison of Important Reaction Rates in Reference Systems

and in Designs Using ISSEC Concepts

Model Model Breeding = Energy Per He Prod. Rate H Prod. Rate DPA Rate
Number Class Batio Fusion in First Wall in First Wall 4n First Wall
(MeV) (zone 3) (zone 3) (zone 3)
appm/yr*’. appm/yr’ dpa/yr*t
4A Reference m——— 15.3 71.8 132.% xz.9

Burner: He
Cooled Blanket
Containing Boxon

.

48 1SSEC/Buk* ——— 15.7 10.7 26.8 % " 4.08

4c ISSEC/Buk ——— 15.6 10.1 25.7 -3.75

5D SSEC/Buik# — 8.3 7.67 20.9* 3.48
* Normalized to 14.] MeV neutron wall loading of 1 MW/uz‘..: e 3 i

&% An ISSEC - Burner System designed for emergy conversion without tritium breeding.
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of a fusion reactor. It has also been shown that other properties
such as short- and long-lived radiocactivity, tritium breeding ratio,
and energy per neutron emitted can be greatly affected by these con-
cepts. Novel schemes for breeding tritium in the vacuum chamber and
using the ISSEC concept in a burner mode have also been shown to have
great promise. With such a potential benefit clearly established,
other considerations such as the effect of neutron damage on the ISSEC
itself, the method of transferring heat, the effect of different ISSEC
materials and the response of different first walls need to be

examined.
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CHAPTER III
DISPLACEMENT CROSS SECTION AND PKA DISTRIBUTION CALCULATIONS

The displacement of atoms from their normal lattice sites as
the result of neutron-nucleus interactions is an important source of
irradiation damage in reactor materials. The atom that gets forced
off from its normal lattice site as a result of such a nuclear inter-
action is called a Primary Knock-on-Atom (PKA). Depending on the
energy of the neutron causing displacements the energy of the PKA can
vary between a small value, on the order of 10-100 eV up to several
MeV. Succeeding collisions between lattice atoms result in a branch-
ing chain of secondary recoiling atoms until the recoils approach the
minimum energy needed to cause an atomic displacement. Isolated and
clustered defects are produced over a region of the lattice, which is
known as displacement cascade.

In calculating the displacement cross sections for a material
usually two steps are involved. First, the differential primary
Knock-on-Atom (PKA) production cross section x(E,T) is determined as
a function of neutron energy E and PKA energy T. A secondary defect

production function, v(T) is then used with x(E,T) to define a neutron

energy dependent displacement cross section, F(E), as(27)
Ti
L3 mx -
FI(E) = { x' (E,T) v(T) dT 3.1
Tq

where i refers to a particular type of reaction, e.g., elastic, in-
elastic, (n,2n), (n,p), etc.,
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Td is the minimum energy required to displace an atom, and

T%x is the maximum recoil energy from the ith veaction.

The PKA differential cross section xi(E,T) for the ith reaction

is expressed as

X (E,T) = ol (E) Ki(E,T) 3.2

where 01(E) is the primary neutron interaction cross section for
the it reaction at the neutron energy E, and

K](E,T) is the probability that a reacting neutron of energy E
will produce a recoil of energy T in the laboratory

system, and is called the recoil energy transfer kernel

for the 1th reaction.

The total disp]acemént cross section at a particular neutron

energy E is then the sum of the contributions from all possible nuclear

reactions, i.e.,

F(E) = § F(E) 3.3

3

Let us now examine the primary and secondary interactions and

it is more convenient to address them in reverse order.

ITI.A. Secondary Displacement Functions v(T)

There have been several secondary displacement production
functions proposed by different authors(28'34) but there are two that
have found widespread use. One of them is the simple model due to

Kinchin and Pease.(33) They formulated v(T) as follows:
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vwT) =0 if T<Ey

w(T) = 1 if Ey<T <2,

W(T) = E%g if 26, <T<A 34
w(T) = Eég if T>A

where E, is the displacement threshold energy, and
A is the atomic weight of the target element in KeV.

The other widely used secondary displacement model which has
been recommended by the International Atomic Energy Agency (IAEA)(BO)
and the ERDA Working Group on Displacement Ca1cu1ations(31) is due to
Robinsonfzs) It is based on the Lindhard, et a1.£35) (LSS) theory of

slowing down of energetic atoms in solids and has the following form:

vT) =0 if T<Ey
) eff
v(T) =1 if E <T<2E 3.5
Tyan deff - derf
v(T) =8 5 if T>2E
deff eff
where Ed is the effective displacement thresnhold and is approxi-
eff
mately equal to %-Ed,
B is a numerical factor to account for displacement

efficiency and is equal to 0.8, and
dam is the damage energy; that part of the kinetic energy,
T of the recoil atom that goes to displacing atoms.

The rest is lost in electron excitations and is assumed
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to cause no permanent damage to the metal. Tdam is
given by:
N — 3.6
dam 1+kLg(e) :
where the dimensionless energy € is
€ = ALT 3.7
and
0.8853 A2 -1
AL = _ (eV) 3.8

B 1
(27.2) z]zz(z§/3+z§/3)2(A1+A2)

where A] and Z] are atomic weight and number of the moving particle

and A2 and 22 are like quantities for the matrix atoms.

(0.0793)Z$/32;/2(A]+A2)3/2
k, =
L (Z$/3+Zg/3)3/4A?/2A;/2

3.9

gle) = € + 0.40244 /% + 3.4008 €!/6 3.10

For the case of a pure material rather than an alloy A1 = A2 =A,

Z] =1, =1 and the expressions for AL and kL simplify to

A 0.01151
L (2)7/3

1

(ev)”™ 3.11
and

_ 0.1334(7)%/3 312
L w72
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Defects are produced in pairs of interstitials and vacancies in
a displacement cascade. Due to the thermal motion and interaction
between defects newly created or already present in the matrix, some
of the interstitials and vacancies recombine and others form vacancy
or interstitial clusters. The amount of recombination and degree of
clustering depends on the recoil energy and temperature. It would be
desirable to obtain secondary defect production functions for free
and clustered vacancies and interstitials. The actual damage state
of the material would be better described by such displacement
functions. Several theoretical studies(36'3g) have attempted to
arrive at such displacement functions for iron at recoil energy
1-100 KeV and ~500°C temperature.

For example, Beeler(36) found that the production of free

vacancies in a-iron can be described as

v?v(T) = ].23T0'48 1 <T < 100 KeV 3.13

while in y-iron, Doran(37) found

1/2

viv(T) = 0.52 (T%+42T) 1<T < 100 KeV 3.14

The same expression for clustered vacancies from Beeler is

83 0.48

vEV(T) = 3.7870:83 _ 7,231 3.15

and from Doran is



37

0.80

“gv(T) = 5.070:80 _ .38 - 0.52 (T2+427)1/2 3.16

Similar expressions were derived for free and clustered inter-
stitials.

Due to the preliminary nature of the results above and to have a
common basis for comparison with earlier calculations, the displace-
ment functions for residual defects were not used in this study. The
results of this study will be reported in terms of the secondary dis-
placement model given in equation 3.5. At times in this work we will
compare the resu]ts‘given by both the Kinchin and Pease (Eq. 3.4) and

Lindhard (Eq. 3.5) secondary displacement models.

IIT.B. Primary Interaction Mechanisms and Calculations of PKA Spectra

One of the major displacement cross section and PKA distribu-
tion calculation codes widely available today was originally written
by G. R. Odette and D. R. Doiron.(27) The code was given the name
DISCS and the nuclear reactions that Odette and Doiron considered
were elastic scattering (n,n), inelastic scattering (n,n'), (n,p),
(n,a) and (n,2n). The PKA spectra and displacement cross sections
were calculated at any given neutron energy. However, the input
data to the code, including all the cross section data, had to be
supplied separately for each neutron energy. Later L. R. Greenwood(4o)
wrote another code that processed the nuclear data from the ENDF files
directly and put them in a suitable form for use in DISCS. That made

DISCS code more attractive and easier to use.
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Odette and Doiron did not include such reactions as (n,Y),
(n,n'a) and (n,n'p) in their analysis. As part of work for this
study both codes written by L. R. Greenwood, and Odette and Doiron
have been modified in such a way that (n,y), (n,n'a) and (n,n'p)
reactions are included in the displacement cross sections and PKA
spectra calculations.

In Section III.B.1. the previous theoretical work on the calcu-
lation of PKA spectra will be reviewed. Section III.B.2. will outline
the improvements made in L. R. Greenwood's and DISCS codes as part of
this study. The effects of including the (n,y) and (n,n'c) charge
particle emission reactions on the calculated displacement cross
sections and PKA spectra will be given in Section III.B.3. Section
II1.B.4. will give a discussion on the validity of nuclear models used

in these calculations.

II1.8.1. Review of Previous Theoretical Work in PKA Distribution
Calculations

There have been several attempts to calculate the energy dis-

t.(27’4]-46) Earlier calcu-

(42)

tribution of PKAs in a neutron environmen

(41)

lations considered only elastic or elastic plus inelastic
nuclear reactions. That was adequate for calculating the PKA spectrum
in a fission reactor environment. However, with the introduction of
fusion reactor concepts(q) where neutrons can have energies of

14 MeV or higher, other high energy threshold reactions such as (n,p)

(n,a), (n,2n) had to be considered.
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At present there are three major codes designed to calculate
the displacement cross sections and PKA spectra in neutron environ-
ments.(27’44’45) O0f the three codes, the most available and with the
best documentation is the one by G. R. Odette and D. R. Doiron.(27)
The two codes in references 27 and 44 are believed to be similar in

treatment of various nuclear reactions. Gabrie1(45)

apparently uses
a somewhat different physics approach and has concentrated on pre-
paring a very wide data base. His displacement cross section results
seem to agree with those of references 27 and 44 to within 20%.

We will now go through a brief review of the Odette-Doiron
approach to dpa cross-section calculations to lay the ground work for
modifications made in this work described in Section III.B.2. More
detailed information on the subject can be found in references 27, 43
and 44.

The procedure used to calculate Ki(E,T) depends on the reaction
considered. For single-particle emission reactions, conservation of

momentum and total energy give a re]ationship(42)

L
T(E,Ex,(b) = U3Ex + U]U4E - Z(EEXU]U3U4) 2cos ¢, 3.17
where Ex is the total kinetic energy of reaction products in center-

of-mass system, also known as the deexcitation energy,

¢ 1is the angle between incident neutron direction and emitted
particle direction in center-of-mass,

Wy = my/(my +omy)
Mp = mp/ (my +my)
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Hy = mg/(m +my)
Hy = my/(my +m,)
where
m is the mass of incident neutron,
m, is the mass of target nucleus,
mg is the mass of emitted particle, and
m, is the mass of recoil nucleus.
The quantity Ex is related to the energy of the emitted particle in

the center-of-mass, E3c’ by

3~ u4E . 3.18

For single-particle emission reactions, the energy transfer

kernel in dT about T can be expressed as(42)

/ E, (probability of deexcitation energy E,) x
(probabitlity that Ex produces a recoil of energy T) xdExdT

Defining the deexcitation normalized probability as P](E,Ex) and the

normalized energy transfer probability as PZ(E,EX,T) we find,

+

Ex

K(E,T)dT = f P](E’EX)PZ(E’EX’T)deEx . 3.19

X

The probability PZ(E,EX,T) is related to the normalized angular emis-

sion probability distribution P3(E,Ex,cos ¢) as

ey
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Po(ELE,T) = P3(EE, cos 9) 082 3.20

where cos ¢ is a function of T, E, E, found by solving Eq. (3.17).
The Ei values are the energetically allowed deexcitation Timits.
The probability distributions depend on the reaction type and

mechanism and can be found from experimental data or nuclear models.

IIT.B.1.a. Elastic Scattering

The recoil energy distribution of PKAs from elastic scattering
is described by the energy-dependent Legendre polynomial coefficients
‘that result from the Legendre expansion of the scattered neutron

angular distributions in the center-of-mass system. This gives

K&V (E,T)dT as(41-43)

L
el - (22+1) _ T
K=" (E,T)dT KZO it L, (E)P, (1 EETﬂEE)’ 3.21

where ¢ is the order of Legendre polynomial term,
L is the order of Legendre expansion used,

LZ(E) is the 2'th Legendre polynomial coefficient of the
angular distribution in center-of-mass system (It is
understood that Ly = 1.0.), and

P2(1-T/2u]u2E) is the 2'th-order Legendre polynomial.

ITI.B.1.b. 1Inelastic Scattering

Inelastic scattering is handled in two ways depending on the

information available on the resolved inelastic scattering levels. If
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the discrete resolved cross sections are known, individual Tevel
analysis of Ki"r(E,T) is carried out. When both continuum and
resolved cross sections are available, two methods are used over their
respective energy ranges.

For isotropic inelastic scattering to M resolved nuclear energy
levels, Ki"r(E,T) 15(4]'43)
1 M UPZ(E)

inr
K™ (E,T) =
rt Ly oot -
o “(E) 2=1 TQ -T2

s 3.22
where crl(E) is the individual level scattering cross section and where

M
SHE) = T J™(E) . 3.23
221

The recoil energy limits are

+ L
T = 2u1u2{E + [E(E -Qz/uz)lz} - Qlu] > 3.24
where
Ql = uZE —Ex , and
Qg = 2'th resolved nuclear energy level
The 2'th level for a specific T is added to Kinr(E,T) if Ti <T«< T;.
For scattering to the continuum(42’43)
16, (E)m1®
. m
kine(e,) = —HEL -y (] (erf{E}/0,(E)1%) - erfLIE2/0,(E)T%)
4C uq (En,)® X
17172
1 - -
~1(EL)® exp[-Ex/61(E)] - (Ex)™ expl-Ex/6;(E)1}) 3.25



43

Here the nuclear temperature e](E) is approximated as

Mok 35
e](E) = T) ’ 3.26
where a is the nuclear density level parameter (i.e., a % m2/10) and
m, is the mass of the recoiling atom. The normalization constant C]
is given as

mx
¢; = 64(E) {1 '[ET%ET + 11 exp[-EX*/6; (E)1}. 3.27

The term EEX is determined by energy balance consideration, giving

mx _
E, = wE+Q 3.28

where dm = Q of highest resolved level that a cross section for a
neutron of energy E is available. The term E?X is equal to the Q of

lowest level if no resolved level cross section data is available and

+ 1
EL(EST) = wE + T/uy # 2(ETm2/m])z 3.29

Due to the upper limit of Ex from energy balance considerations,

E; from Eq. (3.29) must be checked for validity and

+ _ omX g ot mx
E, = Ey if E, [from Eq. (3.29)] > Ey 3.30
.. s + mx
that is, if Eg. (3.29) indicates that Ey > Ey



44

III.B.1.c. Charged-Particle Emission

For charged-particle emission reactions, KCh(E,T) is determined
by much the same basic procedure as used in the inelastic continuum
case except for accounting for differences in mass of incident and
emitted particle, the reaction Q value, and effects due to the charge
of the emitted particle. With a nonzero lower limit of EX arising
from coulomb barrier P](E,EX), the evaporation model for this case
becomes(47)

P1(ELE,) = é% (E, - Ecglexp[-(E, -Ecg)/8,(E)], 3.3]
where

HoE+Q-Ecp

8,(E) = (=) 3.32

ECB = effective coulomb barrier energy.

For isotropic CM angular emission, all recoils between the allowed

energy limits are equally probable; thus

1
P,(E,E,,T) =
2 ’ X’ + -
THELE,) - T7(E.E,)
for  TT(E,E,) <T < T(E,E) . 3.33

X

The terms T+(E,Ex) and T_(E,Ex) are found from Eq. (3.17) with
¢ = 180 deg and ¢ = 0 deg, respectively. Substituting from Eq. (3.17)
into Eq. (3.33),
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1
1.
4(EEXU]U3U4)2

Po(E,E,,T) = 3.34

Inserting the expressions for P1(E,Ex) and PZ(E’Ex’T) into Eq. (3.19),

<+

expHEg/0,(E)] (*x  (E, ~Egp)

KN (E,T) - -
4C,(E )2 - (E )5
2\EH M3l E, X

X exp[—EX/ez(E)]dEx . 3.35

Evaluation of the integral gives

exp [+E p/6,(E)] Ny
kNE,T) = B X (-6,(E)E expl-E /6,(E)]
4C2(EU]U3U4)2 X X

9 (E)La
+ 62(E)ﬂ% -313;—— - ECB/eZ(E)%]

g+
1/2 x
x {erf EX/BZ(E)] 3 . 3.36

Ex

The normalization constant in this case is given by the requirement
that
[E P](E,E )dEX =1,

X
X
or from Eq. (3.31)
E?x
CZ = I (EX -ECB) eXP[-(EX —ECB)/ez(E)]dEX s 3.37

Ecp
which is
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E
C, = explE g/6,(E)165(E) x (Geey ©XPI-E,/85(E) 1 (exp-E,/6,(E) 1}

mx
E Ex
Xe+17) 3.38
X E§ZTET . .
Ecg

The term E?x comes from energy balance considerations and is

mx _
EX =W,k +Q 3.39

The term ECB is calculated using the formu]ation(47)

-13

ECB = Ck(1.14418 x 10 2324)/(R0-+RC) ) 3.40

where Z3 is the atomic number of emitted particle,
Z4 is the atomic number of recoil nucleus,

Ck is the correction to actual coulomb barrier to give an
effective value,

R is the radius of compound nucleus =1.5 x10'13(m2+m])]/3cm,
and

R. is the correction factor due to size of particle.

c
Values of Ck and Rc are given in the literature.(47)

To find E; and E;, Eq. (3.17) is solved for EX in terms of E
and T with ¢ = 180 or 0 deg. This gives

m m

=y & Y
ET = W iy E + T/u3 + 2 (ET s u4) . 3.41

+
X

The values of Ei are also limited by ETX and ECB so that the
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following validity checks must be made:

+ _ mX Lo ot mx

Ey = Ey if £, [from Eq. (3.41)] > E,

i o 3.42
EX = ECB if Ex [fY‘Oln Eq. (3.41)] < ECB

The maximum value of T(E,Ex,¢), T™  is determined from Eq. (3.17)
with ¢ = 180 deg and EX = sz. The minimum value of T is determined
with ¢ = 0 deg. However, due to the quadratic form of the equation and
the negative square root term, the EX value that gives the lowest "
is not always ECB' To determine the correct Ex for Tmn, Eq. (3.17) is

mn
differentiated and set equal to zero and solved for El giving

WE 3.43

The value of Ex is also bounded by ng and ECB so that

TN mx L, T0 mx
E, =E  ifE, [from Eq. (3.43)] > Ey
3.44
TN . _Tn
E, = ECB if Ex [from Eq. (3.43)] < Ecp

This gives a transfer kernel of
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8,(E) explEq5/0,(E)]

KN (E,T) = 2
C24( Eu1 U3U4) :

x ({ (E)'()l/2 exp [-E, /6,(E)]

+\ + Y
- (EQ)® exp[-E,/0,(E)1} + m

[0, (E)]
X f——g*i——— - ECB/[GZ(E)]%}

+ %
X (erf{[Ex/ez(E)] }

- erfl[E;/6,(E)T?H)), 3.45
where

C, = 6,(E) exp [Eqg/0,(E)]

x (Egglexp [-E,/6,(E)] - exp[~Eqy/02(E)1)

E
+ 92(5){exp[-ECB/92(E)]E@E%Ej'+ 1]

E
- exp[-E;/GZ(E)]fgg%%y +11)) . 3.46

A slight problem arises in this formulation because finite
reaction cross sections can exist below an effective threshold energy
E0 = (ECB-Q)/MZ at which the nuclear temperature goes to zero.
Physically, this means some particles can escape below ECB’ Since
cross sections are always very small below Eo’ they are set at zero

for E < E0 in these calculations.
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1I1I1.B.1.d. (n,2n) Reaction
(27)

Odette and Doiron treat the (n,2n) reaction as a multiple
particle reaction based on a sequential emission evaporation model and
corresponding Monte Carlo evaluation of the conditional probability
distributions.

For a (n,2n) reaction to take place, the deexcitation energy of

. N . *
the first neutron emission EX must be <Ex’ where

1

EeX = qu = excitation energy 3.47

Eb = binding energy of the last neutron in the m, nucleus.

If Ex] < E:, the reaction is taken to be pure (n,2n), while if
Ex1 > E: , inelastic scattering is assumed. Because of this, the

total x(E,T) from incident neutrons in the (n,2n) reaction energy range

should be considered as the sum of the part due to the (n,2n) mechanism

when E < E: plus the part due to the inelastic mechanism (n,n') for
1
E: <E, <Eg,. Thus, the (n,2n) kinematics model implies that the

1
ratio of the (n,2n) and (n,n') reactions is given by

n,2n incl Eex E:
o *“(E)/o "T(E) = P.(E,E_ )dE_/ P.(E,E. )dE
. 1 X3 X 1 X Xy
E 0]
X 3.48

if (n,2n) is the dominant nonelastic reaction.
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Kinp(E,T) for the (n,n') partial reaction

*
When EX < Ex1 < Eex’

is calculated by the same procedure used for the unresolved inelastic

reaction. However, a lower limit of deexcitation energy check is

made for E; as in Eq. (3.42) with E; substituted for ECB' For the

(n,2n) mechanisms, both neutrons are assumed to be emitted nearly

simultaneously, viz., before the nucleus has a chance to move signi-
ficantly.

Using the evaporation model, the deexcitation energy distribu-

tion of first neutron emission from the A+1 compound nucleus is(47)

_ ]
P-I(E,Ex]) = W Ex] exp [-Ex]/93(Eex)] ’ 3.49

where

1 _

E. %
- ex
63(Eex) = (——a ) 3.50

The normalization constant C3(E;) is determined by the requirement

that
j EX P(E,EX ) =1, 3.51
1 1
thus

C4(EX) = eg(Eex) x (1-11 +E;/04(E_ ) lexp[-Ex/03(Eg, )1}, 3.52

The probability distribution of the second neutron emission deexcita-
tion energy is determined by the excitation level of the A nucleus,

which is dependent on Ex]’ and is given by
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Ex-Ey
X 2 {ExZeXp [-EX2/94(EX] )] }{Ex]exp [-EX]/GB(EGX)]}

1
P,(E,E. )= [ dEy_,
1155, TT(ER) . c4(Ex]) X
3.53

where

0<E,  <E¥
-X2 X
E¥-E,, %
(2—L , a-& 3.54

64(Ex])
and

2 (E -Exy) .
C4(Ex]) = 6,(E)(1- [T+ '5ZTf§;7_J X exp[-(Ex—Ex])/64(Ex])]}

3.55

A Monte Carlo simulation is used to solve for K"’zn(E,T) based on the
following procedures:

1. The first neutron deexcitation energy is randomly selected
from the probability distribution in Eq. (3.49) using standard methods.
A CM system emission angle cosine for the first neutron is selected
randomly between -1 and +1.

2. The conditional probability distribution for the second
neutron is calculated using the first neutron deexcitation energy as
described by Eq. (3.53). The second neutron deexcitation energy is
then also randomly selected from this conditional probability distri-
bution. The second neutron emission angle cosine is also randomly
selected between -1 and +1.

3. Conservation of momentum principles are applied to calcula-

tion of the recoil velocity vector for each of the sequential emis-
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sions, giving a PKA recoil energy as a function of Ex]’ Exz, and the
emission angle cosines.

4, Steps 1, 2, and 3 are repeated a large number of times using
the random selection procedure. A histogram is built up by sorting
recoils into appropriate energy bins.

For a small number of simulation experiments, the resulting
Kn’zn(E,T) spectrum is erratic in shape. At least several thousand

simulations should be used for reasonably smooth results.

I11.B.2. PKA Distribution Calculations for (n,y) and (n,n'c)
Neutron-Charged Particle Emission Reactions

I1I1.B.2.a. (n,y) Reaction

The recoil energy distribution function for the (n,y) reaction
is calculated using the data given in file 15 in ENDF-B/IV.(49) In
this file the continuous energy distribution of secondary photons
from (n,y) reaction is given, as a function of incoming neutron
energy. The energy distributions, f(EY « E), are in units of

(eV)'] and are normalized so that

gmax
Y f(E, <« E)dE_ =1 3.56
[V e~ B

where E$ax is the maximum possible secondary photon energy and its

value depends on the incoming neutron energy as well as the particular

nuclei involved. The energy distribution f(EY < E) can be broken
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down into the weighted sum of several different normalized distribu-

tions in the following manner:

NC q
fE « E) = jgl PS(E) aj(E, < E) (eV) 3.57

where
NC = the number of partial distributions used to represent

f(EY « E),

qJ(EY « E) = the jth normalized partial distribution in

units of (eV)'], and
Pj(E) = the probability of weight given to the jth partial
distribution, q. .
istribution qJ(EY <« E)
The following normalization condition is imposed
gmax
Y . E =
j qJ(EY < E) dE, =1 3.58
0
Thus,
NC
7 OP.(E) =1 3.59
=19

The reaction cross sections as a function of neutron energy are
obtained from ENDF-B/IV files 3 and 2. Appropriate resonance para-
meters are read from file 2 and using the formulae given in appendix D

of the ENDF manual,(49)

contributions from both resolved and unresolved
resonance regions are calculated and added to cross sections given in
file 3. For resolved resonance region calculations only single level

and multi-level Breit-Wigner resonance parameters are accepted. The
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code does not handle Reich-Moore and Adler-Adler resonance parameters
in this region. Most of the calculations for obtaining the neutron
energy dependent (n,y) reaction cross sections from ENDF-B/IV were
provided by L. R. Greenwood(40) in his input preparation program
(hereafter referred to as INPUTPP) for DISCS.

A new subroutine written by the author and added to the INPUTPP
js used to read from file 15 of ENDF-B/IV the parameters that charac-
terize the secondary photon energy distributions from the (n,y) reac-
tions at discrete neutron energies, namely it collects the parameters
NC and P and the function values q vs. Ey (see Egs. (3.57)-(3.59)) at
each neutron energy given in ENDF-B/IV. Those values are later passed
on to the DISCS, the displacement cross section and PKA spectrum calcu-
lation program, along with the neutron energy dependent reaction cross
sections. In the DISCS program first the normalized gamma energy
distribution function values, f(EY « E), are calculated by using
Eq. (3.57). Then the PKA spectrum for the (n,y) reaction is calcu-
lated as described below.

From the data obtained from file 15 in ENDF, two arrays are set
up. For each incident neutron energy one array contains the photon
energies and the other contains normalized photon energy distribution
function values at corresponding photon energies. Gamma energies are
converted to PKA energies using the formula
2

2
[EY (MeVv)1

E
= Y -
T (0.00186) (m+1) 3.60

C 2(m)?
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where m is the mass of target nucleus in amu.
The recoil energy transfer kernel for the (n,y) reaction,

K ® E’l dl - ' E € E .

and the differential PKA cross section, xn’Y(E,T)

f(E_ <« E)dE
Y Y

i 3.62

XVY(ET) = o™ Y(E) K"*Y(E,T) = o"*V(E)
where cn’Y(E) is the reaction cross section at neutron energy E.

ITI.B.2.b. (n,n'c) Neutron-Charged Particle Emission Reactions

The treatment of these reactions differ from the treatment of
(n,2n) reaction in the way that the coulomb barrier effects have to be
taken into account. For a (n,n'c) reaction to take place the deexcita-

tion energy of the emitted neutron, Exn’ has to be < E:, where

*
E = Eex - SFCP - ECB 3.63

Eex = qu - excitation energy

SECP = Separation energy of the charged particle from
the m, nucleus:

ECB = Coulomb barrier energy for the charged particle
to escape from the My nucleus
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As for the (n,2n) reaction, the evaporation model gives the deexcita-

tion energy distribution of the neutron emitted from the A+1 compound

nucleus as(47’48)
]
P1(E’Exn) = Exn eXp['Exn/e3(Eex)] 3.64
C3(E%)
X
where
E %
_ (_ex - A
63(Eex) - ( a ) s @4 T ]0 3.65

The normalization constant C3(E:) is determined by the requirement

that
*

E

X
j P(ELE, )dE
0

in

N 1 3.66

Thus
* *

E E
*\ AL X X
C3(Ex) = 63(Eex) {1-11+ Egrigzjﬂ exp [- EETE;;JJ} 3.67

The probability distribution of the charged particle emission
deexcitation energy is determined by the excitation level of the A

nucleus, which is dependent on Exn’ and is given by

1 ECB XC
P.(E,E. ) = ———E (1 - =) exp [- ——1—————7-] 3.68
1 xc C4(E:C) xc Exc 84 Excex

where
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* * . .
EXC = Ex - Exn - maximum charged particle energy
3.69
* - 3 .
EXceX = EX - Exn' maximum excitation energy of the
residual nucleus, same as E;c
E Y4 m
= (_Xcex - 4
64(Excex) = ( a ) . oas= 10 3.70
where my is the mass of the residual nucleus.
The coulomb barrier energy ECB is calculated using the formu]a(47)
= -13
ECB = KC (1.4418 x10 Z3Z4)/(R0-+RC) 3.71
Z3 = atomic number of emitted charged particle,
Z4 = atomic number of recoil nucleus,
Kc = correction to actual coulomb barrier to give an
effective value,
Ro = radius of the My nucleus
= 1.5 x 10713 (mz)]/3 cm, and
RC = correction factor due to size of particle.
Values of Kc and RC are given in the literature.(47’48)
The normalization constant C4(E:c) is determined by the
requirement that
E*
XC
[ P(E’Exc)dExc =1 3.72

ECB
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Then
*
E__ -ECB
* 2 ECB XC
c,(E. )= 6%(E ) {exp [- - (1+ )
4'\"xc 4\ "xcex 64<Excex’ e4<Excex;
*
x exp [- 'érfic——y]}. 3.73
Xcex
Using a Monte Carlo simulation model, K"*" C(E,T) is calculated
as follows:

1. The neutron energy is randomly selected from the probability
distribution in Eq. (3.64). This is done by assigning a random number
between 0 and 1 to p1(E’Exn) and calculating Exn by iterative proce-
dures. Then a CM system emission angle cosine for the neutron is
selected randomly between -1 and +1.

2. The energy of the emitted charged particle is calculated
from Eq. (3.68) using a procedure similar to the one used for the
neutron in step 1. The charged particle emission angle cosine is also
randomly selected between -1 and +1.

3. Conservation of momentum principles are applied to calcula-
tion of the recoil velocity vector for each of the sequential emis-

sions, giving a PKA recoil energy as a function of Exn’ E.., and the

XC
emission angle cosines.

4, Steps 1, 2, and 3 are repeated 2-3 thousand times using the
random selection procedure. A histogram is built up by sorting recoils

into appropriate energy bins.
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Appropriate changes were made in the INPUTPP routine so that
(n,n'c) reactions cross sections are collected from ENDF-B/IV, along
with the rest of the reactions considered, and included in the input
prepared for DISCS. Three new subroutines were written in DISCS. One
subroutine performed the evaporation model analysis for the charged
particle emission part, one subroutine obtained the PKA energy from
reaction kinematics for each Monte Carlo experiment and the main NN'C
subroutine calculated the PKA energy distributions from these (n,n'c)
neutron-charged particle out reactions.

Besides including four new subroutines, one for (n,y) and three
for (n,n'c) reactions, in DISCS, almost all other subroutines had to
be modified for various reasons. The new versions of the DISCS and
INPUTPP codes are given the names DISCSM and INPUTPM, respectively.
Presently the INPUTPM and DISCSM codes together are capable of generat-
ing neutron displacement cross sections and PKA energy distribution
spectra at any number of neutron energies. The amount of input data
to be supplied to INPUTPM by hand is minimal. Most of the input comes
from ENDF files. There is no input preparation for DISCSM, it is all
done by INPUTPM. For both the cross sections and the PKA spectra,
the contributions from individual reactions, namely elastic, inelastic
(n,2n), (n,p), (n,a), (n,n'a), (n,n'p) and (n,y) are calculated. Four
other smaller routines have been written to perform various functions
using the output of DISCSM. One routine is used to calculate neutron

spectrum averaged displacement cross sections, and differential and
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normalized PKA spectra in a neutron flux. Two kinds of normalizations
are used. One gives the percent probability of having a PKA with
energy T in dT as a function of T and the other gives the probability
of getting a PKA with energy greater than T as a function of T.

The second routine can be used to plot the displacement cross
sections as a function of neutron energy and PKA probability distribu-
tions as a function of PKA energy at discrete neutron energies. The
third routine is used to plot the neutron spectral averaged PKA
probability distributions and the fourth routine is used to generate
neutron group averaged displacement cross sections. On all plots,
the specific contributions from individual nuclear reactions can be

shown if so desired.

I11.B.3. The Effects of the (n,y) and (n,n'c) Neutron-Charged
Particle Out Reactions on the Calculated Displacement
Cross Sections and PKA Spectra

Table III.1 lists the displacement cross sections for Nb and Ni
calculated by DISCS and DISCSM codes. The main differences between
the two sets of data from DISCS and DISCSM are in the Tow neutron
energy end due to (n,y) reactions and in the very high energy end due
to (n,n'a) and (n,n'p) reactions. Table III.2 gives the Ni displace-
ment cross sections averaged in various fusion first wall and fission
reactor neutron spectra. The effect of both the (n,y) and (n,n'c)

reactions is to make the spectral averaged displacement cross



Table III.1

The Effects of the (n,y) and (n,n'c) Reactions on the Calculated
Displacement Cross Sections

Neutron

Ener

.2000-08
.1400-07
.7643-07
.8554-06
.9279-06
.3153-06
.7603-05
.7267-05
.8893-05
.6702-04
.5358-04
.4852-04
.5848-03
.3546-03
.1017-03
.5034-02
.1828-02
.7379-02
.2277-01
.6573-01
.2371-01
.0197-01
.0762-01
.5023-01
.4274-01
.0026+00
.3534+00
.8268+00
.4660+00
.7253+00
.0199+00
.3282+00
.6788+00
.0657+00
.4933+00
.9659+00
.4881+00
.0653+00
.7032+00
.4082+00
.1873+00
.0484+00
.0000+01
.3052+01
.2214+01
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DISCSM

10.49
2.101
1.444
0.993
0.682
0.469
0.322
0.222
0.152
0.105
0.072
3.537
9.386
13.22
20.40
92.06
71.38
117.4
274.3
255.7
339.3
316.1
391.2
422.3
393.6
698.8
547.2
696.8
979.7
1082
1089
1184
1217
1293
1348
1527
1724
1791
1873
1896
1900
2290
2721
2823
2916
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Neutron
Ener MeV

1.3499+01
1.4918+01
1.6000+01
1.7000+01
1.8000+01
1.9000+01

DISCS

1842
2003
2101
2169
2204
2259

DISCSM

1842
2003
2103
2172
2207 -
2263

Table I11.1 (cont.)
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Table II11.2
The Effect of the (n,y) Reactions on the Spectral Averaged

Ni Displacement Cross Sections in Various Neutron Spectra

Spectral Averaged Displacement
Cross Section (barns)

Neutron Environment DISCS DISCSM

Hard Fusion ' 1177 ‘ 1177.

" Softened Fusion

behind 25 cm carbon 474.8 475.7
behind 25 cm Mo 230.7 230.7
behind 112 cm Pb 73.74 73.94
behind 91 cm Pb,Li 100.2 100.3
) behind 115 cm Li 267.6 267.6
EBR-I1I 465.1 465.1

HFIR a 200.2 202.2
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sections from DISCSM higher than the DISCS values. However, in this
case, the main difference is expected to come from the (n,y) reac-
tions because the (n,n'c) reactions do not become operative until
after 13.5 MeV neutron energy and none of the neutron spectra con-
sidered have neutrons of energy >14.9 MeV. As we see in Table III.2
there is little difference in the spectral averaged Ni displacement
cross sections even in a softened fusion or thermal fission reactor
neutron environment. The difference is even less in the Nb displace-
ment cross sections. However, as discussed below, the difference in
the PKA probability distributions can be appreciably high.

Figure III.1 shows the normalized PKA probability distribution
in a hard fusion neutron spectrum with and without the (n,y) and
(n,n'c) reactions. Similar curves in a soft (behind 25 cm solid
carbon) fusion neutron spectrum are shown in Figure III.2. The (n,y)
and (n,n'c) reactions are competing in this case. The (n,y) reactions
tend to shift the PKA spectrum to lower energies and the (n,n'c)
reactions tend to make it go in the opposite direction. In the
hard fusion neutron spectrum the two effects tend to cancel each other
with hardly any difference between the DISCM and DISCS curves in
Figure III.1. In softened fusion neutron spectrum, however, the
(n,y) reactions take over and the PKA distribution from DISCSM is
shifted to Tower energies.

The effect of the (n,n'c) reactions on the calculated spectral

averaged displacement cross sections and PKA distributions was not
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very strong in these calculations, but they might be very important
in neutron spectra obtained in fusion reactor materials testing
facilities utilizing deutron stripping reactions such as (D,Li) and
(D,Be), where neutrons of energy up to 30-40 MeV can be found. Such
charged particle out reactions will also be important in materials
such as Al which has large (n,n'c) reactions cross sections below

15 MeV.

In summary, inclusion of low energy neutron capture reactions
or high energy (n,n'c) reactions has a minimal effect on the spectral
averaged displacement cross sections, but they do have an effect on
the PKA spectra. We will use these new results to more accurately
analyze the damage environment associated with the modified neutron

spectra behind various ISSEC designs.

II1.B.4. Discussion on Nuclear Model Validity

A11 nuclear reactions considered in the calculation of the
total PKA differential cross section xt(E,T) are assumed to proceed
through a compound nucleus formation and the secondary particles
that come off are assumed to be emitted isotropically in the center-
of-mass system. The only exception is the elastic scattering where
the experimentally determined neutron energy dependent Legendre
polynomial coefficients that result from the Legendre expansion of
the scattered neutron angular distribution are used in the calcula-

tion of XE]aS’(E,T). The isotropic-emission and compound-nucleus
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formation assumptions for the other nuclear reactions are reasonably
valid at low neutron energies. However, at high neutron energies
(14 MeV or higher) the direct interactions play an important role
and the angular distribution of the emitted particles is peaked in
the forward direction. The direct interactions become especially
important for single charged particle emission reactions. For
example, for {n,p) reactions at 14 MeV neutron energy, direct inter-
actions can constitute as much as 20 to 60% of the reactions in
light and medium mass nuclei (A = 25-70) to as much as 90% in heavy
nuclei (A >90).(27) However, since these cross sections are
generally small, one approximate way to treat the (n,p) reactions
is to add the estimated compound nucleus contribution of such reac-
tions to the continuum inelastic neutron scattering cross section and
add the direct component to the elastic scattering cross section.
For the (n,a) reactions the isotropic-emission and compound-
nucleus formation assumptions should be reasonably valid for medium
mass nuclei. However, for heavy nuclei, the validity of these
assumptions are not as warranted. It is reported that at 14 MeV,
direct interactions contribute on the order of 55% of the total

(n,a) reaction cross section in 93Nb.(27)

Figure III.3 compares
the PKA energy probability distributions for (n,a) reactions from
the isotropic-emission compound-nucleus model and calculations

using experimentally measured angular emission distributions for
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63 93 63

Cu and “°“Nb at 14 MeV neutron energy. xn’a(E,T) results for ~~Cu

do not differ too much between the two sets of calculations, but for
93Nb the recoil distribution is enhanced at low energies and
diminished at high energies. Thus, in high Z elements direct reac-
tions are generally less efficient in generating high energy PKA's
than isotropic emission compound nucleus type reactions.

For neutron energies of up to 14 MeV, the charged particle
emission nuclear reaction cross sections are still low so that the
contribution of these reactions to total displacement cross sections
are small. For example, at 14 MeV (n,p) and (n,o) reactions together
make up only 5% and 7% of the total displacement cross sections,
respectively in Nb and V.

For multiple particle emission reactions such as (n,2n),
(n,n'p), (n,n'a) the isotropic-emission compound-nucleus model should
be appropriate for medium mass nuclei at moderate energies (<20 MeV).
One estimate of preequilibrium contribution to (n,2n) reactions in
B\p at 14 Mev is ~10%. (27

In fusion reactor applications, the displacement cross sections
calculated by methods described in this chapter will probably over-
estimate the damage in first walls by about 10% or less. However,
if one were to extend the models to higher energies and use these
cross sections to estimate damage in materials to be tested in

(D,Li) or (D,Be) source facilities where neutrons can have energies
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up to 40 MeV the results would be overestimated by amounts much
greater than 10%. The effects of direct interactions and anisotropic
emission of secondary particles would have to be taken into account

for the high energy spallation sources.
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CHAPTER 1V
CALCULATIONAL METHODS

To implement the calculations in this study, a computer package
called MODISS for Modified Damage by ISSEC has been established. The
flow diagram of MODISS is shown schematically in Figure IV.1. As can
be seen the package consists of several programs each of which per-
forms different functions. Some of the programs are directly taken
from the 1iterature without any modification. They are the neutronics

code ANISN, (50) (51)
(52)

the radioactivity code DKR, and the heat transfer

codes HEAT and FEMZD.(53) The damage analysis codes INPUTPM and

DISCSM are modified versions of INPUTPP(40) and DISCS(27) as previously

described in Chapter III. The other programs DPLOT, APLOT, XGRPAVE ~
and most of NSPECAVE have been provided by the author for the purposes

of this study. In the remainder of this Chapter the functions of the

various programs in MODISS will be explained. The data requirements

and the output of each code will also be shown.

IV.A. INPUTPM
Object: The object of the INPUTPM program is to collect nuclear
data from various sources, process and output the data in a form that
is compatible with the input requirements of the DISCSM program.
Input: An example of the card input data for the INPUTPM for
the element niobium is shown in Table A.1 in Appendix A. The rest of

the input comes from the ENDF-B/IV file which is assigned to the run
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with a logical unit number 21 and contains the data for the element
in question. The description of the input to be provided on cards is
given in Table IV.1.

Structure and operation of the INPUTPM: Figure IV.2 shows the
flow diagram of the INPUTPM code and the various functions of each

program unit in the INPUTPM are briefly explained below.

MAIN

The function of the MAIN program is to set up the problem and
to direct the flow of the runstream by calling various subroutines to
obtain the necessary information from ENDF data files. Interpolation
of the final reaction cross sections thus obtained from the fine
input group structure mesh points to the 46 group structure end
points is also done in MAIN. The last part of the MAIN program

files all the data obtained in a format structure such that it can

be read directly by the DISCSM program.

RESCAL

The subroutine RESCAL is used to read the resonance parameters
from file 2 and the reaction cross sections from file 3 of the
ENDF-B/IV. It calculates the total reaction cross sections in the

input energy group structure and returns them to the MAIN program.

RESOLV
The subroutine RESOLV calculates the contributions to the elas-

tic and (n,y) reaction cross sections from resolved resonances using
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Table 1V.]

Card Input Data for INPUTPM

List

1 IS

2 5A4

3 Free

4 Free

5 Free

NMAT

ELEM(5)

M2
12
EDK

EDL
TI

AA

EMAS

IT
TMIN
IELAS
INELAS
ICHAR

IN2N
IDSMOD

Description

ENDF Mat number of the element
to be analyzed

Name or identification of the
element

Mass of target nucleus

Atomic number of target nucleus
Kinchin-Pease displacement
energy (MeV)

Lindhard displacement energy (MeV)
Kinchin-Pease ionization threshold

(MeV)

Nuclear density parameter for
nuclear temperature (AA=M2/10 or
M2/20)

Maximum vrecoil energy for common
integration (MeV)

Number of recoil energy grid
points (<100)
Minimum cutoff energy (MeV)

o
-

No elastic analysis

Elastic reaction is done

No inelastic analysis
Inelastic reaction is done
No (n,c) reactions are done
1 (n,c) reaction is done

2 (n,c) reactions are done
No (n,2n) reaction analysis
(n,2n) analysis isdone

, No secondary displacement
model analysis

1, Lindhard displ. model only
2, Kinchin-Pease model only

3, Lindhard and Kinchin-Pease
models

= 4, User supplied model only

= 5, Lindhard, Kinchin-Pease,
and User supplied models

-

naiv Ny v

O—OMN—Lw O 0O —
v v w v e v

oun
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Table IV.1 (cont.)

Card # Format List

NPLOT
NPRKT

ITAVE

6 Free INNC

INGAMA

7 Free NENG

8*  Free (E(M) ,M=1,NENG)

9 314 MAT1
ImM

IR1
10 314 MAT2

IT2
IR2

Description

= 0, No printer plots of PKA
distributions given
= 0, No printout of transfer ker-

nel

> 1, Printout of transfer kernel
given

= 0, Average PKA energies not
given

> 1, Average PKA energies per
reaction are given

0, No (n,n'c) reaction analysis
1, 1 (n,n'c) reaction is done
2, 2 (n,n'c) reactions are done
0, No (n,y) analysis

1, (n,y) reaction is done

tv Ibunonn

Number of input energy group struc-
ture points

Input energy group structure

ENDF Mat number of the element
= 2 if resonance analysis wanted

2 if no resonance analysis
151

I~

ENDF Mat number of the element
= 3, ENDF cross section file
Reaction number

Repeat card #10 for all (IR2) reactions considered including all

resolved and unresolved inelastic levels.

given in ascending order.

11 314 MAT2

12 Free I0UT

13*  Free (EQUT(I),I=1,I10UT)

If IN2N = 0, skip card #14.

Reaction numbers have to be
= 0, Signals the end of type 10
cards

Number of output energy group
structure points

Qutput energy group structure
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Table IV.1 (cont.)

Card # Format List

14 Free NMC
EB
A2

If INNC = 0, skip cards #15 - 17.

Description

Number of Monte Carlo experiments
in (n,2n) analysis

Binding energy of the last neutron
in the target nucleus (MeV)
Nuclear density parameter for
second neutron

Repeat cards #15 through 17 for each (n,n'c) reaction.

15 5A4 (RNAME(L),L=1,5)

16 Free M3NC
Z3NC

MANC
ZANC

CKNC
RCNC

17 Free NMCNC

SECP

Name of the reaction

Mass of emitted charged particle
Atomic number of emitted charged
particle

Mass of recoil nucleus after
(n,n'c) reaction

Atomic number of recoil nucleus
after (n,n'c) reaction

Coulomb barrier constant

Coulomb barrier constant

Number of Monte Carlo experiments
in the charged particie out part
of (n,n'c) reaction

Separation -energy of the charged
particle from the M2 nucleus

If ICHAR = 0, skip cards #18 and 19.
Repeat cards #18 and 19 for each (n,c) reaction.

18 Free M3

19 5A4 (REAC(L),L=1,5)

Mass of emitted particle

Atomic number of emitted particle
Mass of recoil nucleus

Atomic number of recoil nucleus
Coulomb barrier constant

Coulomb barrier constant

Name of the reaction

(*) Energy group structures may actually fit on more than one card.
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the formulas listed in the Appendix D of the ENDF manua].(49)

UNRELV
This subroutine calculates the contributions to theelastic and
(n,y) reaction cross sections from unresolved resonances. The formulas

used are given in the Appendix D of reference 49.

RFLUCT
This subroutine is used to calculate the fluctuation integrals
for the (n,y), and elastic scattering reactions in the unresolved

resonance region.

INTERP

The subroutine INTERP is used to interpolate, using the ENDF
interpolation schemes, the total reaction cross sections obtained from
ENDF to neutron energies corresponding to the energy point values of

the input group structure.

GEDF

This subroutines reads, from file 15 of the ENDF, the normalized
energy probability distributions of the secondary gammas from (n,y)
reactions at various neutron energies, and stores the information in

the output file for use by the DISCSM.

LEGRAB
This subroutine is used to obtain the neutron energy dependent

Legendre polynomial coefficients from the ENDF that result from the
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Legendre expansion of the elastically scattered neutron angular

distributions in the center of mass sytem.

QGRAB

The subroutine QGRAB obtains the Q values of the nuclear
reactions involved from file 3 of the ENDF,

Output: The output of the INPUTPM program is in two parts.
One part is intended for use as input for the DISCSM and is stored in
a file which is assigned to the run with logical unit number of 15.
Table A.2 of Appendix A shows a part of the filed output for the
element niobium. The description of this output is given in the
jnput description section of the DISCSM code. The second part of
the output is the printed output and it consists of the total reaction
cross sections in the fine input energy group structure, the list of
Legendre polynomial coefficients at various neutron energies, and the

Q values of the reactions involved.

IV.B. DISCSM

Object: The object of the DISCSM code is to calculate the dis-
placement cross sections and the PKA probability distributions in an
element which undergoes elastic, inelastic, (n,2n), (n,c) charged
particle emission, (n,n'c) neutron-charged particle emission and

(n,y) capture reactions with neutrons of discrete energy.
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Input: The input to the DISCSM code comes directly from the
INPUTPM. A part of the input for a niobium run is given in Table A.2
of Appendix A and is described in Table IV.2.

Structure and operation: The layout of the DISCSM code is
given in Figure IV.3 and the functions of each subroutine are briefly

outlined below.

MAIN

The MAIN routine initially reads in the parameters that set up
the problem, calculates the constant terms common to the whole program
and depending on the needs of a specific problem calls various sub-

routines to perform different tasks.

GAMA

The first call to subroutine GAMA is to read the information on
the normalized gamma energy distribution functions (records 6-23 in
Table A.2 in Appendix A). Subsequent calls to GAMA through a second
entry point is for calculating x"*Y(E,T) according to the outline

given in Section III.B.2.a.

INTERP

INTERP is a Lagrangian interpolation routine.

Subroutine ZERO is used to clear some of the arrays before the

start of calculations at each neutron energy.
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Table IV.2

Description of the Input

Record # Format List

1

2,3

4,5

10

11-16

215 NELEM
NMAT

to the DISCSM Code

Description

Number of elements to be analyzed
ENDF material number of the first
element to be analyzed

Record numbers 2 and 3 are the same as the card numbers 2 and
3 in the card input data for the INPUTPM code in Table IV.1.

Record numbers 4 and 5 are the same as the card numbers 5 and
6 in the card input data for the INPUTPM and the variables

have the same options.

110 NC

The number of partial distribu-
tions used to represent the
normalized photon energy distri-
bution f(E_<«E) from (n,y)
reactions.’

Records 7 - 23 are repeated NC times.

110 NP

6E11.5  (ENP(J),P(J),
J=1,NP)

170 NE

Records 10-16 are repeated NE
E11.5, EN
I11

INP

6E11.5  (EG(K),G(K),K=1,
INP)

Number of energy points for the
weight given to each partial
distribution

Neutron energy and the partial
weight at that energy for each
partial distribution

Number of neutron energies at
which the normalized partial ¥
energy distributions are given

times.
Neutron energy

Number of points at which the
normalized partial y energy
distribution for neutron energy
EN are tabulated

Gamma energy and the value of the
normalized partial distribution
at that energy



Record #

Format
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Table IV.2 {cont.)

List

24

25

26

27
28

29,30
31,32

33

34

35

Records 17-23 are a repeat of
different neutron energy.

215

2E10.5

E10.4,
215

7E10.4

15,
E15.6

9F8.4
10F7.4

1o,
2F10.4

F10.4

IT
NEN

CSE
NLEG
LTT

(F(L),L=1,NLEG)
IEN
EMIN

- (Q(L),L=1,IEN)

CSINUR
(CSINR(L), L=1,
1EN)

NMC,EB,A2

CS

Description

records 10-16 except for a

Number of recoil energy grid
points (<100)

Number of neutron energy group
structure points - 1

Lowest neutron energy in the
neutron group structure

Elastic reaction cross section
at neutron energy E

Number of Legendre expansion
coefficients given

A flag in ENDF to specify the
angular distribution of
scattered neutrons

Legendre polynomial coefficients
Number of resolved inelastic
reaction levels

Minimum energy cutoff of continuum
level

The Q values of the resolved levels
Cross section of continuum level
Cross sections of resolved levels

See card #14 in input to INPUTPM

(n,2n) cross section

See card numbers 15-19 in the card input data for the
INPUTPM for the description of the unexplained variables

in the records 35-42 below.

4F10.3, M3NC, Z3NC, M4NC, Z4NC, (RNAME(L), L=1.5)

5A4
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Table IV.2 (cont.)

Record # Format List Description
36 2E10.4  CKNC,RCNC
37 110 NMCNC, SECP, EB
2F10.4
38 E10.5 CSNC (n,n'c) reaction cross section

Records 35-38 are repeated for each (n,n'c) reaction.

39 £10.5 CSNG (n,y) reaction cross section
40 4F10.3, M3, Z3, M4, 74, (REAC(L), L=1.5)
5A4
4] 3E10.4 CK,RC
Q Reaction Q value
42 E10.5 csC (n,c) reaction cross section

Records 39-42 are repeated for each (n,c) reaction

46 2E10.5 E Next neutron energy in the neutron
energy group structure
TMIN ~ Minimum cutoff energy
47 same as record #26
48 same as record #27

49,50 same as record #'s 31,32

51 same as record #34
52 same as record #38
53 same as record #39

54,55 same as record $42

Records 46-55 are repeated for each consecutive neutron
energy point in the neutron group structure. Except when
the (n,2n) reaction has a finite cross section, (n,n')
inelastic continuum cross section is given right after the
(n,2n) reaction cross section.
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ELAS, INELST, N2N, NNPUR, NNC, CHARGE

Subroutines ELAS, INELST, N2N, NNC, CHARGE calculate the dif-
ferential PKA production cross sections X(E,T) from elastic, inelastic,
(n,2n), (n,n‘c) and (n,c) reactions according to the schemes outlined
in Sections III.B.1.a., III.B.1.b., III.B.1.d., III.B.2.b., and
I1I.B.1.c., respectively. The subroutine NNPUR is used to calculate
X(E,T) for the inelastic reaction when both the inelastic and (n,2n)

reactions take place at the specified neutron energy.

RECOIL
The reaction kinematics to find the PKA energy aftef an (n,2n)

reaction is performed in subroutine RECOIL.

ENER
Subroutine ENER does the evaporation model analysis when the
emitted particle is a neutron. It is used to find the energy of the

emitted neutron by methods described in Section III.B.1.d.

CNCOIL
Subroutine CNCOIL finds the energy of the PKA after an (n,n'c)

reaction.

CHENER
When the emitted particle is a charged particle, the evaporation
model analysis is done by CHENER. The energy of the emitted charged

particle is found by methods described in Section III.B.2.b.
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DISMOD
Secondary displacement model calculations are done in this

subroutine.

INTERG
This subroutine does the integration over the PKA energy to
find the total damage cross section per nuclear reaction per neutron

energy.

ouTPUT

The outputting of the damage cross sections calculated is done
by this subroutine.

Output: The printed output consists of three parts. The first
part is just echo printing of the control parameters read in. In the
second part a table of differential PKA production cross sections
X(E,T) vs. PKA energy T is given. The third part is a list of the
damage production cross sections from Lindhard, and Kinchin and
Pease displacement models, damage energy, nucliear reaction cross
sections, and average PKA energy. The second and third parts are
repeated for each neutron energy and the data in them are broken down
to individual nuclear reaction contributions. Table A.3 in Appendix A
shows a listing of the X(E,T) and damage cross sections for Nb for a
neutron energy of 14.92 MeV. x(E,T) and the displacement cross
section results from the Lindhard model are also stored in files for

later use.
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IV.C. DPLOT

Object: The purpose of the DPLOT program is to plot on a
calcomp plotter the PKA probability distributions calculated by the
DISCSM code as a function of PKA energy in different elements as a
result of bombardment by neutrons of discrete energy and also to plot
the resulting displacement cross sections as a function of neutron
energy.

Input: The input to DPLOT comes from the filed output of the
DISCSM. The file that contains PKA distributions is assigned to the
run with a logical unit number 10, and that containing displacement
cross sections with a logical unit number 15. For the execution of
the program DPLOT the input from cards is minimal and is shown in
Table IV.3.

Qutput: Examples of PKA distribution plots for Nb at 14.9 MeV
neutron energy are given in Figures A.1, A.2, and A.3 of Appendix A.
Figure A.1 shows thedifferential PKA probability distribution in units
of barns/MeV as a function of PKA energy, T. Figure A.2 shows the
normalized distribution of the fraction of PKAs with energy T +dT as
a function of T and shown in Figure A.3 is the fraction of PKAs with
energy greater than T as a function of T. Similar plots can be
generated for other neutron energies. Figure A.4 plots the displace-
ment cross sections of Nb as a function of neutron energy. In
Figures A.1-A.4 the individual reaction contributions can be suppressed

and only the total of all of them can be shown by setting the variable
JUSTOT > 0 in the input.
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Table IV.3
Input from Cards for the DPLOT Program

Card # Format Variable Description
1 Free IT PKA energy grid points = 100
NPTS Neutron energy group structure
points = 52
2 Free JUSTOT = 0 show on plots the individual

reaction contributions as well
as the total
> 0 show only the total

3 Free IDE = 0/# 0 PKA probability distribu-
tion plots are not/are given
IDEDF = 0/# 0 Differential PKA proba-

bility distribution plots are
not/are given

IDEN1 = 0/# 0 Normalized PKA distribu-
tion plots are not/are given

IDEGT = 0/# 0 Fractional PKA distribu-
tion are not/are given

1DC = 0/# 0 Displacement cross sections

as a function of neutron energy
are not/are plotted

If IDE = 0, skip cards 4-17.

4 Free INS Number of neutron energy points
at which PKA distribution plots
are given

5 Free (NP(I),I=1,INS) Energy point numbers in the
neutron group structure for PKA
plots

If IDEDF = 0, skip cards 6 to 9.
6 Free (LOG(M) ,M=1,4) 0 plot is linear-linear
1 plot is linear-log
2 plot is log-linear
3 plot is log-log
0 Flag indicating the end of
scaling specifications for this
plot type

Al 0w
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Table IV.3 (cont.)

Card # Format Variable Description
7*t  12A4 (XAXIS(I), x-axis label for the plot
1=1,12) -
gxt  12M4 (YAXIS(I), y-axis label for the plot
1=1,12)
9*  15A4 (TITLE(I), Title of the plot
I=1,14)

If IDENT = 0, skip cards 10-13.
10 Free (LOG(M), M=1,4) same options as for card #6
11,12,13 x-axis, y-axis labels and title of normalized plots

If IDEGT = 0, skip cards 14-17.

14 Free (LOG(M), M=1,4) same options as for card #6

15,16,17 x-axis, y-axis labels and title of fractional PKA distribution

plots.
If IDC = 0, skip cards 18-21.

18 Free (LOG(M), M=1,4) same options as for card #6

19,20,21 x-axis, y-axis labels and title of displacement cross-sections

plots.

(*) for the x-axis, y-axis and title cards the last two characters on

the cards have to be $ signs.

(+) axis labels are put on two lines on the plots. On cards the
lines are separated by set of characters, $/%.

i
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IV.D. NSPECAVE

Object: The object of the NSPECAVE program is to take the PKA
probability distributions and displacement cross sections calculated
by the DISCSM code at discrete neutron energies and find the averaged
PKA probability distributions and displacement cross sections in a
spectrum of neutrons.

Input: The filed output of the DISCSM code constitutes the
input to the NSPECAVE. The only input that is supplied on cards is
the neutron energy spectrum and the flux of neutrons in that spectrum.
The format of the card input for the NSPECAVE is given in Table IV.4.

Output: The printed output from the NSPECAVE program is as
follows. It first gives the displacement cross sections in the energy
group structure of the neutron flux. It then prints out the spectrum
averaged displacement cross sections. Next, tables of differential,
normalized, and fractional spectral average PKA recoil distributions
are given. The spectrum averaged results are repeated for each
neutron flux supplied.

Because of limitations on the available memory space with
FORTRAN-V compiler in the Madison Academic Computing Center (MACC)
Univac-1110 computer, the NSPECAVE program was run using the ASCII
compiler, but the available graphics packages at the MACC are in
FORTRAN. A subroutine in FORTRAN and an ASCII program can be inter-
phased using some special library routines and functions at MACC but

the total memory space used up by the whole program has to be less
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Table IV.4

Description of the Card-Input to the NSPECAVE Program

Card # Format Variable

1 Free NEX
ISAME

2*  Free (EF(M), M=1,NEX)

3 15A4 (TITLE(M) ,M=1,15)
4*  Free (FX(M) ,M=1,NEX-1)

Description

Number of energy points in the
neutron energy spectrum

= 0/# 0, the end point energies

of the group structure in which

the neutron fluxes are given are/are
not the same as the neutron
energies at which the displacement
cross sections are calculated by
the DISCSM code

The group structure for the
neutron flux

Title of the neutron flux

Neutron flux

(*) The information on cards 2 and 4 may actually fit on more than

one card.

Repeat cards 3 and 4 as many times as there are different neutron
fluxes in which PKA probability distribution and displacement cross

sections averaging is needed.
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than that allowed for FORTRAN programs alone. Therefore, the graphics
routines could not be called directly from the NSPECAVE but the
spectral averaged PKA distributions results had to be filed and reread
by another ASCII program, the memory size of which did not exceed

65.000 word locations. That program is APLOT and is described below.

IV.E. APLOT

Object: The object of the APLOT program is to plot on a Calcomp
plotter the neutron spectrum averaged PKA recoil distributions calcu-
lated by the NSEPCAVE program.

Input: As has been mentioned already, the input to the APLOT
program comes from the filed output of the NSPECAVE. This file is
assigned to the run with a logical unit number of 20 and could be a
temporary file if both NSPECAVE and APLOT are executed in the same
run. The input to APLOT from cards is intended to set up the problem
to what kind of plots are needed and to give the axis labels and
titles to be printed on the plots. The description of the card input
to APLOT is given in Table IV.5.

Output: Plots can be generated showing the averaged differen-
tial, normalized and fractional PKA energy distributions in desired
neutron flux spectra. The individual nuclear reaction contributions
can be shown on the plots by setting the variable JUSTOT equal to
zero in the input or they can be suppressed. Plots comparing the

total PKA distributions in selected neutron spectra can also be
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Table IV.5
Description of the Card Input to APLOT

Card # Format Variable Description
1 Free JUSTOT = 0/# 0 The individual reaction

contributions on neutron spectrum
averaged PKA distribution plots
will/will not be shown

2 Free IDIF = 0/# 0 Differential PKA proba-
bility distribution plots will
not/will be given

INOR = 0/# 0 Normalized PKA probability
distribution plots will not/will
be given

IFRAC = 0/# 0 Fractional PKA probability
distribution plots will not/will
be given

3 1015 (TLESS(I),I=1,10) Negative of the sequence numbers
of the neutron fluxes, in the
order they are supplied to the
NSPECAVE program, for which the
averaged PKA probability distribu-
tions will not be plotted

4 Free ICOMD = 0/# 0 Comparison total dif-
ferential PKA distributions in
selected neutron spectra will not/
will be plotted

ICOMN = 0/# 0 Comparison total norma-
lized PKA distributions in
selected neutron spectra will not/
will be plotted

ICOMF = 0/# 0 Comparison total frac-
tional PKA distributions in
selected neutron spectra will not/
will be plotted

5 1015 (ICLESS(I),I=1,10) Negative sequence numbers of the
neutron fluxes, in the order they
are supplied to the NSPECAVE pro-
gram, for which the total averaged
PKA probability distributions will
not be included in the comparison
plots
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Table IV.5 (cont.)

Card # Format Variable Description

If IDIF = 0, skip cards 6,7, and 8.
6 Free (LOG(M) ,M=1,4) 0 linear-linear scaling
1 linear-log scaling
2 log-linear scaling
3 log-log scaling
0 shows the end of scaling
pecifications for this plot type

" A NI u

7*T  12A4 (IX(1),I=1,12) x-axis label for the differential
PKA distributions plots

g*t 12p4 (IY(1),I=1,12) y-axis label forthe differential
PKA distributions plots

If INOR = 0, skip cards 9, 10, and 11.
9 Free (LOG(M),M=1,4) Same options as for card #6

10 12A4 (IX(1),I=1,12) x-axis label for the normalized
PKA distributions plots

1 12A4 (1Y(1),1=1,12) y-axis Tlabelfor the normalized
PKA distributions plots

If IFRAC = 0, skip cards 12, 13,and 14,
12 Free (LOG(M) ,M=1,4) Same options as for card #6
13 12A4 (IX(1),1=1,12) x-axis label for the fractional
PKA distributions plots
14 12A4 (1Y(1),I+1,12) y-axis label for the fractional
PKA distributions plots
If ICOMD = 0, skip cards 15 - 18.
15 Free (LOG(M) ,M=1,4) Same options as for card #6
16 12A4 (IX(1),1=1,12) x-axis label for the comparison
total differential PKA distribu-
tions plot

17 12A4 (1Y(1),I=1,12) y-axis label
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Table IV.5 (cont.)

Card # Format Variable
18 15A4  (IT(1),I=1,15)
If ICOMN = 0, skip cards 19 - 22.
19 Free (LOG(M) ,M=1,4)
20 12A4 (1x(1),I1=1,12)
21 12A4 (1Y(1),I=1,12)
22 15A4 (IT(1),I=1,15)
If ICOMF = 0, skip cards 23 - 26.
23 Free (LOG(M) ,M=1,4)
24 12A4 (I1X(1),I=1,12)
25 12A4 (1Y(1),1=1,12)
26 15A4 (IT(1),I=1,15)

(*)

title strings have to be $ signs.

(t)

axis labels are put on two lines on the plots.

Description
Plot title

Same options as for card #6
x-axis label for the comparison
total normalized PKA distribu-
tions plot

y-axis label

Plot title

Same options as for card #6
x-axis label for the comparison
total fractional PKA distribu-
tions plot

y-axis label

Piot title

The last two characters in all the x-axis, y-axis label and plot

On cards the

lines are separated by set of characters, $/$.
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shown. Figures A.5 and A.6 of Appendix A show the differential and
fractional Nb PKA energy distributions in an unsoftened fusion
neutron spectrum, respectively. Figure A.7 shows a comparison of
fractional total Nb PKA probability distributions in three different
neutron spectra; hard fusion, fusion softened by 25 cm of solid

carbon, and in EBR-II.

IV.F. XGRPAVE

Object: The displacement cross sections calculated by the
DISCSM code are point values. They are calculated at discrete neutron
energies, whereas the neutron fluxes calculated by the ANISN program
are group values. In order to be able to calculate displacements per
atom in various locations in the blanket using the fluxes from the
ANISN program, the pointwise displacement cross sections calculated
by the DISCSM code have to be group averaged. That is the purpose of
the XGRPAVE program..

Description: The program uses the following formula to calcu-
late the group averaged displacement cross sections,

[ W(E) o,

E%4 1.X

E .
J'“ W(E) dE

a3

(E)dE
4.1

g, =
1,X

where E]i and Eh. are the lower and upper energy boundary values of
the it group, k

W(E) is a weighting function, taken to be %—,
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x denotes the reaction,

o5 x(E) for each x is taken to be

1. 1
0.(E) = g4, + —E—————li (o ) for E < E ' 4.2
i (AT R I S A c .
Epi By
and
E - Eyj
OT(E) =05t Ehi E]i (oh - 611) for E > EC 4.3

where 1; and Oy are the cross sections at the Tower and upper end

point energies of the ith group, and

E_ 4is the energy where the total displacement cross sections
for the element in question go through a minimum. EC is
usually <1 keV.

Input: The displacement cross sections are read from the output
file of the DISCSM code which is assigned to the run with a logical
unit number of 15. The only information from cards is the 46 group
energy structure shown in Table B.1 in Appendix B, and it is read from
cards with a free format.

Output: The output is a list of group averaged displacement
cross sections in units of barns. Tables A.4 and A.5 in Appendix A
show the pointwise displacement cross sections for Nb as calculated
by the DISCSM code and the group averaged displacement cross sections
in the 46 group energy structure as calculated by the XGRPAVE program,

respectively.
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1v.6. AnIsn(50)

ANISN is a one-dimensional discrete ordinates transport code
with anisotropic scattering. It is a well-known code in the neutronics
and photonics area. In this work it is also used to study the nuclear
performance of fusion reactor blanket designs with ISSECs. One such
blanket design that has been used extensively in this study is shown
in Figure V.11 of Chapter V. The thickness of the ISSEC zone between
the plasma and the first wall was taken as variable and all the other
dimensions were kept constant. The composition of each zone as well
as the thicknesses used are shown in Figure V.11. A density factor
of 0.5 for the first wall and 1.0 for the ISSEC, breeding and reflector
zones were used, although in practice a density factor of less than
1.0 would be more appropriate in the breeding and reflector zones to
take into account the coolant passages and in the ISSEC zone to take
into account the porosity of the ISSEC material. This would result
in thicker zones. However, the neutron "optical" thickness would be
the same in both cases. To simulate the final shield and structures
that would be present in an actual design albedos of 0.05, 0.10, 0.15,
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 Table B.1, respectively. An
albedo of 0.3 was used for neutrons of lower energy groups.

In all cases the ANISN program was run with a 54-P3 approxima-
tion. It has been shown e]sewhere(54) that this approximation is

adequate to predict integral parameters such as tritium breeding and
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gas production rates to within approximately 2% of a higher order
calculation like S,c-Pg.

Since this study has been in progress over a period of more than
4 years, some of the earlier results from the ANISN program were
obtained using the nuclear cross section data from ENDF-B/III files
and the rest from ENDF-B/IV. The ENDF-B/III data were processed by
the SUPERTOG(SS) code and the ENDF-B/IV data were processed by the
AMPX(56) modular code system. The only exception is Nb. The evalua-
tion of the Nb cross sections was always based on ENDF-B/III data.
The two sets of data from ENDF-B/III and ENDF-B/IV show some dif-
ferences. For example, it is shown that for a standard bench mark
b]anket(57) the use of ENDF-B/IV data gives about a 4% higher breeding
ratio than if the ENDF-B/III data are used.(58) However, the con-
clusions obtained in this study are not greatly affected by this
change-over in data from ENDF-B/III to ENDF-B/IV because most of the
earlier studies in this work that used the ENDF-B/III data were car-
ried out with the slab geometry blanket model shown in Figure V.1 of
Chapter V. The ISSEC material was kept the same, namely carbon, and
the first wall material, was varied to show and compare the effects
of the softened neutron spectrum on the damage state of the different
potential first wall materials. Later studies that utilized the
ENDF-B/IV data were done with the cylindrical geometry blanket model
of Figure V.11 with one fixed first wall material, 316 SS, and

different ISSEC materials, C, V, Nb, Mo and W for tokamak applications
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and liquid Li, Pb and Pb4Li—eutectic for laser fusion applications.
The idea here was to show and compare the effects of the various
ISSEC materials on the 316 SS first wall radiation damage, and the
blanket parameters. Therefore comparisons were made within each
data set and switching from ENDF-B/III to ENDF-B/IV does not signi-
ficantly affect the conclusions of this study.

Input and Output: There is a comprehensive users manual that
explains the input and output of the ANISN program in detai].(so)
Due to the space limitations only the important considerations in
the input and the output of the ANISN program will be mentioned here.
For more information the reader is urged to consult reference 50.

The main points in the ANISN input include a geometric descrip-
tion of the blanket design, the nuclear performance of which is to
be studied, boundary conditions, neutron source conditions, materials
composition and density in each zone, and the activity cross sections
and the kerma factors for each element present in the design. The
activity cross sections are processed from nuclear data in ENDF-B
files. The neutron and gamma kerma factors used in this study were

59) (60)

calculated using the MACK( and MUG codes, respectively.

The main output for the purposes of this study from the ANISN
program consists of the total f]ux;(neutrons (or photons) —cm'2 -
sec']) by energy group and by interval midpoint, and a list of
selected activities for all elements by interval in units of reac-

1

tions —cm'3 -sec '. Activities are also integrated over all intervals
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in each zone and Tisted in units of reactions per second per zone.
Activities are normalized to a unit source neutron/sec whereas the
total flux is normalized to a large number such as 10]5 source

neutrons/sec.

K., okr(3D)

Object: The purpose of the DKR code in the MODISS package is
to find the radioactivity, biological hazard potential and afterheat
of the total blanket and its individual components such as the first
structural wall and the ISSEC for various operating and aftershutdown
times.

Description: DKR is a radioactivity calculation code for fusion
reactors. It was prepared at the University of Wisconsin-Madison

(61) It is also documented in references 51

as part of a Ph.D. thesis.
and 62.

DKR takes as its main input the neutron flux from the output of
the ANISN program and the data in the Decay Chain Data Library
(DCDLIB).(GZ) The DCDLIB is a concise library containing necessary
nuclear data information for use in the fusion activity studies. The
data in the DCDLIB include for the stable and radioactive nuclides,
the reaction cross sections, reaction products and branching ratios
to isomeric states, and for the radioactive nuclides it also includes

the decay constants, the decay modes and decay products, average

energies of the emitted particles and the Maximum Permissible Concen-
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tration (MPC) values.(63) The reaction cross sections in the
DCDLIB are taken from ENDF-B/IV and complemented from BNL—325(64)
whenever necessary. The radioactive decay data are either from

ENDF-B/IV, or from the table of isotopes(65)

for isotopes not in the
ENDF-B/IV Tlibrary.

Using the data in the DCDLIB and the neutron flux from the
ANISN program, the DKR code constructs linear decay chains for all
nuclides present in the system and calculates the radioactivity,
biological hazard potential (BHP), and afterheat due to 8- and y-rays,
and that due to B-rays only. The caltculations are done for a number
of operating and aftershutdown times. The results can be obtained

for just one part of the blanket, such as the first structural wall

or the ISSEC, or they can be integrated over the total blanket.

(52) 53)

IV.I. Heat Transfer Analysis Codes HEAT and FEMZD(

Object: The object of these codes in the MODISS package is to
calculate the temperature profiles in ISSECs and heat fluxes from the

ISSEC to the first structural wall.

IV.I.1. HEAT
HEAT is a very general heat transfer analysis code. It uses the
finite difference technique as its method of solution. The primary
purpose of HEAT is to obtain numerical solutions of steady state,
general transient or steady-periodic heat transfer problems. The

program solves for either temperatures or heat fluxes for problems
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that can be formulated in the form

dT _
meo 9t " Q + Q + Q

conduction convection infrared radiation

+Q 4.4

solar radiation ¥ Qgenerated

The program is also capable of performing parameter uncertainty
analysis on temperatures and heat fluxes.

The method of solution of Eq.(4.4) is explained in references
52 and 66 and the code is documented in reference 52.

In solving the ISSEC problems, Eq. (4.4) reduces to

dT _
mep 7t = Qeonduction * Qinfrared rad. +Qgenerated 4.5

where m is the mass of the nodal region,
c. is the heat capacity of the material,
T 1is the temperature, and

t is time.

The net energy conducted into node i is calculated by

n
Qeoniducted ~ .Z Cji(Tj -T;) 4.6

Jj=1

where n is the number of neighboring nodes to node i, and

Cji is the conductance between nodes j and i and is given as

C,. = XA

i1 T Ax 4,7
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where k is the thermal conductivity,
A is the conduction area between nodes i and j, and

Ax is the conduction distance between i and j.

The radiation term in Eq. (4.5) is given as

1z

Q =

. 4 _4
infrared radiation eie5AiFi5 0 (T5°T4) 4.8

PER SRR

where Q is the net radiation heat transfer to node i,
N is the number of radiating nodes,
Ei"aj are the emissivities of nodes i and j,

Ai is the radiation area of node i,

A

Fij is the infrared exchange factor between nodes i and j.

If surfaces are diffuse reflectors of radiation then

Fij is the view factor looking from node i to node j, and

o 1is the Stefan-Boltzmann constant.
The last term in Eq. (4.5) is the nodal heat generation term.
It is the sum of neutron plus gamma heating in each nodal zone and is

taken directly from the output of the ANISN program.

Iv.1.2. FEM2D
The program FEM2D(53) uses a finite-element technique to solve
two-dimensional, steady-state or transient, conduction problems. It
is much easier and less expensive to use than the program HEAT. Its

one disadvantage is that it does not have provisions for thermal
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radiative heat transfer. Therefore, in cases where radiation is
important, the program HEAT is used. Otherwise FEM2D is used. More
detailed information on the program FEM2D can be obtained from
reference 53.

Having obtained the temperature profiles in the ISSEC and the
heat fluxes to the first structural wall, the thermal stresses asso-
ciated with rigid first structural walls are calculated by a thin

plate approximation using the formula

wn 2
o (wst t—t ) 4.9

=+ _E
th -2 k(0

k(T-v

where O4h js the thermal stress in the first wall,
a is the coefficient of expansion of the first wall,
E is the modulus of elasticity of the first wall,

v is the Poisson's ratio at the average temperature of

the wall,
WS is the heat flux incident on the first wall,
wn is the average nuclear heating in the first wall, and

t is the thickness of the first wall,
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CHAPTER V
RESULTS AND ANALYSIS

Three of fhe five blanket concepts in Chapter II have been
studied in great detail. They are the class 1, 4 and 5 blankets. The
results from these studies are presented in this chapter. First, in
Section V.A., the effects of a variable thickness carbon ISSEC in a
burner blanket system (class 4 in Chapter II) on the radiation damage
parameters of potential fusion reactor first wall materials 15 dis-
cussed. The results are given for systems operating on both D-T and D-D
plasma cycles. Section V.B. outlines the studies carried out using an
externally breeding, lithium cooled type blanket system (class 1 1in
Chapter II) with 316 SS structure and different ISSECs with varying
thicknesses. The results are presented with respect to the normal
radiation damage functions in'the 316 SS first structural wall. Also
included are the total blanket parameters such as energy multiplica-
tion, breeding ratio and radiocactivity, radiation damage inside
ISSECs, mechanical design and heat transfer considerations of ISSECs,
and other factors affecting the choice of one ISSEC material over the
other such as cost, vacuum properties, sputtering, blistering, and
thermal shock resistance.

The blanket systems employing liquid metals Li or Pb, or Pb4Li
eutectic as ISSECs (class 5 in Chapter II) for laser fusion applica-

tions are studied in Section V.C. The effect of the liquid ISSECs
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on the displacement and gas production rates in the first structural
w§11, the breeding ratio, energy multiplication, and the spatial dis-
tribution of the energy deposition in the blanket is shown as the
thickness of the ISSEC is varied. The displacement cross sections
used in obtaining the dpa results given in this Chapter and in
Chapter II were previously calculated by Doran et a].(43’67) How-
ever, we do compare these results to those which would have been
obtained if the new displacement cross sections, (from the MODISS
package) had been employed. This comparison is made for Nb and

316 SS in Section V.C. Finally, a discussion on the results pre-

sented in this Chapter is given in Section V.E.

V.A. The Response of the Anticipated First Wall Materials to Fusion
Neutron Spectra Degraded by a Carbon ISSEC

V.A.1. Introduction

The one dimensional-homogeneous blanket design used for obtain-
ing the results in this section is shown in Figure V.1. A variable
thickness carbon zone was placed between the plasma and the first
wall. A density factor (D.F.) of 1.0 was used for the neutronic
calculations although in practice a D.F. of ~0.7 would be more
reasonable and would result in a thicker ISSEC region. However, the
neutron "optical" thickness would be the same in both cases. The
first wall thickness of 1 cm at a D.F. of 1.0 is intended to cover
most reactor design cases. Again, lower D.F.s and increased thickness

would be used in practice to include coolant (which we assumed to be
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helium gas) and void spaces. The first wall materials considered

were Al, V, 316 SS, Nb, Mo and Ta. The first wall is followed by a

60 cm thick reflector-shield region composed of 30% B4C (enriched to
90% B-10) and 70% carbon. An albedo of 0.2 was used to simulate the
final shield for the first five neutron energy groups (9 to 14.9 MeV)
and an albedo of 0.3 was used for neutrons of lower energy. Obviously,
no attempt was made to breed tritium in this reactor design but only

to highlight the anticipated first wall structural materials responses
to the degraded neutron spectra.

The nuclear performance of this type of reactor design was
studied by solving the discrete ordinates form of the neutron traﬁs-
port equation for a slab using the ANISN(50) program with a S4-P3
approximation. The neutron multigroup cross sections (except for gas
production in molybdenum) were processed using the program
SUPERTOG(SS) from nuclear data in ENDF/BB.(49) Gas production cross

(68)

sections for Mo were calculated by Pearlstein. The displacement

cross sections were calculated from a computer code developed by

Doran(67’69)

and the values used in these calculations are given in
references 9 and 10. A1l calculations were performed using 46 neutron
energy groups shown in Appendix B.

The reactions considered for the radioactivity calculations,
along with appropriate branching ratios and half lifes are given in

reference 9. The radioactivity and appropriate decay factors for

316 SS were calculated using the DKR program.(S]) The composition
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of 316 SS was assumed to be 70% Fe, 18% Cr and 12% Ni for all calcu-
lations except radioactivities. The composition of the 316 SS for
the radioactivity calculations is given in reference 9.

A1l the ca]cuiations are done for two different reactors operat-
ing with deuterium-tritium (D-T) and deuterium-deuterium (D-D) plasma
cycles. The blanket structure shown on Figure V.1 was used for both
calculations. A1l the results are normalized to 1 MW/m2 of neutrons
passing through the first wall (or inner ISSEC surface). In D-D
case, it is assumed that all the tritium that is produced through one
branch of the D-D fusion reaction is consumed in the reactor. As a
result, the energy of 50% of the neutrons generated in D-D plasma is
14.1 MeV and the energy of»the other half is 2.45 MeV. In the D-T
case, all neutrons are of 14.1 MeV energy. With this assumption in
mind, we can calculate the 1nc1dent neutron fluxes corresponding to
the 1 Mw/m neutronic wall loading in the two cases. In the D-T
case,

2

Md-sec) 4 4351013 ) (1 4C"‘2)-1
cm -secC m

-19 MW-sec
MeV

MeV
(14.1 —ﬁ—)(]'602X]0 "l

(neutronic)

In the D-D case,

2

)
2 cm©-sec ~

= 1] B%(neutronic)
m
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The incident flux required to give a 1 Mw/m2 neutronic wall loading
is 4.43 x 10]3 n/cmz-sec for the D-T reaction and in the D-D case, it
is 7.56 x 10'3 n/cmz-sec (3.78 x 103 n/cmz—sec of 14.1 MeV and

3.78 x 10'3 n/cnf

n/cm--sec of 2.45 MeV neutrons).

V.A.2. Results and Analysis

V.A.2.a. Reduction of Displacement Damage

The displacement rates in the Al, V, 316 SS, Nb, Mo and Ta
first walls are listed in Table V.1 and displayed in Figures V.2 to
V.4 as functions of carbon ISSEC thickness.

The reader should be cautioned that it is the relative and not
absolute rates of damage which are important. This is because one
cannot accurately compare one element with another on dpa values
alone; the homologous temperature of irradiation has as much or more
influence on the final damage state as does the total damage level.

A few interesting observations can be made from Table V.1. For
the same neutron wall loading, even though the number of 14.1 MeV
neutrons incident on the first wall from the D-D plasma is approxi-
mately 85% as much as from a D-T plasma, the displacement rates are
higher in D-D systems by 20-35%. The reason for this is that
(1) the 2.45 MeV neutrons will cause considerable displacement damage
compared to 14.1 MeV neutrons (v80% as much despite the factor of 6
difference in energy) and (2) more total neutrons (v70% are required

to achieve a neutronic wall loading of 1 MW/mz. However, the rela-
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Table V.1

Factors of ISSEC Produced Reduction in Displacement Damage in

Va'rioué CTR First Wall Materials in D-T and D-D Fusion Environments

. dpa/year(a)

D-D Fusion \
12.5 em C

Material No ISSEC 12.5 cm C Damage Ratio 25 cm C
AL 19.8 4.8 0.24 1.32
v 18.4 5.8 ' 0.32 2.22
316 SS 16.8 3.2 0.19 0.86
Nb 10.8 2,14, 0.20 10.54
Mo 12.2 2.34 0.19 " 0.6
Ta 10.5 2.08 0.20 0.52

D-T Fusion
Al 12.7 3.4 ©0.27
v 12.9 3.8 0.29
316 SS 11.3 250 . 0.22
Nb 8.48 1.64 0.19
Mo 9.47 1.77 0.19
Ta 8.42 1.60 0.19

(a) 1 M’ml/m2 neutron wall loading and 100% Duty Factor
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tive effect of the ISSEC in reducing displacement damage is about the
same.

It is also observed that the ISSEC has a greater effect in
reducing the displacement damage in high Z elements as compared to Tow
Z elements. The reason is complex but can be roughly explained by the
low ionization threshold in low Z e]ementsfsga) This means that the
primary knock on atoms in Al lose much less energy in elastic (dis-
placement) collisions than do the PKAs in Nb. For example, in Al,

107 keV is lost to displaced atoms per PKA produced by 14 MeV neutrons
and 51 keV from 1 MeV neutrons (a ratio of 2.1). The elastic energy
lost by an average PKA in Nb is 213 keV from 14 MeV neutrons and

56 keV from 1 MeV neutrons (a ratio of 3.8). Hence, the reduction in
neutron energy by the ISSEC is more effective in Nb than in Al.

Turning to relative reduction in displacement damage as a func-
tion of carbon thickness, we see in Figure V.3 that a reduction of
3-5 can be achieved using 12.5 cm of carbon while reductions by a
factor of 20 can be accomplished by using 25 cm of carbon ISSEC in
front of Mo. The significance of this observation is that if the wall
life is predominantly determined by the level of the total displace-
ment damage (without regard to the spatial configuration of defects)
then one might extend the wall life due to radiation damage alone by
factors of 5-20 in Mo and similar values in other systems. The
relative reduction in dpa rate achieved with the D-D system are within

[

10-30% of the D-T case and are not presented graphically here:‘“ )
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V.A.2.b. Reduction of He and H Production Rates

Table V.2 lists the effect of carbon ISSEC on He gas generation
rates in potential CTR first wall materials subjected to neutrons from
D-D plasma and Table V.3 gives the results for hydrogen production.
The same results for the D-T plasma are shown in Table V.4. Analysis
of the cross section data reveals that almost all the helium and
hydrogen production reactions in the materials considered for this
study have thresholds over 2.5 MeV. This means that the helium and
hydrogen production rates in the D-D plasma case are lower than in the
D-T case by a factor almost identical to the reduction in the 14.1 MeV
component of the incident flux per 1 MW/m2 neutronic wall loading;
namely by the factor of 4.43/3.78 (1.17).

The absolute effect of carbon ISSEC on helium generation in
metals for the D-T case is shown on Figure V.5, The same general
behavior holds true for the D-D neutrons. The absolute effect here
is much more pronounced than in the case of displacement damage.
Reductions in helium gas productions range from 7 to 14 for 12.5 cm
carbon and from 7 to 11 for hydrogen production with the same carbon
thickness. The factors of reduction are 27-80 and 17-55, respectively
for a 25 cm carbon ISSEC. Except for V and Al, the reduction in He
production is always greater than that for the reduction in hydrogen
production. The reduction in helium gas production in Ta is a factor
of 2 more than the reduction in V. This is due to the lower threshold

for (n,a) reactions in V (17 MeV) than for Ta (11 MeV).
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Table V.2

Effect of Carbon ISSEC on the Helium Gas Production Rate in
Potential CTR Materials in D-D Fusion Environment

Appm He/Year(a)

Materijal No ISSEC 12.5 cm C 25 cm C
Al : 405 A42.8 8.90
v 67.0 9.72 2.46
316 ss(P) 239 22.8 4.6
Nb 27.8 2.82 0.58
Mo 62.0 5.94 1.2
Ta 6.42 0.46 0.08

(a) 1 MW/m2 neutron wall loading, 100% Duty Factor
(b) Neglecting helium from Nisg

Table V.3

Effect of Carbon ISSEC on the Hydrogen Gas Production Rate in
Potential CTR First Wall Materials in D-D Fusion Environment

Appm H/Year(a)
Material No ISSEC 12.5 cm C 25 cm C

Al 944 92.5 20.0
v 122 24.4 7.32
316 SS 675 88.4 20.6
Nb 93.6 10.7 2.32
Mo 127 11.7 2.32
Ta 0 0 0

(a) 1 MW/m2 neutron wall loading, 100% Duty Factor
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The relative reduction values are plotted in Figure V.6 and it is
to be noted that on a linear scale, there is little difference between
the elements. If there is a discernable trend, it is that the rela-
tive reduction is greater for high Z elements than for low Z elements.
This is undoubtedly due to the high coulomb barrier (and therefore
higher threshold energies) for (n,a)‘reactions in the high Z elements.

There is one major thing missing in the data we have presented
so far as the helium generation in 316 SS is concerned. As we increase
the thermal components of the flux in the first wall by putting carbon

58(n,Y) N159(n,a) reaction sequence plays an

in fronf of it, the Ni
important role and the helium generation in 316 SS increases dramati-
cally. We have calculated this effect and the results are given in
Table V.5 for various plant operating times, with 100% duty factor,
and for different ISSEC thicknesses. The calculational procedure for
this is given in reference 10. Table V.6 lists the total amount (due
to thermal and high energy neutron reactions) of He generated in
316 SS first wall. The results are also plotted in Figure V.7. It
is apparent that while this thermal neutron induced helium generation
is negligible when we have no ISSEC in both D-D and D-T cases, it
becomes increasingly important as the carbon thickness and the first
wall lifetime increases. This is especially true in D-D because of
the larger number of neutrons and the softer spectrum.

For the D-T case with 12.5 cm of ISSEC, the amount of helium

58(n 59(

n,a) reactions never quite catches up

generated from Ni ,Y)» Ni
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Table V.5

Appm He* Generated in 316 SS from Niss(n,Y),'Nisg(n,a) Reaction Sequenﬁé Onix

Operation

Time (years)

1

10
20

[y

10

20 -

No ISSEC

0.0052
0.0212
0.133
0.531
2.12

No ISSEC

0.0023
0.0093
0.059
0.23
0.94

bbp

T
12.5 cm ISSEC

12.5 ca C 25 em C
5.65 T 28.2
22.6 113
141 704
565 2820
2260 " 11260

1.14
4.55
‘28.5
114
455

* Per 1 MW/m2 neutron wall loading, 100% Duty Factor



Table V.6

*
Total Appm He Cenerated in 316 SS

b-b
Operation
Iime (Year) No ISSEC - 12.5 em ISSEC
' 239 28.5
477 68.2
1190 255
10 2390 793
20 4770 2720
b-T
No ISSEC - 12.5 cm ISSEC
280 27.9
560 58.2
.5 1400 163
10 2800 382
200 5600 991

125

25 cm ISSEC

32.8
122
727

2861

11400

2
* Per 1 MW/m” neutron wall loading, 100Z Duty Factor and includes

threshold and thermally produced gas.
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with the amount of helium generated from (n,a) reaction with fast
neutrons even after 20 years of operation. But in the D-D case, the
thermally produced a's override the fast neutron produced a's after

about 4 years with 12.5 cm ISSEC, and after about 6 months with 25 cm
of ISSEC.

V.A.2.c, Effect of an ISSEC on the Neutron Induced Radioactivity

The effect of ISSECs on the neutron induced radioactivity
depends on whether the isotopes causing the most radioactivity are
produced as a result of fast neutron or thermal neutron activation.
One may even get reversal of the trends depending on the half lives
of the isotopes.

Table V.7 lists the levels of neutron induced radioactivity in
potential CTR first wall materials at various times after shutdown
for a two year operating time in a D-D system. The results are
tabulated for bare wall and two different ISSEC thicknesses.

Table V.8 Tists the radioactivity after 20 years of irradiation time.
Two year irradiation results are plotted in Figures V.8, 9 and 10 at
shutdown, 1 year after shutdown and 100 years after shutdown,
respectively. At shutdown and 100 years after shutdown, results for
D-T plasma case are given in Tables V.9 and V.10 along with the D-D
results for comparison. The D-T neutronic calculations were done for
only 0 and 12.5 cm ISSEC thicknesses. For both D-D and D-T cases the

trends are the same. The short term radioactivity decreases for Nb,
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Table V.9 _ :
Level of Neutron Induced Radioactivity at Shutdown in First Wall in an

ISSEC Protected System After 2 Years of Irradiation

D-T Plasma(a)

Fraction of Unprotected

Material No ISSEC 12.5 c@'ISSEC First Wall Values
Al - 47.4 ' 20.4 | - 0.43 (decrease)
v ' 13.3 . 32.8 : 2.44 (increase)

316 SS 91.2 15.3 0.17 (decrease)
Nb . | 138 60.4 0.43 (decrease)
Mo NA NA T -

Ta . 471 . 925 - 1.96 (increase)

D~D Plasma(a)

: Fraction of Unprotected
Material No ISSEC 12.5 cm ISSEC ) First Wall Values

Al . 39.8 11.2 .28 (decrease)

v , 27.2 95.4 . 3.51 (increase)
316 SS 83.5 26.3 . .'32 (decrease)

Nb 183 122 .67 (decrease)

Mo NA NA : ——

Ta 497 1950 ©3.93 (increase)

(a) curlcs/cm3 per 1 M\J/m2 neutron wall loading at 100%Z duty factor
NA - Not Available
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Table V.10
Level of Neutron Induced Radioactivity 100 Years After Shutdown in the
First Wall of ISSEC Protected System After 2 Years of Yrradiation

. _(a) ’
D-T Plasma™ ° Fraction of Unprotected

Materlal No ISSEC 12.5 cm of ISSEC First Wall Values
AL . 149 x 1070 9.14 x 1077 0.06 (decrease)
v ‘ <10.-1_5 <10-15 . 0.15(b) (decrease)
316 ss 3.42 x 1073 2.05 x 10-4 . 0.06 '(decrease)
Nb 0.001 0.003§ ) 3.85 (increase)
Mo _ M NA v —_
Ta <10-']'S ] <10-:|'5 . ) 8 (e (increase)

D-D Plasma®)

: Fraction of Unprotected
Material No ISSEC 12.5 cm of ISSEC First Wall Values

Al 1.3 x 107> 7.7 x 1077 ' 0.06 (decrease) '
v . <10-]'5 <10-ls - 0. 07(b) (decrease)
316 5 2.1 x 1073 1.81 x 107% 0.09 (decrease)
¥ L9 x 107 8.4 x 107 4.42 (increase)
™ NA NA R
Ta <10‘-15 <10—15 lO.Z(C) (increase)

(a) cunrles/cm3 per 1 Msz neutronic wall loading, 100Z duty factor
(b) value ] week afcer shutdown ;
NA - Not Avaflable

(c) values 20 years after shutdown

*
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316 SS and Al, but it increases for V and Ta as the thickness of the
carbon shield is increased to 12.5 cm. When one considers the long
term radioactivity, V and Nb switch places and Ta and Nb have higher
radioactivities while 316 SS, V and Al have lower radioactivities than
with 12.5 cm of ISSEC than they do with no ISSEC.

As the thickness of the ISSEC is increased over 12.5 cm, some
interesting things start to happen. In Al and 316 SS those isotopes
produced as a result of thermal neutron activation gain importance
and the radioactivity curves start to rise. Nb and Ta total activi-
ties saturate but V keeps increasing. At 1 year after shutdown,

316 SS curve still has the same shape but Al radioactivity keeps
decreasing because of the short half lives of those isotopes thermally
produced. The Nb and Ta activities again tend to saturate. At 100
years after shutdown in 316 SS, the thermally activated radioisotopes
have decayed away and the total radioactivity continues to decrease
with increasing carbon thickness.

It should also be noted in Tables V.9 and V.10 that the ISSEC
is more effective in reducing neutron induced radioactivity at shut-
down in 316 SS and Nb for D-T than for D-D. It is also apparent that
the ISSEC is more effective for Al in the D-D case than for the D-T
case. At 100 years after shutdown, the reduction in radioactivity in
316 SS is less in the D-D system. The reduction factor is about the
same in Al for both cases. At long times after shutdown radio-

activity in V decays to insignificant levels. However, at 1 week
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after shutdown, it is reduced more in D-D system than in D-T. Long
term radioactivities in Nb and Ta increase more for the D-D than the
D-T case because long lived radioisotopes in Nb and Ta are produced

as a result of thermal (n,y) reactions.

V.A.3, Discussion on Normalization

A1l the resulted presented here so far and elsewhere(s’g) have
been normalized to 1 MW/m2 neutronic wall loading. When one con-
siders only one type of reactor with a certain plasma cycle, this way
of normalizing the radiation damage results is quite convenient. The
response of different materials to neutron spectral shifting, provided
the same blanket structure is used in all cases, is also straight-
forward. However, when one considers two different plasma reactions
as we have, another way of comparing the radiation damage results
might be to normalize on the basis of MW of power. In the real case,
the difficulty is that one needs to breed tritium for the D-T cycle
whereas in the D-D cycle, this is not required. Therefore, it is
quite probable that two completely different blanket structures would
be used and the neutron energy multiplication, as well as y heating,
can be much different for the two cases. All the present calcula-
tions were done with the same non-breeding blanket scheme shown in
Figure V.1, so any comparison made on the basis of total power genera-
tion would not be meaningful.

Another way of quoting the damage would be to normalize it on

the basis of a megawatt of power generated in the plasma. Such a
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comparison requires a knowledge of the burnup of tritium and He-3
atoms produced by the D-D reactions. Mi]ey(70) has shown that at
30 keV, essentially all the tritium produced is consumed and
approximately 20% of the He-3 is "burned".
The reactions taking place and the energies of various pro-
ducts (MeV) in a D-D plasma are given below.
D+ D -~ T(1.01) + p(3.03)
D+D  » He3(0.82) + n(2.45)
D+T  » He*3.52) + n(14.06)
D+ HeS > He*(3.67) + p(14.67)
If we use the results of Miley, we can calculate the neutron
flux associated with a 1 MW/m2 wall loading based on the thermal power

produced in the D-D plasma.

1 MW/mZ(p1asma thérma]) = (const.) x(4'04+3'27+;7‘60+0'2X]8’3) Mﬁv X

(4.34 x 10]3 n/(cmz-sec)

In the D-T case,

1-Mg (plasma thermal) =(const.) x 17.6 Mg!-x3.55 x10]3 ~—3¥l———
m

n cm -secC

where the conversion factor (const.) has a value of 1.602 x 10']5. It

appears that if we wanted to normalize our results to 1 MW/m2 (plasma
thermal), the D-T results (dpa, gas production, activation, etc.)

would be approximately 20% less than presented here and the D-D
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results would be 43% less. These reductions tend to make the dis-
placement rate equal in both systems and increase the advantage of
the D-D spectrum with respect to helium and hydrogen production.

For illustration, results for 316 SS are reproduced in Table V.11
for the two normalizations. In this table, dpa and hydrogen produc-
tion results are lower when they are normalized on the basis of plasma
thermal by the factors given above; namely 20% in D-T and 43% in D-D
cases. The same conclusions can be drawn about the other materials
considered here. v

Analysis of this work leads us to the observation that the
radiation damage incurred in protected or unprotected D-D systems
is almost the same as for the D-T systems. For example, as we see
in Table V.11 the displacement damage is higher in D-D systems when
neutronic wall loading normalization is used, but this becomes about
the same in the two systems when plasma thermal normalization is
used.

Gas production results are 10 to 15% lower in D-D with 1 Mw/m2
(neutronic) normalization in an unprotected system. This difference
in gas production rates goes to 30-40% for the plasma thermal normali-
zation but when the effect of the ISSEC is considered, the helium

production rate can actually increase over that in the D-T system.

V.A.4. Conclusions for This Section

V.A.4.a. General Conclusions about Both D-T and D-D Carbon
ISSEC Systems

Reduction in displacement rates in the metals considered
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of 3-5 can be obtained with 12.5 cm of carbon. Twenty-five

(25) cm of carbon can reduce displacement damage by a factor

of 8 to 20.

With the exception of 316 SS (or any nickel containing

material) helium production can be reduced by factors of 7

to 14 with 12.5 cm of carbon and by factor of 27 to 80 with

25 cm of carbon.

The use of a carbon ISSEC to soften the neutron spectrum

incident on the 316 SS initially decreases the helium produc-

tion rates by a factor of 8-10 for 12.5 cm (1 year). How-

ever, due to build-up of Ni-59 which has a high thermal (n,a)

cross section, the total amount of helium generated after 10

years of operation is actually greater in D-D ISSEC system

than that in an unprotected first wall.

Depending on the mode of activation and time after shutdown

the ISSEC systems can increase or decrease the induced radio-

activity. In general, it decreases the short term radio-

activity of Al, 316 SS, and Nb. It actually increases the

activity in V and Ta. The behavior is somewhat different

for long term activities in that the activity of V is decreased

and that of Nb is increased over the unprotected case. (The

rest of the values stay the same.)

There are also several conclusions we can state for D-D versus

D-T ISSEC protected systems that produce the same neutron power and

have it passing through the same wall area.
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V.A.4.b. Advantages of a D-D ISSEC

The helium production rates are approximately 15% lower for
all elements except those containing Ni regardless of the
ISSEC thickness.

The short lived radioactivity is reduced without an ISSEC
in Al (16%) and 316 SS (9%). Benhind a 12.5 cm ISSEC this
reduction is 45% for Al.

The long Tived radioactivity is reduced without an ISSEC in

A1 (13%) and 316 SS (39%). Behind a 12.5 cm ISSEC, it is
reduced by 16% in Al and 12% in 316 SS.

V.A.4.c. Disadvantages of a D-D ISSEC

The displacement damage is increased, without an ISSEC, in
A1 (56%), V(43%), 316 SS (49%), Nb (27%), Mo (29%), and

Ta (25%). Behind 12.5 cm ISSEC the rates are still higher
than in a D-T system for Al (41%), V (53%), 316 SS (28%),
Nb (30%), Mo (32%), and Ta (30%).

59 is increased by a factor of

The helium production from Ni
5 behind a carbon ISSEC.

The total helium production is 2% greater after one MW-year
of D-D neutron irradiation and 175% greater after 20 years
of irradiation for 12.5 cm ISSEC.

The short Tlived radioactivity without an ISSEC is increased
in V. (105%), Nb (33%), and Ta (1%). Behind a 12.5 cm ISSEC,
the radioactivity is increased in V (188%), Nb (103%),

Ta (111%) and 316 SS (72%) over the similar D-T case.
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The long lived radioactivity is increased in the unprotected
wall for Nb (90%) and Ta (61%). Behind a 12.5 cm ISSEC it
is also increased for Nb (121%) and Ta (115%).

The above conclusions for the displacement rates will be altered
by v29% if the results are calculated on the basis of total power
generated in the plasma. In general, this will tend to make the dis-
placement rates about the same for both D-T and D-D systems and make
the D-D system more advantageous from the standpoint of helium and
hydrogen production by high energy reactions. The exception is that
the total amount of helium produced in Ni containing alloys will still
be greater in D-D as compared tb D-T systems.

The conclusions about the short and long lived activity will be
the same except for one exception, the short lived activity of Ta
without an ISSEC will be decreased, not increased.

An overall conclusion is that a D-D system does not represent
a significant advantage over a D-T system unless relative difference
of 20% in the amount of He produced in non-Ni containing alloys is a
critical feature. Certainly a D-D system represents no significant
advantage over the D-T case with respect to dpa, He and induced

radioactivity in 316 SS.

V.B. A Comprehensive Study of Graphite and Metal ISSECs in Tokamak
Fusion Reactors

V.B.1. Introduction

The one-dimensional, homogeneous, cylindrical geometry, model

blanket design used in studies in this section is shown in Figure V.11.
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A variable thickness ISSEC zone was placed between the plasma and a
316 SS first structural wall. The materials studied for an ISSEC
were carbon, molybdenum, niobium, vanadium and tungsten. (Many of
the details of this work are given in reference 11.) The first
wall material used in all cases was 316 SS with 1 cm thickness at a
D.F. of 0.5 and it was followed by a 60 cm thick breeding zone com-
posed of 95% natural lithium and 5% 316 SS for structural material.
Behind the breeding zone is a 30 cm thick reflector zone with a com-
position of 95% C and 5% 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, 0.15, 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 B.
An albedo of 0.3 was used for neutrons of lower energy.

The nuclear performance of this type of reactor design was
studied by solving the discrete ordinates form of the neutron trans-

(50) program with a S4QP3

port equation for a cylinder using the ANISN
approximation.

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.(7]) This data set was generated with the AMPX
modular code system(ss) from nuclear data in ENDF/B-IV. The only

exception is Nb where evaluation of the cross sections is based on
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ENDF/B-III data. (Previous calculations in Section V.A. and in
references 8 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 B.

Neutron kerma factors were generated using the MACK program(sg)

(60)

and the gamma kerma factors were calculated using the MUG code.

The displacement cross sections were calculated from a computer code

developed by Doran(43,67,69)

except the displacement cross sections
for carbon were from Morgan.(72) The values used in these calcu-
lations are given in references 8 and 9.

Radioactivity calculations have been performed with the DKR(S])
code using the fluxes calculated by ANISN and nuclear data from Decay
Chain Data Library (DcDLIB). (62

The heat transfer problems involving thermal radiation were
solved using the program HEAT.(SZ) A simpler finite element code
FEM2D(53) 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. In all

cases, a first structural wall temperature of 500°C was assumed.
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A11 results are normalized to 1 Mw/m2 neutronic wall loading,
i.e., 1 M{ of neutron energy passing through the first wall (or

2 of area. A surface heat load of 4 w/cm2

inner ISSEC surface) per m
was taken assuming there would be a divertor to reduce the charged
particle flux incident on the first wall or inner ISSEC surface. The
heat flux number is‘consistent with calculations reported for

unMAK-11¢%) and uwmak-111.¢73)

V.B.2. Effects of ISSEC on the 316 SS Structural First Wall

V.B.2.a. Reduction of Displacement Damage in the First Wall

The first wall neutron spectra obtained using the ANISN(SO) pro-
gram in the cylindrical geometry of the model blanket shown in
Figure V.11 are combined with the 316 SS displacement cross sections,
to yield the displacement rates shown in Figure V.12. The absolute
values of the displacement rates, in units of dpa per 1 MW/m2 neutronic
wall loading per year, are plotted as a function of increasing ISSEC
thickness for five different ISSEC materials. As can be seen in
Figure V.12, W is most effective in reducing the displacement damage
in the first wall while C is least 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
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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.

V.B.2.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 V.13 and V.14, 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 rates. The
helium production rates shown in 316 SS do not include thermally
produced o's from the Niss(n,y)Nisg(n,a) reaction sequence, but as

was shown earlier in the case of a D-T p]asma(]o) thermally produced
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helium constituted less than 18% of total helium production in a
316 SS first wall protected by a 12.5 cm carbon ISSEC after 5 years of

operation time.

V.B.2.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 transmutations 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

55

316 S5 first wall are *°Fe(t; ,, =2.6 yr), 56Mn(t]/2 =2.6 hr),

54
S]Cr(t]/z =27.8 days), 58Co(t]/2 =71.3 days), “*n(t; , =303 days);

these isotopes contribute more than 85% of the total activity in the

55

case of an unprotected wall. After one year of decay, “~“Fe alone

contributes more than 80% of the radioactivity. Other radioisotopes

54 57 58

such as Mn, Co

- 60 -
Co(‘c]/2 = 270 days), Co(t]/2 5.26 yrs) and
contribute 18% of the radioactivity. The major contributors to 316 SS

at 100 years after shutdown are long half-life radioisotopes;

93m

= 1000 yrs), Nb(t]/2 = 13.6 yrs, from gt decay of 93Mo)

93Mo(t1/2
63, . -
and N1('c]/2 = 92 yrs).

Tables V.12, V.13 and V.14 show the changes in the first wall

radioactivity, biological hazard potential (BHP) in air, and afterheat



Jable v.12 Specific Radioactivity of First Wall* (Ci/cm?)
Time After Shutdown
ISSEC ISSEC )
Material Thickness 1] 1h 1d 1 Mo ly
No ISSEC 75.89 66.12 52.59 42.25 22,47
C 5 cm 43.41 37.44 28.29 22.61 11.54
10 cm 29.99 25.77 18.28 14.08 6.79
Mo 5 cm 23.14 19.85 15.57 12.16 6.40
10 cm 9.7 8.30 6.31 4,63 2.40
W 5cm 19.91 17.10 13.47 10.56 5.60
10 cm 7.20 6.17 4.74 3.53 1.85
Nb 5 cm 24.02 20.65 16.39 12.96 6.87
10 ¢cm 10.14 8.70 6.78 5.14 2.70
v 5¢cm 31.83 27.52 20.85 16.40 8.68
10 cm 18.00 15.27 10.20 7.59 3.97

* 2 years operation, 1 MN/m2 neutron wall lbading

ISSEC
Material

No ISSEC
c

Mo

Nb

Table V.13 _ Specific BHP of First Wall* (km® of air/W-cm’)

ISSEC

Thickness

5cm
10 cm

5cm
10 cm

5 cm
10 cm

5 cm
10 cm

5 cm
10 cm

Time After Shutdown

9
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

17.4]
6.75

24.84
11.86

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

42.33

24.44
14.95

10.96
3.88

9.87
3.18

12.48
4.81

17.83
8.44

ly
18.36

10.19
6.06

4.76
1.67

4.32
1.39

5.45
2.09

7.78
3.67

152

100 y
3.37x10°
2.72x103
6.64x10
3

2.27x1075
1.55x10

3

-3
1.95x10_3

1.08x10

2.21x1073
1.72x10

2.32x1073
1.89x10

100 y
3.66x10™3

3.18x1073
1.02x10

1.42x1073
7.27x10

-3
1.28x10 2

" 5.68x10°

1.54x1073
9.02x10
2.11x1073
1.57x10
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respectively, at various times after shutdown for different ISSEC
materials and thicknesses.

At shutdown and until 1 year after shutdown, W 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 W of 10 cm thickness.

W is followed by Mo and Nb which are nearly the same in reducing
the radioactivity; a factor of 3 for an ISSEC of 5 cm thickness and by -
a factor of 7 for 10 cm of material. The V ISSECs of 5 cm and 10 cm
thickness reduce the activity by factors of 2 and 4 respectively.
Carbon is the least effective material for reducing the activity among
these materials; a factor of 1.8 for 5 cm thick case and a factor of
2.5 for 10 cm thickness. For decay times of 100 years, the activity
reduction due to ISSECs is not as great as at shutdown and the differ-

ences among these materials become smaller. One interesting fact about

the long term radioactivity of the first wall is that it actually in-

63 93

creases as the carbon thickness increases because of "“Ni and ““Mo

which are both produced from (n,y) reactions.
By the same token, the BHP and the afterheat of the first wall
decreases in roughly the same proportion as the radioactivity de-

creases.

V.B.3. Effects of ISSEC on the Total Blanket

We will be concerned here with only three parameters out of the
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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.

V.B.3.a. Tritium Breeding Ratio

In Figure V.15 the total breeding ratio in the model blanket of
Figure V.11 is plotted as a function of increasing ISSEC thickness for
five different ISSEC materials. Other dimensions and compositions of
each region in Figure V.11 were kept constant. We see from Figure V.15
that the breeding ratio is always 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 generally fewer neutrons available 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 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 (e.g., V or Mo), that tends to help the
neutron inventory in the breeding zone and the breeding ratio does
not drop as fast as it would just due to the neutron energy degrada-
tion. Even though C is the material with the lowest parasitic absorp-
tion cross éection, V and Mo ISSEC systems have a higher breeding ratio

in the 8 to 20 cm region respectively, because of this (n,2n) effect.
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The maximum useful thickness of an ISSEC in a certain blanket
might be Timited by the amount of breeding required. For example, if
we require a minimum breeding ratio of 1.0 in our model blanket, the
maximum thickness of a C or V ISSEC is Timited to ~18.5 cm, Mo to

10 cmy, Nb to 8.5 cm and W to about 6 cm.

V.B.3.b. Energy Multiplication in the Blanket

Table V.15 lists the heating rates by neutrons and gammas and
also 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 C ISSEC reduces the total
energy deposited in the reactor per fusion event by 3-4%. Neutron
heating is somewhat reduced (fewer exothermic Li-6 (n,T) reactions and
more endothermic reactions in C) 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 also reduce the total energy output of the blanket
per fusion event. It is also evident from the results in Table V.15
that for the same neutronic wall loading, a reactor with a Mo ISSEC
will have a higher thermal power output than reactors either with no
ISSEC or C, Nb, V or W ISSECs. A V 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 Mo ISSEC system would have the additional advantage of running
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Table V.15
Nuclear Heating in the Model Blanket and ISSEC Used in this Study

;SSEC. ISSEC Neutron (a) Gamma (a) Totaf Energy (a,b)

aterial Thickness (cm) Heating (MeV) Heating (MeV) Per Fusion (MeV)
No ISSEC 12.9 3.2 19.6
c 5 12.4 3.2 19.1
10 124 3.3 18.9
25 11.8 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 13.0 211

(a) Per neutron born 1in plasma
(b) Includes 3.52 MeV o energy
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at a lower neutronic wall loading, and consequently a higher ISSEC

thickness would be allowed.

V.B.3.c. Radioactivity of Blanket

Total radiocactivity of the blanket (including the ISSEC) strongly
depends on the choice of ISSEC material, because the ISSEC, which pro-
tects 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 Figure V.16. Compared to
the no ISSEC case, the amount of total radioactivity at shutdown is
slightly decreased in a C and V ISSEC protected blanket while in the W,
Mo and Nb ISSEC cases it increases.

After 10 years of decay, the radioactivity for all cases falls to
about the same level. However, after a 1000years the activity of Mo
protected system is over a hundred times the base case while the radio-
activity of the Nb system is almost 10 times higher. The rest of the

systems are the same order of magnitude of the base case.

V.B.4. Radiation Damage in ISSEC

V.B.4.a. Displacement Damage and Gas Production

While the radiation damage in the first structural wall is being
reduced to levels discussed in Section V.B.2. the ISSEC itself en-
counters 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
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20-2400 Appm He/yr (the high number being for C) per 1 MW/mZ neutronic
wall loading in the front few layers of an ISSEC.

Dpa rates as a function of distance into the ISSEC are shown in
Figure V.17 and helium and hydrogen production rates in the five ISSEC

materials are tabulated in Table V.16.

The bulk radiation effects in carbon and graphite have been

74-83)

reviewed e]sewhere( and will not be covered in detail here.

Basically, carbon or graphite goes through two stages during bombard-
ment 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 dimensional changes in carbon and graphite with neutron

irradiation, the reversal from shrinkage to expansion takes place

22

at fluences of about 1-2 x 10 n/cm2 (5-10 dpa) at temperatures of

800-1400°C. Above 1400°C, the fluence required for runaway swelling

(84,85)

is not certain at this time, but the bulk of the data predicts

a lower damage rate at the higher temperatures.(gs)

It was originally
thought that the high amount of helium generated in C could coalesce
to form large bubbles and cause considerable dimensional changes and
tearing. However some recent experiments tend to show that helium
generated in carbon may in fact diffuse out at T > 800°C with almost

(86-88) The surface

100% efficiency without any build-up inside.
effects regarding carbon and graphite will be examined in Section

V.B.6.
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He]fum and Hydrogen Production in Various ISSEC Materials

Table V.16

Distance From
Front Surface (cm)

0
5
10
15
20
25

10
15
20
25

2340
1245
715
435
275
190

none
none
none
none
none

none

Appm He per 1 MW-Yr(neutronic)

m

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

Appm H per 1 MW-Yr(neutronic)

m2
70.5 71.3 91.3
20.9 22.7 36.4
7.96 9.05 16.9
3.39 4.06 8.66
].Sq 1.93 4.69
0.80 1.12 3.02

163

|=

3.7
0.91
0.30
0.1
0.04
0.02

7.98
1.95
0.65
0.23
0.08
0.04
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The effect of the displacement rates and gas production rates
as shown in Figure V.17 and Table V.16 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 Section V.B.5, if the ISSEC could be constructed
in such a fashion that it is free to expand in all directions,

tolerance limits might be quite liberal.

V.B.4.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 material.
The activities of different materials for 5 cm ISSECs are shown in
Figures V.18, V.19 and V.20 with those for the first wall withéut an
ISSEC.

One observation is that the activity of C, mainly from 6He
(t”2 = 0.8 sec), is three orders of magnitude lower than that of the
others at shutdown. After one minute, the activity is dominated by

14C(t1/2 =5730 yr) whose magnitude is six orders lower than the shut-

down of C.



RADIOACTIVITY (Ci/W)

165

jo-!

O O—O— W : S cm TUNGSTEN

0-3 o—08__ A _ANb:Secm NIOBIUM
VoeMdied/ V2 5 em  VANADIUM

¥r——Y—e-¥~—x% C : §cm CARBON

H Nb
| A/
10-4 H- \
v \ \q
N ]
RADIOACTIVITY OF ISSEC (5cm thick ) / \
2 YEAR OPERATION w L “\'\
1075 I MW/ m? NEUTRONIC WALL LOADING T
/C : V/V ™
v
IO‘G — . V4
v
07 |- Y —
/
Im IOm IH 6H ID Iw Mo 1Y l0gLY 100Y 1000Y
10-8 | 1I?Iffl’lflfl lfl
% 10° 107 105 - 108 07 108

TIME AFTER SHUTDOWN
Figure V.18

10° 10! .(seq)



BHP(km3 of air/kw)

3
10 1‘::- ~——To— ol _,_1 |
. e

. Mo

-,

10
BIOLOGICAL HAZARD POTENTIAL
! [(BHP) OF I1SSEC (5 cm thick)
2 YEAR OPERATION
| MW/m2 NEUTRONIC WALL LOADING
101 ) FIRST WALL
maemememeees  {: WITHOUT ISSEC
©——0——0 Mo: Scm MOLYBDENIUM
P—p—ty W: Secm TUNGSTEN
O&——0———a Nb: Sem NIOBIUM
10 2}' Ve——a——; V: Scm VANADIUM
YemmN——X C: Sem CARBON
: b4 c
1073 H /
10-% |-
|O°5 | —x

Im IOm H 6H ID iw Mo

10-6

w”]

/

i
4

i

100Y 1000Y

b

102 0t 108 106 107
TIME AFTER SHUTDOWN

Figure V.19

IR

108

L’

102 10" (sec)



I

|

167

AFTERHEAT OF ISSEC (5 cm thick )

2,YEAR OPERATION
| MW /m2 WALL LOADING

1000Y

0-!
-
)
2
g|o-2 \\
‘\
[ =] AN
£
- v \
§ 3 \"
g-'o [ —————e= 1: FIRST WALL WITHOUT ISSEC i
0~0—0m0- Mo : 5 cm MOLYBDENIUM \
“ V—0—<~ W: 5cm TUNGSTEN |
» OO~ Nb: 5cm NIOBIUM '
0 N' Vi~ Vi 5cm VANADIUM ‘
2—.0-4 [l ¥—x—x— C: 5cm CARBON H
= i
o !
'..IO‘5 T |=
[T ‘ '
< a
[]
1
]
\
10-6 \
/ \
w
> \\ '
07 | 1 .
fm IOm IH 6H iw Mo Y oY 100Y
o-sbll || TR
02 10 104 108 0% 10 10
TIME AFTER SHUTDOWN

Figure V.20

0 (soc)



168

The level of radioactivity at shutdown is highest for W with
Mo, Nb and V following in decreasing order. This order changes to W,
Nb, V and Mo after 1 year of decay. After 100 years, both Mo and Nb
show the long-term activities, and with the Mo level only three orders
of magnitude lower than that at shutdown.

The biological hazard potential (BHP) of the ISSEC generally
follows the behavior of radioactivity. BHP is another measure of
radiological hazard obtained by dividing the amount of radioactivity
with the maximum permissible concentration of each radioisotope. The

93 93mNb

long-term BHP is governed by ““Mo in the molybedenum ISSEC, and
in the niobium ISSEC.

The afterheat of the various ISSECs at shutdown varies among Y,
Mo, W, and Nb in decreasing order, and after 1 year of decay the
order changes to W, V, Mo and Nb. Beyond 100 years, only Nb and Mo

show any afterheat, but at relatively minor levels.

V.B.5. Mechanical Design and Heat Transfer of ISSECs

An ISSEC (Internal Spectrum Shifter and Energy Converter) is
envisioned as a 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, plus the heat incident on
the front surface of an ISSEC due to ions and electromagnetic radia-
tion originating in the plasma, will have to be transferred to the

blanket behind. We considered two processes by which heat could be
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transferred from an ISSEC to the first wall. They are thermal
radiation and simple 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. Table V.17 lists the front
and back surface temperatures of the five ISSEC materials considered
at 5, 10 and 25 cm thicknesses subject to the boundary conditions
stated earlier.

We see from Table V.17 that beyond some certain thickness the
front surface temperature of the spectral shifter exceeds the melting
point of the material. Obviously one cannot allow the ISSEC to melt
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 material, it is found that with radiation cooling only,
ISSEC's cannot have a thickness any greater than 20.5 cm for C and
13 cm, 11.5 c¢m, 10 cm and 18.5 cm for Mo, Nb, V and W respectively.*
In actual practice the limits would be set much lower than these
given here,

In a tokamak reactor the pressure inside the plasma chamber is

5

envisioned to be ~107° torr. Another important thickness criteria

then is that the vapor pressure of any material enclosed in the

*For 1 MW/m2 neutron wall Toading and 4 watts/cm2 of surface
heat load.
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vacuum chamber be kept below that value. Figure V.21 plots the

vapor pressure of the five ISSEC materials considered in this study
versus temperature. If we assume that 10'5 torr is the maximum vapor
pressure allowed then the maximum ISSEC temperature is 2000°C for C,
"1950°C for Mo, 2100°C for Nb, 1300°C for V, and 2600°C for W. 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 V.18.

It is important that a radiation cooled ISSEC be an unrestricted
body, free to move. 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 could expand freely in all directions could be
an ISSEC made up of a series of square plates. Each square plate
could be attached to the first wall through its center by a non-
conducting ceramic stud. Because of the type of temperature profile
in a radiation cooled ISSEC, the front wall of the ISSEC will expand
more than the back surface and the square plate would tend to bow
outwards (towards the first wall). A maximum temperature limit would
be reached when the inside corners of the plate touch the 316 SS
first structural wall to cause partial meltdown of the first wall.
Calculations show 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.
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Table v.18
Maximum Allowable ISSEC Thicknesses(a)n Three
Limiting Cases With Radiation Cooling Only

Maximum Maximum (c)

ISSEC Tempergtuyre Vapor Pressyre Breeding Ratio'C
Material Limit(b {cm) Limit (cm) Limit (cm)

c 20.5 9.5 13

Mo 13 7.5 10

Nb 1.5 : 9 8.5

v 10 4.5 18.5

W 18.5 12.5 g

— { g 1 MN/m neutronic and 4 W/cm2 surface heat Joad.

b) For melting.
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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, thicker ISSECs could be used
in actual designs. One such design will be described below but it
should be emphasized that this is an example and not the only way an
ISSEC can be supported from and conduct its heat to the first wall.

Assume the ISSEC is made up of an array of rectangular plates
with each plate having its Tonger dimension along the toroidal axis
of a tokamak reactor plasma chamber. Behind each plate there is the
structure shown in Figure V.22. The attachment of the plates to the
first wall is also illustrated in Figure V.22. 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 the tracks in the first wall. If the ISSEC is stuck to
the first wall, it could be cutoff from the stem, and the other two
spare slots in the first wall under each plate, shown in Figure VI-22,
can be used. If the diamond shaped blanket concept of
I. Sviatos]avsky(g]) (Figure V.23), the rectangular shaped blanket

model of R. Benenati et a].(92)

or the cassette blanket concept of
D. Steiner et a].(93) with sliding first walls is adopted, changing
the ISSEC should be fast and easy.

Because of symmetry, the heating rates and temperature should

not vary along the toroidal length of the plates. The variation in
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Incorporation of ISSEC into lMoveable

(91)
Figure V.23

Blanket Concept
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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 of the ISSEC.
Figure V.24 shows the bottom half of a side view for a 5 cm thick
15 cm wide ISSEC plate. On Figure V.24 shown are the nodal point
temperatures for the five ISSEC materials; Mo, Nb, V. W, and C. The
nodal points 14 and 15 were assumed at 500°C constant temperature.
The connecting stem, 0.5 cm long, was also taken tobe the same
material as the ISSEC and good contact was assumed between the ISSEC
and the 316 SS first wall. The heat was assumed to be transferred
through the throat (points 14-15) 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 V.25 shows the temperatures
for 10 cm thick ISSEC cases. For both Figures V.24 and V.25 the
connecting stem was taken as 0.5 cm Tong 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 length 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 Figure V.22, the actual heat transfer area between the

ISSEC and the first wall will be higher than just the area of the
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cooled by conduction only. (Contact area is 20% of ISSEC back surface area.)

Figure V.24
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Figure V.25
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throat, especially if the material making up the ISSEC and the connect-
ing 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 this study. The significance of this increase in contact
area is not only that the temperatures shown in Figures V.24, 25 will
be lower than shown but also the flux of heat conducted to the first
wall will be less. Table V.19 lists the total heat generated in 5
and 10 cm thick ISSECs per cm of length 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 unirradiated
yield strength of 316 SS is 475 Mpa at 500°C and higher at lower
temperatures. The thermal stresses listed in Table V.19 are lower
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 V.19 could be much
lower.

Even though the ISSEC design presented here is probably not
the ultimate, it can be seen from calculations that a 1 MW/m2

2

neutronic and 4 W/cm“ surface heat loading 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

(4,5,73)

class without exceeding the stress limitations of a 316 SS

first wall.
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Table V.19

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

. (6)

' Total(]’z) COnduction(s) Temp.(s) ggsgggls

ISSEC Nuclear Heat Total Heat Heat Flux to Drop Across in First
Thickness 1SSEC Generated Conducted First Wall First Wall Wall

(em) Material (W) (W) _(W/emd) __(°¢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
W 844 814 151 172 332
10 c 550 ags(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 26 a7

(1) For 15 cm width and unit length plates.

(2) Nuclear heating per 1} Mw/m2 neutronic wall 10ad. Does not inciude 4 N/cm2
surface heat.

(3) For 5 cm cases 90% of heat transfer was assumed by conduction and 102 by
thermal radiation.

(4) For 10 cm cases, 80% of heat transfer was assumed by conduction and the rest
by radiation.

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

(6) A thickness of 0.25 cm was assumed between coolant and the front surface of
the first wall.
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V.B.6. Other Considerations Affecting ISSECs

V.B.6.a. Cost

Table V.20 lists the current raw and the fabricated material
(94)

(94-96)

costs of the various ISSEC materials considered in this study.
Among the five materials listed in Table V.20, the most available
from the standpoint of resources and the least expensive one is C
(which is also the easiest to fabricate). Mo, Nb and W cost about the
same but W is the hardest to fabricate followed by Mo and Nb. The
thickest W plate that could be fabricated by forging at the present
time is about 2-3 cm x 10 ¢cm x 30 cm dimensions at 92% theoretical
density.(94) The dimensions of Mo, Nb and V plates that can be fabri-
cated by forging at present are about 5 ¢cm x 15 cm x length,

5 c¢m x 30 cm x Tength, and 5 cm x 30 cm x length respectively with

desired length up to 150 cm.(94)

V.B.6.b. Vacuum Properties and Vapor Pressure

Vapor pressures of the five ISSEC materials considered in this
study were given in Figures V.21. The free vaporization rates of
these materials as a function of temperature are presented in
Table V.21. Values for carbon are taken from reference 90 and the
free vaporization rates of the other four materials are calculated

using the formula(97)

fer) = 3:5x10% p(1)
M /T




Table V.20

Current Materials Costs for ISSEC§(94)

Material
Carbon
Molybdenum
Niobium
Vanadium

Tungsten

$/kg
Raw
3
55
65
100

- 35

Table V.21

183

Fabricated

10

. 110

Free Vaporization Rate of Various ISSEC Materials'

Temperature {°C)

1000
1500
2000
2500
3000

[

5.5x10
9.8x10
4.0x10
4.4x10
1.0x10

2

10
15
18
21

(atoms/cm® sec)

Mo

3.0x10%
].Oxld]]
3.0x10'3

5.8x10'7

Nb

2.4x10
4.7x10
1.9x10

1
9
14

v

2.4x10
5.8x10

100
200

70

W
M 4.0x107
16 5 310
6.5x10'0
2,0x'l()]4

5.4x1016
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where n(T) is the free vaporization rate in units of atoms/cmz-sec
at temperature T,

P(T) is the vapor pressure in torr,
M is the atomic weight of material, and

T is the temperature in °K.

We see from Table V.21 and Figure V.21 that W is the best of
the five materials from a vacuum properties standpoint. It is
followed by Nb while Mo and C have somewhat higher vapor pressures.
V is the least suitable of these five materials for vacuum applica-
tions.

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 gas
content in carbon could be lowered drastica]]y.(gs']oo)
G. A. Beitel(gg) measured the quantity and composition of gases
retained in several graphites and tungsten. After a 300°C and
24 hour bake out, he found that the results were quite similar
for graphite and tungsten.

(100)

More recently G. P. Lang and V. L. Holmes measured the

gas content of WCA and Thornel 50 S graphite fibers. They found

ju—
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that relatively large amounts of gas (0.40-0.1 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 liters/gram for WCA and 0.01-0.03 torr liters/
gram for Thornel 50 S at 1500-2000°C).

Lang and Ho]mes(]oo)

also measured the sticking probability of
hydrogen and 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

8 ~-10

the order of 10~ - 10" '", which should present no problem during

refueling operations between burns.

V.B.6.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!,
Tt and He' ions, 14.1 MeV neutrons as well as lower energy back
scattered neutrons and impurity ions present in the plasma. All of
these particles to some degree will cause sputtering of atoms off
the surface of an ISSEC. Deuterium (D+), and TT ions could react
chemically with carbon and add to removal rate of surface atoms
through formation of some volatile hydrocarbons. Helium 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
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of the more important experiments in this area and briefly comment on

their results.

V.B.6.c.1. Sputtering

Behrish has recently summarized the light ion sputtering values
for Mo(10]) and Nb(g7) and his results for Mo are given in Figure V.26,
Results from references 101 and 97 indicate that sputtering yields of
Mo and Nb are very similar with the maximum in the sputtering curves
occurring at 3-5 keV for D and T and at approximately 5 keV for He.
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.

There isn't much information on the ijon sputtering of V and W,
but Behrish(97) reports that the sputtering yield of V might be about
a factor of 2-3 higher than for Nb, and W might be a factor of 2-3
Tower than Nb.

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

isotopes at certain temperatures.(86’]02’]1])

The difficulty, how-
ever, is finding the experimental values of the sputtering coeffi-
cient for DY, T* and He™  at appropriate energies characteristic of

a tokamak fusion reactor. A few recent studies,(]oz’los)

utilizing
hydrogen isotopes to measure the sputtering behavior of carbon, have

been made at appropriate energies and some results are summarized in
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Figures V.27(102’]05) and V.28.(]04) The basic difference between
these studies is that the data in Figure V.27 comes from 2-20 keV H,
D and T ions on carbon which was heated to 1400°C while that in
Figure V.28 comes from carbon bombarded at 1900°C with very Tow
energy (0.2 eV) hydrogen. Some general observations about Figures
V.27 and 28 are:

1) The sputtering coefficients rise from a value of 10'2

2 at 600°C.

atom/atom at room temperature to a maximum of 8 x 10~
This peak has been found to be associated with methane formation.

2) As the temperature is increased above 600°C, the sputtering
- values start to return to their lTow initial values. This is accom-
panied 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 V.28
shows smaller absolute levels of methane formation than for higher
energy hydrogen. Furthermore, the low energy sputtering is quite
sensitive to crystal orientation.

5) Above 1000°C, the formation of acetylene takes place although
the absolute values are still low (<<1()'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 was also observed by other 1nvestigators.(103’]06’107’]]0)
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R. Ekern, et a].(]OQ) irradiated rayon based WCA graphite cloth
at room temperature, 400°C and 800°C with deuterons and 4He+ ions at
100 and 250 keV energy. They observed considerable flaking of indivi-
dual 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.

Physical sputtering of graphite by helium ions is thought to be

(111)

practically independent of temperature. Two independent measure-

ments give the sputtering ratio as 0.06 for 0.4 keV He 1ons(]]2) and

0.07 for 0.5 keV He ions.(]]3)

The sputtering yield results for carbon on carbon are even more
scarce than hydrogen and helium bombardment results. One value quoted
in the literature is 0.4 for 45 keV C on C.(]]4) 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 lower 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

b(1]5']]9) and very

carbon. Most studies have been carried out on N
little on V.(]]g) However, fission neutron sputtering results of
Garber, et a].(120) show the neutron sputtering rates of Mo, Nb, V,

and W within a factor of 2 of each other. The current 14 MeV neutron
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4 3

to 10" on the
(116-118)

sputtering values on Nb range from approximately 10°

(115) to 10-5 -4

high side - 10 7 on the low side. Lacking any
specific data and using Nb as a model for Mo, V, W and carbon, it
appears to be reasonable to choose a value of 10'4 atom/neutron for
the 14 MeV neutron sputtering of all five ISSEC materials considered
in this study.

In order to determine the erosion of the ISSEC surface as a
result of sputtering, one needs to know the current of charged par-
ticles 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-III(73) 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
¢ = ? Si(E) ¢1(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 V.22 gives the energy and the current of charged particles
and neutrons incident on the ISSEC surface per 1 MW/m2 neutronic wall
loading under UWMAK-III(73) conditions (1% plasma burnup and 99.9%

efficient divertor). Also listed in Table V.22 are the sputtering
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Summary of Particles Striking the ISSEC .Surface for UWMAK-IIIhj)
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Conditions

Physical Sputtering Coefficient

Mean o (2)

Particle Energy-kev Current-cm?s”! [
o* 3 5.8 x 1012 ©0.01
™ 3  s.ax 102 0.01
Hett 3 6.8 x 10"! 0.1
Het* 100 6.8 x 10'0 0.05
n 14.1x103 4.43 x 10'3 1074

(1) Assume constant with température

"(2) Adjusted to 1 MW/mz average neutronic wall loading.

Table V.23

Atoms/Particle(”
Mo b y
0.008 0.01 0.02
0.02 0.02 0.04
0.06 0.09 0.18
0.007 0.02 0.04
0% 0% 0

Flux of Sputtered Atoms From Various ISSEC Surfaces

Atoms(cmz sec

Mean
Particle Energy-keV 4 Mo
ot 3 5.8x10'0 4647010
i 3 5.8x10'0  1.2,10"
He*t 3 6.8x10'0  4.1410'0
Het* 100 3.400° . 4.8x108
n 141103 4.4x10°  4.4510°
Total ) Laxto’l 2..0"

M-
5.8x10'0
'I.2x10”
6.1x10'0
1.4x10°

4.4x107

2.5x10"!

v

1.2x10"!
2.3x10"!
n
1.2x10
2.7x10°
4.4x10°
4.8x10'!

f=

0.005
0.01
0.05
0.01
1074

=

2.9x10w
5.8x10'0
3.4x10"0
6.8x108
3.4x10°
1.3x10"
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coefficients for the various incident particle-target combinations

at the incident particle energy shown. Table V.23 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 V.23 with those given in Table V.21 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.

V.B.6.c.2. Blistering

Blisters have been observed in Mo,
V(129—131) and w(121)

(121-125) Nb(126-128)

with He' irradiations. In some instances they
have also been observed with " and H irradiations on Mo.‘]22’123’125)
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 and particle current, increases with increasing
jon energy.

To the author's knowledge, there has been no experimental data

reported to show blisters forming in graphite with helium ion bombard-
ment (103,108,109,132,133)



195

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].(]34)
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 exfolia-
tions, 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 problems with

blisters.

V.B.6.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 figure of merit number is obtained when the parameters k (thermal
conductivity), S (tensile strength), o (coefficient of thermal
expansion), and E (modulus of elasticity) are combined as §%° The
higher this number, the better the ability of the material to resist
thermal shock.

Table V.24 gives gg-values for the five ISSEC materials inves-
tigated at two temperatures. We see from the table that W has the

best resistance to thermal shock followed by C, Nb, Mo and V in

decreasing order at 1600°C. At 1200°C Nb is next to W, C is third,
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Table V.24
Relative Figure of Merit for Thermal Shock Resistance
of Potential ISSEC Materiais*

Temperature

Material 1200% 1600%
c 51, 40.
Mo 47. 18,
Nb 70. 39.
'} 0.35 0.35
W 200. 100.
« kS

oF Watts/cm - high numbers are desired
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and then Mo and V.
There are two important things to note about Table V.24. One
is that C, a non-metal, has as good or better thermal shock resistance
than metals at high temperatures. The other is that V, because of
its very low strength at high temperatures, is at the bottom of thermal

shock resistance scale. \

V.B.7. Discussion on Results Presented in Sections V.B.1 through
V.B.6

A comparison of the five ISSEC materials considered in this
study is made in Table V.25 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 con-
duction 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 thickness shown.
Factors that limit the maximum thickness of each ISSEC material are
shown in parentheses by the thickness values. The maximum ISSEC
temperatures are also shown.

It is interesting to note that all five materials reduce the
displacement damage by ~1/2 (to within 25%) and the helium produc-
tion is reduced by a factor of 2 to 6. The only ISSEC material to

result in an overall reduction in blanket radioactivity at shutdown
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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
Tong 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 V.26.

Examination of Tables V.25 and V.26 show that because of its
various disadvantages such as high vapor pressure, low melting point,
reduction in nuclear heating in the blanket, high cost, etc., V
would 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 Tow 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 V.25, a breeding ratio limited 6 cm thick W
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ISSEC is Tless effective than 10 cm thick Mo ISSEC (also limited by

breeding ratio) in reducing the dpa and helium production rates in

the first wall. Based on these considerations 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 fabricabil-
ity 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 become clearer, but at this time neither

C nor Mo has a clear superiority over the other.

V.B.8. 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 struc-
tural 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
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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 increased by a 10 cm or thicker carbon ISSEC.

. A1l 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 Nb ISSECs but it is Tower with C and V
ISSECs. At 1-10 years after shutdown 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 displacement rates in the ISSECs themselves per

1 MW/m2 neutron wall loading per year vary between 8.4 for
Nb 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

4

value at shutdown and in Nb about 107 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 Mw/m2 neutronic and 4 w/cm2 surface heat loading. Niobijum
and tungsten are limited to 9 and 12.5 cm by vapor pressure
and 8.5 and 6 cm by breeding ratio considerations, respec-

tively.

. 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).
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. 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.

V.C. The Effects of Liquid ISSECs; Li, Pb, and PbgLi Eutectic in

Inertial Confinement Fusion Reactors

V.C.1. Introduction

The use of a liquid Li ISSEC to protect the first walls of
laser fusion reactors has been proposed by scientists at Lawrence

(7)

Livermore Laboratory. The initial concept involves a 'waterfall’
of liquid lithium ranging in thickness from 10-50 cm dropping from
the top of a laser fusion reactor to be collected at the bottom of the
reaction chamber. The purpose of the waterfall is many fold, and a
few of the most obvious.reasons are listed below.
. To collect and absorb all photons emitted or reflected from
the D-T containing fuel pellet.
. To collect all charged particles (unburnt fuel, reaction
products and tamper material).
. To moderate the neutrons in order to reduce the damage in
the first wall.
. To breed tritium.
. To absorb any shock wave generated in the reaction chamber
by the microexplosion.

In this study in addition to Li, two other materials, Pb and

a Pb-Li eutectic (Figure V.29){13%)

lead atoms to every lithium atom and a melting point of 325°C are con-

with a composition of roughly 4
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sidered as 1liquid ISSECs and the thickness of the ISSEC is varied up
to 100 cm. The Pb-Li eutectic alloy, even though it is not a compound,
is represented as Pb4Li in this study.

In a laser fusion reactor reaction chamber the maximum pressure
allowed for laser beam propagation is on the order of 0.1 torr.(136)
Figure V.30 shows the vapor pressures of liquid Li and Pb as a fdnction
of temperature. The vapor pressure of the Pb-Li eutectic used will

probably be between the values for pure Li and Pb. We see from

800 ] J ' Li,P5,

726°C ‘G

700

600
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. o
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Figure V.29
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Figure V.30 that the vapor pressure of liquid Li does not reach 0.1 torr
until about 600°C. Liquid Pb has a vapor pressure that is about two
orders of magnitude less than that of Tiquid Li at the same temperature.
At such high temperatures corrosion considerations will probably be
more restrictive than vapor pressure and depending on the structural
material employed a Tower maximum temperature limit might be set by
those considerations rather than the vapor pressure.

While there are many other questions about the exact mechanism by
which this Tiquid metal 'waterfall' will be formed, and about the
rapidity with which the proper geometry can be re-established after the
microexplosion, the radiation protection feature of this concept can
be estimated at this time.

The blanket geometry used in these calculations is shown in Figure
V.11 and the calculational procedures are the same as described in Sec-
tion V.B.1. The only difference is the ISSEC material and the thickness

of it.

V.C.2. Results and Analysis

The information obtained in this part of the study is analyzed with
respect to three general categories: a) Damage parameters in the first
316 SS wall, b) Breeding ratio, and c) Heat deposition profiles. Each
of these parameters will be considered in turn.

V.C.2.a. Damage Parameters
V.C.2.a.1. Displacement Damage

The effect of the various ISSEC thicknesses on the reduction in dis-

placement damage in the 316 SS first structural wall is listed in
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Table V.27 and plotted in Fig. V.31.

The displacement damage after equal thicknesses of Li and Pb
are roughly the same but for different reasons. The low moderating
power of Li for high energy neutrons tends to maintain a rather hard
neutron spectrum. Lead, on the other hand, is much more effective
than Li in moderating high energy neutrons but its high (n,2n) and
low absorption cross sections result in rather high flux of high
energy (> 1 MeV) neutrons to the first wall. The net result is a
coincidentally similar effect on the dpa rate with increasing ISSEC
thickness. The addition of Li-6 to Pb counters the low absorption
characteristics and hence the Pb4Li alloy is even more effective than

either Pb or Li by itself.

V.C.2.a.2. Gas Production

The reduction in the helium and hydrogen production rates with
varying thicknesses of ISSEC are also given in Table V.27 and plotted
for helium in Figure V.32.

Comparing Figures V.31 and V.32, one can see that the relative
effectiveness of all three ISSECs is greater for reducing the helium
generation rates in the first wall than it is for reducing displace-
ments. The second thing to notice is that while both Pb and Li are
essentially the same in reducing the displacement damage in the first
wall, a Pb ISSEC reduces the helium production in 316 SS much more
than does a Li ISSEC of the same thickness. The reason for this is

that energies of most of the neutrons coming from the (n,2n) reac-

tions of Pb are below the threshold values for the (n,a) reactions
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- Table V.27 '
Summary of Radiation Damage in 316 SS Firs_t Hall Behind Various ISSECs

ISSEC dpa/yr ' Appm He/yr Appm H/yr
Material 1 ¥il/m? (1 Mw[més (1 Mi/m?)

None 10.1 218 470
20 cm

Li 5.4 82 210

Pb 4.8 14 37

Pb4L1‘ 4.0 13 ' 35
40 cm )

Li 2.8 32 96

Pb 2.6 1.8 5.4

Pb4Li 1.6 1.5 4.4

. 100 cm

Li 0.5 2.0 : 10.5

Pb 0.4 . 0.004 0.4

Pb,Li 0.1 0.002 0.012
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in steel. The effectiveness of the liquid Pb4Li ISSEC in reducing
the helium production in the 316 SS first wall is a little higher
than that of a pure Pb.

V.C.2.b. Breeding Ratio

Figure V.33 shows the total breeding ratio in the system as a
function of ISSEC thickness. Also shown in Figure V.33 is the breed-
ing in just the ISSEC for Li and Pb4Li ISSEC cases. It can be seen
from that figure that the overall breeding ratio initially increases
in all three cases. It saturates in Li and PbyLi cases after about
30 cm of ISSEC thickness but it starts to decrease after about 30 cm
of thickness in the case of Pb. The breeding ratio in just the ISSEC
itself exceeds 1.0 in Li and Pb,Li ISSECs after about 30 and 50 cm
thicknesses, respectively. The significance of this is that one can
do all the breeding inside the reaction chamber with Li and Pb4Li
ISSECs and there is no need to breed tritium behind the first solid

wall.

V.C.2.c. Energy Extraction

Total energy absorbed in the ISSEC plus the blanket per neutron
born in D-T is plotted in Figure V.34 as a function of ISSEC thick-
ness. The total heating in the blanket without any ISSEC protection
is 19.6 MeV/n, and it stays surprisingly constant as the thickness of
the Li ISSEC is increased. On the other hand, the total heating in

the Pb4L1 ISSEC system initially shows a large increase, but after
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about 30 cm thickness, it levels off at ~21.0 MeV/n, a value in
between that of pure Li and Pb.

The fraction of energy absorbed in the liquid ISSEC (inc]uding
charge particles) is plotted in Figure V.35, and it shows that for
thickness of 20-30 cm, the ISSEC zone will generate >50% of the
energy. The fraction of heat collected in ISSEC is always greater with
Pb4L1 ISSEC than with pure Li and Pb. Ninety (90) percent of heat in
a liquid Pb4Li ISSEC system is deposited in about 77 cm of ISSEC and
only 2% of the total heat is left for the blanket behind a 100 cm
liquid Pb4L1 zone. Proportionately less energy is absorbed in the
Pb ISSEC because of the breeding behind the first wall. About 20% of
the total heat generated in that system remains to be collected in the
blanket even after a 100 cm thick ISSEC zone.

The absolute amount of heat deposited in Pb4Li ISSEC is also
always greater than both in Pb and Li. At 50 cm thickness, for
example, the amount of heat absorbed in the ISSEC is 16.0 MeV/n for
Pb,Li, 15.2 MeV/n for Li, and 12.8 MeV/n for Pb. At 90 cm ISSEC
thickness 17.6 MeV/n is deposited in both Li and Pb ISSECs but the
amount of heat absorbed in Pb,Li ISSEC is 19.8 MeV/n. At 100 cm
thickness the amount of energy deposited in ISSEC per neutron born
in D-T plasma is 20.6 MeV for Pb4Li, 18.8 MeV for Pb and 18.1 MeV

for Li.
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V.C.3. Discussion on Results Obtained in This Section

Aside from protecting the first walls of a laser fusion reactor
against high fluxes of photons and charged particles (which could be
done by a relatively thin stream of liquid) it is important to see
what beneficial effect the concept can have on extending the useful
first wall 1ifetime.

For an illustrative example let us consider 316 SS at three
different temperatures; 600°C, 500°C, and 300°C. The criteria for
failure is different in each of these temperature ranges. Helium
embrittlement is the limiting feature of 600°C, void swelling is the
problem at 500°C, and crack propagation and helium gas bubble swelling
is critical at 300°C. While the exact dpa and helium concentration
Timits are not known for these regimes, a conservative estimate on
the basis of past experience leads to the projections shown in
Table V.28. Assuming that we desire to have “permanent" first wall
for 30 years of operation at a nominal wall loading of 5 MW/m2 and
a plant factor of 70%, we can use the information in Tables V.28
and V.27, and Figures V.31 and V.32 to estimate the required ISSEC
thickness. The necessary ISSEC thickness is given in Table V.29.
Taking the higher value of the two thicknesses associated with each
ISSEC material at each first wall temperature in Table V.29 as the
design limit, we list in Table V.30 what the other system parameters

would be for that thickness of an ISSEC.



Table V.28

Estimate of Damage Limitations in 316 SS Irradiated
in a Fusion Neutron Spectrum

Design Limit

Temperature °C dpa ~ appm He
300 200* 4000
500 150* 500
600 100 10*

*
Limiting Parameter

Table V.29

Summary of Liquid Metal ISSEC Thickness Require? So Extend 316 SS First Wall
Life to Reactor Lifeld :

Require ISSEC Thickness-cm

Temperature °C Li Pb Pbali
‘ dpa _He dpa -_He dpa He
300 52 37 47 12 37 12
500 58 ~85 . 52 | 30 41 30
600 74 ~200 67 67 50 65

(a) 5 Mi/m® at 70% P.F. for 30 years. (1060 dpa, 22,900 appm He
accumulated for an unprotected wall.)

218



Summary of Neces

Tab]e.V.BO

sary Liquid ISSEC Thicknesses

all Loading

Required to Extend Useful Lifetime of 316 SS
to 30 Years at 707 P.F. and § Mid/m

Thickness
Temperature °C cm
300 52
500 85
600 ~200
300 a7
500 52
600 67
300 37
500 41
600 65

*Design Limit

System Parameters

dpa/yr Appm He/yr
Lithium
6.67* 63
2.4 16.7*
~0.02 ~0.33*%
Lead
6.67* 2.8
5.0* ‘ 1.8
3.3 0.33*
fEﬂEi
6.67* 7.0
5.0% 4.55
1.85 0.33+*

B.R.T --- Total Breeding ratio in system

B.R.I --~ Breeding ratio in ISSEC only

B.R.
1.9
1.9
-2

1.58
1.50
1.34

1.73
1.73
1.73

B.R.

—

1.36
1.66
~2

0.62
0.68
1.24

Mev
n

19.7
19.7
19.7

21.0
21.3
22.2

20.6
20.7

20.8.

219

% Energy

in ISSEC

89
~100

59
61
67

7
73 .
85
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The required ISSEC thickness to reduce the dpa level to value
desired at end of life (Table V.28) falls in the general range of
45-75 cm for Li and Pb and 35-50 om for Pb4Li. The requirements
from the helium generation levels are generally more severe for Li
and it is found that the ISSEC thickness must be much greater than
1 meter and probably on the order of 2 meters for 600°C operation.
At all three first wall temperatures and from both the dpa and appm
He considerations, the required ISSEC thickness to extend the first
wall Tifetime to 30 years at 5 MW/m2 wall loading at 70% plant factor
is less for a Pb,Li ISSEC than it is for Li ISSEC. From the dis-
placement damage point of view less thickness of Pb4Li is required
for full lifetime operation than for pure Pb, but from the helium
production point of view the required ISSEC thickness is about the
same for both materials.

It appears from Tables V.29 and V.30 that the main advantage
of a pure Li ISSEC system is its high breeding ratio. Although all
three systems have quite adequate overall breeding, only Li ISSEC
shows an internal breeding ratio greater than one at ISSEC thick-
nesses less than 50 cm. If an ISSEC thickness of more than 50 cm
is required, Pb4Li is clearly superior to both Li and Pb in that it
has higher percentage of energy deposited in ISSEC, it can breed
internal to the first structural wall and with 65 cm thickness the
first wall can run at any temperature less than 600°C and still meet

its design criteria for a full lifetime operation.
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There is an ISSEC thickness above which it probably makes no
sense to run the first wall hot because there is very little heat to
collect. For example it is entirély conceivable that one could
collect the last 10% of the energy at 300°C and not suffer very
greatly on overall efficiency. This could especially be true if the
ISSEC increased the overall heating rate in the system as does Pb and
Pb4Li ISSECs. The 1imit at which 90% of total heat is deposited
inside ISSEC is ~90 cm for Li, ~120 cm for Pb and ~77 cm for Pb4Li.

The concept of 'cold' first walls and blankets has a great
attractiveness because it would significantly reduce the complexity

of the reactor design and perhaps even the tritium leakage.

V.C.4. Conclusions of this Section

It has been shown that either a 45-75 cm thick liquid, Li or
Pb ISSEC or a 35-50 cm Pb4Li ISSEC can reduce the displacement damage
in the 316 SS first structural wall to such levels as to allow it to -
achieve a 'permanent' 1ifetime (100 Mw-yr/mz) in a laser fusion
reactor. Pb and Pb4Li ISSECs are much more effective in reducing
the helium production in the first wall than Li. The Pb ISSEC is
the most effective in increasing the energy multiplication in the
blanket, but PbyLi ISSEC has the highest percentage of energy deposited
in the liquid ISSEC region.

Conclusions regarding each of the ISSEC materials considered

are listed below separately:
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Li:
High breeding ratio, both overall and internal,
Least effective in reducing the helium production rates in
the 316 SS first wall; therefore suitable for low tempera-
ture operation only.

Pb:
Increases the thermal output of the system by increased
energy multiplication,
Effective in reducing the helium production in the 316 SS
first wall,
Does n6t allow breeding internal to the first structural
wall,
Double heat extraction scheme is required; both from the
ISSEC and from the blanket behind the first wall.

Pb4Li:

Increases the thermal output,

Effective in reducing the helium generation in the 316 SS
first wall,

Most effective in reducing the displacement damage in the
first wall,

For thicknesses greater than 50 cm breeding internal to the
first wall is possible,

For the same thickness both the percentage and the absolute

amount of energy deposited in ISSEC is highest.
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An overall conclusion to be obtained from this study is that
the liquid ISSEC material that has the best overall characteristics

is Pb4Li and the thickness to be used is 50 to 75 cm.

V.D. The Effect of Displacement Cross Sections Calculated by the
DISCSM Code on the Reduction of Displacement Damage in Various
First Wall Materials by ISSECs

The displacement cross sections for various elements have
recently been recalculated by the author using the DISCSM code with
proper inclusion of charged particle-out [(n,p), (n,a), (n,n'p),
(n,n'a), etc.], and (n,y) reactions, and using the ENDF-IV data
rather than ENDF-III as in previous ca]cu]ations.(43’67) The DISCSM
calculations show the displacement cross sections to be higher than
the old ones at high neutron energies. These newer cross sections
were available after the bulk of calculations for this thesis had
been completed. How the displacement rates listed in Tables V.1,
and V.27 and displayed in Figure V.12 would have differed if these
new cross sections had been used is illustrated below for Nb and
316 SS first walls.

As an example, to show the difference between the old and
newer set of cross sections we plot in Figure V.36 for 316 SS the

(43,67) and the newer set of cross

older cross sections of D.G. Doran
sections calculated using the DISCSM code.
The newer cross sections would increase the effectiveness of

the ISSEC in reducing the displacement damage in the first wall,
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because the 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 Tables V.31, V.32, and V.33 where factors

of reduction in the displacement rates in Nb, and 316 SS first walls
are higher when the newer set of displacement cross sections are used.

The results are similar for the other first wall materials.

V.E. Discussion on Results Presented in.Sections V.A., V.B., and
V.C.

It is seen that all ISSECs, solid or liquid, reduce the dis-
placement and gas production rates in the first structural wall of a
fusion reactor. Reduction factors in the displacement damage vary
between 0- (which corresponds to the case of a very thin curtain) and
100 depending on the first structural wall material, the particular
type of ISSEC, and the thickness of the ISSEC. Helium and hydrogen
production rates are reduced by factors of 0 to about 105. If the
first wall lifetime is determined by the displacement rate alone, it
will increase by factors of up to 100. If the helium production is
the sole determining factor the first wall Tife will increase up to
105 times over the lifetime of an unprotected wall. Actually the
first wall lifetime will be determined by a combined effect of dis-
placement damage and the gas production rates along with others such
as the temperature, microstructure and the amount of cold work put

in. Therefore, the actual realizable benefit from the point of view

of an increase in the first structural wall lifetime due to an ISSEC,
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Table V.31

Effect of the Displacement Cross Sections Calculated by
the DISCSM Code on the Reduction of Displacement Damage
in Nb and 316 SS First Walls by a Carbon ISSEC
(s1ab geometry blanket model)

Doran-(67) DISCSM-
ENDF-111 ENDF-IV
First Wall Carbon ISSEC Reduction Reduction
Material Thickness-cm dpa/yr Factor dpa/yr Factor
(a)
D-D Plasma
Nb 0 10.8 - 11.3 -
12.5 2.14 0.20 2.14 0.19
25 0.54 0.05 0.54 0.048
316 SS 0 16.8 - 18.1 -
12.5 3.2 0.19 3.31 0.18
25 0.86 0.051 0.84 0.046
(b)
D-T Plasma
Nb 0 8.48 - 9.09 -
12.5 1.64 0.19 1.67 0.18
316 SS 0 11.3 - 13.1 -

12.5 2.50 0.22 2.61 0.20



No ISSEC

C ISSEC

Mo ISSEC

Nb ISSEC

vV ISSEC

W ISSEC
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Table V.32

Effect of Displacement Cross Sections Calculated by
the DISCSM Code on the Reduction of D-T Displacement
Damage in 316 SS First Wall by Carbon and Metallic

ISSECs
Doran-(67) DISCSM-
ENDF-II1 ENDF-1IV
ISSEC Reduction Reduction
thickness-cm dpa/yr Factor dpa/yr Factor
10.1 11.4
5 6.79 0.67 7.48 0.66
10 4.78 0.47 5.15 0.45
5 5.26 0.52 5.29 0.46
10 3.01 0.30 2.84 0.25
5 5.14 0.51 5.22 V.40
10 3.14 0.31 2.98 0.26
5 6.61 0.56 5.88 0.52
10 3.59 0.36 3.57 0.31
5 4,33 0.43 4.36 0.38

10 2.07 0.20 1.97 0.17
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Table V.33

Effect of Displacement Cross Sections Calculated by
the DISCSM Code on the Reduction of Displacement
Damage in 316 SS First Wall by Liquid ISSECs

Doran-(67) DISCSM-
ENDF-111 ENDF-IV
First Wall ISSEC Reduction Reduction
Material thickness-cm dpa/yr Factor dpa/yr Factor
None 10.1 - 11.4 -
Li 40 2.8 0.28 2.6 0.23
100 0.5 0.05 0.35 0.03
Pb 40 2.6 0.26 2.4 0.21
100 0.4 0.04 0.28 0.025
Pb4Li 40 1.6 0.16 1.4 0.12

100 0.1 0.01 0.06 0.005
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which translates into a net economic benefit from the operation,
maintenance and materials cost of the power plant, m%ght be somewhat
different than what is implied by the numbers given above. However,
the economic gains due to an increase in the lifetime of the first
structural wall are still expected to be high. This would especially
be true if the ISSEC also happens to increase the energy multiplica-
tion in the blanket as in the case of Mo, Nb, W, Pb, and PbyLi ISSECs.
As can be seen from the results in Sections V.A. and V.B., the
blanket geometry employed has a sizeable effect on the calculated
effectiveness of the ISSEC in reducing the radiation damage parameters
in the first structural wall. For example, for a carbon ISSEC and
the 316 SS first wall combination the results in Figures V.3 and V.6
of Section V.A., indicate that a 10 cm carbon ISSEC reduces the dis-
placement damage and the helium production in the first wall by factors
of 3.5 and 5.7 respectively. On the other hand, results in Figures V.12
and V.13 of Section V.B. give reduction factors of 2.2 and 3.1 for the
displacement and helium gas production rates in the 316 SS first wall
for the same thickness of a carbon ISSEC. The discrepancy comes
from several causes such as 1) slab versus cylindrical geometry cal-
culations, 2) the difference in the thickness and the composition
of the blanket regions behind the first wall, and 3) a shift f}om
ENDF-B/III to ENDF-B/IV in nuclear data input for the ANISN program.
The neutron source conditions were the same in calculations both in

Sections V.A. and V.B. It was a uniform isotropic source.
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0f the three reasons given above the first one is believed to
be the overriding one. In comparing the slab geometry to cylindrical
geometry the calculated effectiveness of an ISSEC is reduced because
of two factors; a) in the case of an unprotected wall, neutrons spend
more time slowing down and therefore cause more reactions in the
first wall for the slab geometry case. As a result, both the dis-
placement and gas production rates are higher (11.3 dpa/yr versus
10.1 dpa/yr in displacement damage and 280 appm/yr versus 218 appm/yr
in helium gas production). b) In the case of an ISSEC protected
wall, because the neutrons spend more time slowing down in the ISSEC
and causing more reactions, the current of neutrons that are passing
through the first wall is softer;in the slab geometry case than for
cylindrical geometries. This gives rise to lower displacement and gas
production rates in the first stfuctura] wall in slab geometry than in
cylindrical geometry calculations. The net effect of a) and b) is that
the reduction factors are lower in cylindrical geometry calculations.

The reason number 3, given above, might also be important in
the case of a carbon ISSEC because the gas production cross sections
of C]2 were lower in ENDF-B/IV than they were in ENDF-B/III. This
would mean more of neutrons would be reaching the first structural
wall, causing more reactions when ENDF-B/IV data are employed.

In Section V.C. in studying the effects of liquid metal ISSECs
on the 316 SS first wa]f and blanket response functions the cylin-

drical model blanket of Figure V.11 was used with a 350 cm radius



231

uniform neutron source. However, in laser fusion reactors, which
are more likely candidates than tokamaks to employ liquid ISSECs,
the neutron source will be approximately a point source, the size of
a micropellet. The reaction chamber is also expected to be more
spherical than cylindrical. How these gemoetrical changes might
affect the results and conclusions of Section V.C. has been studied
and the findings of this search is given in Figure V.37 with respect
to displacement damage in the first wall. It is seen in Figure V.37
that changing from a uniform source in cylindrical geometry blanket to
a point source in spherical geometry blanket, without changing any of
the thicknesses has a large effect on the displacement rate in the
first wall when there is no ISSEC protection. However, as the thick-
ness of the ISSEC is increased, this difference becomes small and at
liquid Pb4Li ISSEC thicknesses of 40 cm or larger the absolute amount
of displacement damage is essentially the same in the two cases. The
100 cm thick liquid Pb4Li ISSEC case was rerun again in cylindrical
geometry with the same thicknesses as before except a Tine source was
used instead of a uniform source. The result of this calculation
is also shown in Figure V.37, and it is almost the same as the result
obtained from uniform source calculations. The results with the
helium production in the 316 SS first wall are about the same as the
displacement damage results presented in Figure V.37.

Therefore it is seen that even though the factors of reduction
in the displacement and gas production rates in the first wall by

ISSECs are slightly changed when a more appropriate point source
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condition is used, the absolute amount of damage is approximately
the same in the two cases when the liquid Pb4L1 ISSEC thickness
exceeds V40 cm. The conclusions in Section V.C. were mainly based
on absolute damage rates in the first wall. Therefore the thick-
nesses given in Table V.30 for lifetime operation of the first wall
will probably not change by more than 10%.

As is apparent from Sections V.A.2.c., V.B.2.c., and V.C.3.c.,
the ISSECs can either increase or decrease the specific radioactivity
in the first structural wall and in the total blanket system (in-
cluding the ISSEC). However, even when the specific radioactivity in

3 or curies/KW of thermal power is increased, the

terms of curies/cm
total mass of radioactive structure that will need to be disposed of

at the end of the plant life is expected to be reduced because of the
longer wall Tife.

As a general rule the ISSECs reduce the radioactivity that is
produced by high energy neutron activations. If, in those systems where
the radioactivity increases with the increasing ISSEC thickness, one
could separate those isotopes that have high either short or long
term radioactivity as a result of thermal neutron activation, (e.g. by

(137) ) one will have reduced the radio-

isotope separation schemes
activity in the system every time. Thus with a combination of
neutron spectrum and isotopic tailoring one can produce the ultimate

minimum environmental impact reactor,
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From the calculations in this study it is apparent that there
is a great economic incentive for employing ISSECs in either magnetic
confinement or inertially confined fusion reactor systems. However,
there are still some questions that need to be answered before ISSECs
can be used in a practical sense. Most of these questions are experi-
mental in nature. The reason they have not been worked on thus far
is either due to the lack of facilities to do the experiments or that
the ideas are still new and there had not been any need for the
information previously.

For the carbon ISSEC - metallic first structural wall combina-
tion the major remaining question is the plasma-carbon interactions
over 1400°C temperature, whether or if it does, how much acetylene
formation takes place. For the metallic ISSECs, the question is
what the effects of radiation might be at such high temperatures of
1000-2000°C and maximum dpa and helium production rates of 8-13
dpa/yr'/Mw/m2 and 4-55 appm He/yr/MW/mz, respectively. For the solid
ISSECs, carbon and metallic, it would also be helpful to design a
more efficient scheme than the one presented in Section V.B.5. for the
attachment of the ISSEC to the first wall. The transfer of heat
from the ISSEC to the first wall by conduction or by actively cooling
allowing a thicker ISSEC to be used would also be of great benefit.

The major remaining questions for the liquid metal ISSECs are

1) corrosion by the liquid metals Pb, Li and PbyLi alloy at tempera-
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tures around 400-600°C, 2) the pumping power requirements for the Pb
and Pb4Li systems, 3) transmission of the laser light through the
vapor generated right after the pellet microexplosion, and 4) the
formation and the stability of 50-70 cm thick liquid metal water-
falls.
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CHAPTER VI

DISCUSSION ON THE POSSIBILITY OF FUSION REACTOR MATERIALS TESTING
IN FISSION REACTORS

The MODISS computer package, given in Chapter IV, was used to
generate the Primary Knock on Atom (PKA) spectra curves for iron,
chromium, nickel, niobium and vanadium. Al1 the results are obtained
from the neutron flux spectrum in the 316 SS first structural wall
of the model blanket design, shown in Figure V.11 of Chapter V. The
PKA distributions without an ISSEC, and behind varying thicknesses
of different ISSECs are compared to those obtained in a fast, EBR-II,
and a thermal, HFIR fission reactor neutron spectra in Figures VI.]
through VI.14.

Figure VI.1 shows the differential PKA spectrum for Fe in
EBR-II, HFIR and 5 different first wall fusion neutron spectra; no
ISSEC (hard fusion), behind 25 c¢m of solid carbon and molybdenum
ISSECs and behind 115 cm of liquid Li and 91 cm of liquid Pb4L1
ISSECs. Figure IV.2 shows the same type of curves except for cases
behind 46 cm of liquid Li, 45 cm liquid Pb and 37 cm of liquid Pb4Li
ISSECs along with EBR-II and HFIR results.

The parameters plotted in Figures VI.1 and VI.2 are the total
flux averaged PKA production cross sections, i% vs. the PKA energy, T.

Xt is given as:

Xt = L3 Xy 6.1
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where i% is the neutron spectrum averaged differential PKA production
cross section from the ith reaction.

i, goes over all nuclear reactions considered; elastic, inelas-
tic, (n,a), etc.

SG is calculated from

7 % (E,T) (E) dE

X = TTTR(EY & 6.2
and
X; (EsT) = o, (E) K;(E,T)/aT 6.3
where
th

ci(E) is the i reaction cross section at neutron energy E,

Ki(E,T) is the probability that a neutron of energy E transfers
energy T to the recoiling atom as a result of the nuclear reaction i,
and  ¢(E) is the flux of neutrons with energy E.

The results shown in Figures VI.1 and VI.2 are sometimes diffi-
cult to interpret when many different spectra are used so we have
integrated, normalized to unity and replotted the data in Figures VI.3
and VI.4. These latter figures show the fraction of PKA's with energy
greater than T as a function of the PKA energy T and it is easier to
see similarities and differences between spectra from such plots.
Figures VI.5 - VI.8 are similar to Figures VI.1 - VI.4, respectively,

except they are for the element chromium. Differential and fractional

PKA distributions for the element nickel are displayed in Figures VI.9
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and VI.10 while Figures VI.11 - VI.14 give the fractional PKA
distribution results for niobium and vanadium.

Since the object of this Chapter was to see how close one could
make the PKA spectra in a fusion reactor first wall to that charac-
teristic in already available neutron test facilities, let us con-

sider the EBR-II and HFIR PKA spectra separately.

EBR-II PKA Spectra

It can be seen from Figures VI.3, 4, 7, 8, 10, 11, 12, 13, and
14 that the PKA spectrum in a fast neutron facility such as EBR-II
is much harder than in a thermal reactor like HFIR up to ~100 keV and
in an unprotected fusion first wall up to ~10 keV. Above PKA
energies of 10 keV, the unprotected fusion reactor first wall PKA
spectrum is much harder than in EBR-II and that, of course, is the
major concern of materials scientists faced with simulation of such
damage. The insertion of an ISSEC structure between the neutron
source and the first wall does a great deal to soften the high energy
PKA spectra in a fusion reactor and it can be seen in Figures VI.1, 2,
5 and 6 that a 60-70 cm of either liquid Pb or Pb4Li softens the PKA
spectrum sufficiently in Fe and Cr that it is closely simulated by
the EBR-II neutron spectrum. However, the softening of the PKA by
the ISSECs also occurs at the low energy end and increases the dis-
crepancy below ~50 keV. For example, in V (Figure VI.13), the

probability of producing PKAs with T > 1 keV is almost twice as
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large in EBR-II than behind a 25 cm thick Mo or C ISSEC. The use
of thicker liquid ISSECs makes the situation even worse on the low
energy side while at the same time softening the PKA spectra even
further at the high energy side. The probability of producing a
vanadium PKA of T > 1 keV is 4 times as great in EBR-II than behind
91 cm thick Pb4Li liquid ISSEC, and the progggility of producing a
PKA of T >100 keV is 10 times greater.

It is clear that the use of ISSECs to protect the first wall
not only reduces the absolute damage rate, but it softens the neutron
spectra in all the materials considered to the point that the fast
neutron facilities produce even harder PKA spectra than found in
potential fusion reactor first walls. At this stage of our under-
standing of the radiation damage process, this is the same as saying
that, on a dpa basis, the displacement damage per neutron will be
worse in EBR-II than in an ISSEC protected fusion reactor, not less

as is the case in most designs considered today!

HFIR PKA Spectra

Unlike the EBR-II case, there are a large number of thermal
neutrons present which can cause (n,y) reactions. The recoils from
these reactions can produce large numbers of low energy PKAs and we
see from Figure VI.3, for example, that the HFIR PKA spectra is
softer than that for the unprotected fusion reactor first wall over

the entire energy range. Without any modification to the fusion
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neutron spectrum, this can have serious implications for present
simulation studies.

However, when solid or liquid ISSECs are used, the softened
PKA spectra is closely simulated by the HFIR spectra over a wide
range of energies. For example, it is seen from the fractional PKA
distribution plots for all the elements considered, that the HFIR
spectra closely simulates the PKA spectra below 1 keV and for Cr, Ni
and Nb the simulation is quite accurate up to several hundred keV
behind a 25 cm of carbon ISSEC.

While the ISSECs cannot reduce the maximum recoil energy, they
can reduce the number of those recoils to insignificant levels. Again,
it can be seen that 91 cm of Pb,Li in front of a Ni first wall can
reduce the number of PKAs above 100 keV by over a factor of 10 from
the HFIR case (Figure VI.10). The similar comparison shows that the
HFIR spectrum produces a factor of 10 less PKAs above 100 keV than for
the hard fusion case (i.e., the 91 cm of Pb4Li reduces the number of
PKAs above 100 keV by a factor of 100 over the hard fusion spectrum case).

The conclusion that one arrives at after these comparisons is
that the displacement damage behind the various ISSECs considered can
best be simulated by a thermal reactor spectrum and if anything, the
damage per neutron should be less in the fusion reactor than in the
fission source. Fast neutron facilities can simulate the high energy
PKA spectra but they do not do a very good job of simulating the Tow

energy spectra. If there are processes that are sensitive to large
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numbers of low energy collisions (such as stimulated diffusion or
annealing of point defects) then the fast neutron spectra may not be

suitable for simulation.

Gas to Displacement Damage Calculation

Table VI.1 lists effects of various carbon ISSEC's on the
calculated appm He to dpa ratios for the five potential CTR first
structural wall materials considered in this study. It is found that
this ratio varies from 1-40 for unprotected walls. Appropriate values
for a fast reactdr (EBR-II) and a thermal reactor (HFIR) test facility
are generally much lower ranging from 0.006-0.31 for most elements
wifh 316 SS having a value of 95 in HFIR because of the Ni-58 to Ni-59
conversion and subsequent high thermal capture and (n,o) cross sections.

The general trend for all the elements is to reduce the gas to
dpa ratio by a factor of 2-3 with a 12.5 cm carbon thickness. However,
that level of reduction still leaves the gas to dpa ratio far greater
than that in current fission reactor test facilities. This is amply
demonstrated in Figures VI.15 and VI.16 where the values of (appm
He/dpa) for ISSEC systems are divided by those in EBR-II and HFIR,
respectively. The important point to note here is that even behind
~30 cm of a carbon ISSEC the (gas/dpa) ratio is still ~20-200 higher
than for 316 SS in HFIR and the discrepancy is even larger for the
EBR-I1 case. The lower values tend to be for the higher Z elements.

Table VI.2 gives the appm He/dpa ratio in the 316 SS first

structural wall of the model blanket shown in Figure V.11 of Chapter V
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NORMALIZED He/DPA RATIOS FOR ISSEC PROTECTED SYSTEM
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NORMALIZED He/DPA RATIOS FOR ISSEC PROTECTED SYSTEMS
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with and without various ISSECs. The values in Table VI.2 are
divided by 0.11, the appm He/dpa ratio for 316 SS in EBR-II, and
plotted in Figure VI.17. We see in this figure that about 73 cm of
liquid Pb4L1 or 65 cm of liquid Pb ISSEC exactly reproduces the
appm He/dpa ratio from EBR-II in the 316 SS first structural wail of
a CTR. One needs almost 3 meters of liquid Li ISSEC, or ~2.5 m C,
125 cm V or W, 130 ¢m Mo, or 75 cm of Nb ISSEC to get the same
effect. These numbers are really not realistic for solid ISSECs
because of the excessive temperatures associated with even conduc-
tively cooled shields.

The significance of these results is that a 60-70 cm of liquid
Pb or 65-70 cm of liquid PbylLi ISSEC reduces the appm He/dpa ratio
in the 316 SS first structural wall of an inertial confinement fusion
reactor to that value one would get if he irradiated that 316 SS
first structural wall sample in EBR-II fast fission test reactor. As
discussed previously, the high energy part of the PKA spectrum will
also be similar in the two cases. Therefore, the data obtained from
the already present fast fission test facilities can be used with
much more confidence in the design of fusion reactors if the liquid
Pb or Pb4L1 ISSECs were to be used at thicknesses given above. As
far as the other solid ISSEC materials (and liquid Li) considered in
this study are concerned, the gas to dpa ratio behind any practical
thickness of them is still so different than for EBR-II that any
process that depends on the interaction of gas atoms and point defects

will not be correctly simulated in fission reactors.
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An even stronger case could be made for the non-nickel contain-
ing elements (Fe, Cr, Nb, and V) in the HFIR spectrum. Even though
calculations were not done for these elements with the liquid
ISSECs, the Pb and Pb4Li ISSECs would also reduce the He/dpa ratio
down to levels characteristic of the HFIR with ~50 cm of flowing
metal. The simulation of the appropriate fusion PKA spectra is even
better in HFIR than in EBR-II. This means that contrary to current
thinking, the thermal fission neutron facilities would be extremely
valuable as a simulation facility for non Ni containing materials if
such materials were to be used behind 50 cm or so of Pb or Pb4Li
material.

One final point is worth noting about the time structure of
irradiation in fusion and fission devices. It is well-known that
tokamaks are quasi-steady-state machines and from the point of view
of the response of materials to the time of irradiation, such reac-
tors could be considered steady-state. On the other hand, liquid
ISSECs are originally conceived to be used in laser fusion reactors
which are inherently pulsed systems. If one could assume that the
time structure of the irradiation in a pulsed device such a laser
fusion reactor does not have any drastic effect on the final damage
state of the material, the simulation in fission reactors would give
accurate results. However, it is expected that the inherent damage
incurring in the irradiated material will be different in pulsed and

steady-state systems§]38) Even though in the process of slowing down
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the neutrons, the ISSECs help spread out the time interval during
which neutrons arrive at the first structural wall it will still be
far from a steady-state irradiation. Therefore, before one could
use the fission reactor data in the design of laser fusion reactors
employing liquid ISSECs reliably, one has to answer the question of
what effects pulsed irradiation has on the material as opposed to

steady-state irradiation.
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

This study has been devoted to the development of effective
means to increase the first structural wall lifetimes in both magnetic
and inertially confined fusion reactors. It has been shown that either
a non-metallic element such as carbon or metals, either in solid or
liquid form, can be used to protect the fusion reactor first walls
from high energy neutrons as well as charged particles originating
“either in the magnetically confined plasma or inertially confined
micro pellets. The study has been concerned with five distinct
areas:

. Development and modification of models and applications of
radiation damage theories to more precisely quantify the
damage state in a neutron irradiated material,

. The effects of a carbon Internal Spectral Shifter and Energy
Converter (ISSEC) on the radiation damage parameters of
potential first wall materials for magnetic confinement
fusion reactors operating on both D-T and D-D plasma cycles,

. The effects of carbon and high temperature refractory solid
metal ISSECs on the 316 SS first structural wall and blanket
of a D-T plasma tokamak fusion reactor,

. Application of liquid metals such as Li, Pb and Pb4Li as

ISSECs in inertial confinement laser fusion reactors,
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Demonstration of how fission reactor data on materials can

be used more confidently in ISSEC protected systems.

The following points will serve as a summary of the results and
conclusions of this study. This will be followed by general recommen-

dations for future research.

VII.A. Summary and Conclusions

VIT.A.1. Development and Modification of Radiation Damage Models

The displacement damage calculations code DISCS and the input
preparation code for the DISCS, INPUTPP have been modified in such a
way that the nuclear reactions (n,y), (n,n'p) and (n,n'c) are also
included in the displacement cross section and PKA spectrum calcula-
tions. The approach used for the (n,n‘c) reactions is based on the
sequential emission of neutron and charged particle, and some approxi-
mate nuclear evaporation models to determine the energy of the
emitted particles. The approach used for the (n,y) reaction is new
and is completely based on data given in ENDF-B files. The codes DISCS
and INPUTPP are reassigned the names DISCSM and INPUTPM, respec-
tively, after the modifications. Some of the more important con-
clusions from this part of the study are as follows:

1) Because of the high energy threshold and coulomb barrier
effects associated with the (n,n'c) reactions, neither the displace-
ment cross sections nor the PKA energy probability distributions in

fusion reactor neutron spectra were drastically changed by the
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inclusion of these reactions in the calculations. However, such
changes will be important for PKA spectrum calculations in

neutron environments expected in (D-Be), (D-Li) high energy neutron
sources.

2) The effect of the (n,y) reactions is to make the displace-
ment cross sections finite at neutron energies below 1 keV and to
shift the PKA probability distribution in neutron spectra to lower
energies. However, this effect is found to be less than 1% in hard
fusion neutron spectra and about 2% in neutron spectra degraded by
25 cm solid carbon ISSEC.

3) New routines which process the displacement cross section
and PKA spectrum data from the DISCSM code are written and connected
to DISCSM and other codes included in the MODISS computer package

which is put together for calculations of this study.

VII.A.2. The Effects of a Carbon ISSEC on the Radiation Damage
Parameters of Potential First Structural Wall Materials

In this part of the study a variable thickness carbon ISSEC was
used in a non-breeding slab geometry blanket design to show the
effects of softened fusion neutron spectra on the potential first
wall materials; Al, V, 316 SS, Nb, Mo and Ta. The study was carried
out for two systems operating on D-T and D-D plasma cycles. The

main conclusions from this part of the study are:

VII.A.2.a. About Both D-D and D-T Systems

1) A carbon ISSEC reduces the displacement damage in all
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potential first wall materials studied. Reduction factors vary
from 3 to 5 with 12.5 cm carbon ISSEC and from 8 to 20 with 25 cm of
carbon ISSEC.

2) With the exception of 316 SS, the gas production rates in
the first wall are reduced by factors of 7-14 by a 12.5 cm carbon
ISSEC, and by factors of 27-80 by a 25 cm carbon ISSEC.

58(n,Y) Nisg(n,a) reaction

3) Because of the thermal Ni
sequence the total accumulated helium gas produced in 316 SS first
wall after 10 years of operation is actually higher in D-D plasma
case with 12.5 cm carbon ISSEC than it is with no ISSEC. In the
D-T case the ISSEC sti11 reduces the helium production in 316 SS
first wall but for long operating times (longer than 10 years) the
reduction factor drops to <70% of what it would be if only the
higher energy (n,a) threshold reactions had been considered.

4) A carbon ISSEC reduces the short term radioactivity in
316 SS, Al and Nb first walls, but increases it in V and Ta.

5) Long term radioactivity is reduced in 316 SS, Al and V but

it is increased in Nb and Ta.

VIT.A.2.b. Conclusions about D-D vs. D-T

1) Displacement damage is higher for D-D system per (MW/mz)
neutronic wall loading.
2) Gas production rates are lower (15-60%) in D-D system

except for helium production in 316 SS.
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3) Thermally induced activation is aggravated by a carbon ISSEC
in D-D system, i.e., those materials that have increased radioactivity
in ISSEC protected systems will have it higher in D-D casé than in
D-T.

A final general conclusion from this part of the study is that
there is no significant advantage of the 'D-D' plasma cycle over the

'D-T' cycle with respect to radiation damage.

VII.A.3. Effects of Carbon and Solid Metal ISSECs in D-T Plasma
Tokamak Fusion Reactors

The use and performance of carbon, Mo, Nb, V, and W metal ISSECs
in a D-T plasma cycle, 316 SS structure tokamak fusion reactor has
been investigated with a breeding model blanket design in cylindrical
geometry, and the study has led to the following conclusions:

1) A1l ISSECs considered reduce the displacement damage in the
316 SS 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.

2) 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.

3) The short and intermediate term radioactivity, Biological

Hazard Potential (BHP) and afterheat of the 316 SS first wall are
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reduced by all ISSECs, and the long-term activities are actually in-
creased by a 10 cm or thicker carbon ISSEC.

4) A11 five ISSECs reduce the breeding ratio in the model
blanket used in this part of the 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.

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

6) The radioactivity of the total blanket (including the
ISSEC) at shutdown is higher than the unprotected case for W, Mo, Nb
and V ISSECs but it is lower with C ISSEC. At 1-10 years after
shutdown the blanket has about the same radioactivity with and with-
out an ISSEC. At long time after shutdown (greater 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.

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

8) 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
(Tonger than 100 years) radioactivity in C, W and V ISSEC has
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decé&ed:éﬁayfﬁhflé in Mo it is 20.1% of its value étvéhufdown and r
in Nb about 0.01% of its shutdown value.

9) 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 Mw/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.

10) A conduction plus radiation cooled ISSEC can have
gréétéf thickness up to 15 cmor higher depending on the
specific Jggign;ﬂ  | | | | |

.'t’11) “Ff6mﬁaLfHoroﬂghrihvest{gation of all four meta]GTSSEés

conSidéké&, ;ﬁc1ﬁ3fn§b£héif cépabiﬁfty of reduéing radiatiéh '
daﬁége, maXimum;aiidﬁéble thicknessés, cdét, avaiiability, vacuum
properfiés; piésma1?ISSEC surface interaétions, étc., molybdenum
appears to be the best overall for a metal ISSEC(cbmpared to W, Nb
and V). |

12) The‘samé investigation revealed that a defin{EiQé choice
between a carbon and molybdenum ISSEC is difficult to make at this

time as both materials have strong points but in different areas.

VII.A.4. The Performance of Liquid Metals Li, Pb, and Pbgli as
ISSECs in Laser Fusion Reactors

The liquid metals Li, Pb, and Pb4Li have been proposed, in

connection with the waterfall concept, to protect the laser fusion
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reactor first walls from neutrons, charged particles, X-rays and
shock waves. This study revealed that in addition to protecting

the first wall, liquid ISSECs can also increase the tritium breeding
ratio and energy multiplication in the system. Conclusions from
this part of the study are broken down with respect to each ISSEC

material considered:

VII.A.4.a. Conclusions for Liquid Li ISSEC

1) Li is the least effective of the three liquid ISSECs con-
sidered in reducing the displacement damage and gas production rates
in the 316 SS first structural wall.

2) If the first wall is operating at 300°C, it is estimated
that a 52 cm thick liquid Li zone gives enough protection to the
316 SS first structural wall so that from the radiation damage point
of view it can last for 30 years at 5 Mw/m2 nominal wall loading and
70% plant factor. If the wall is operating at 500°C, about 85 cm
thick lithium zone is needed, and at 600°C the required Li thickness
goes up to about 200 cm.

3) A high tritium breeding ratio is obtained. In fact, the
breeding ratio in just the ISSEC itself goes over 1.0 for liquid Li

thicknesses greater than 30 cm.

VII.A.4.b. Conclusions for Liquid Pb ISSEC

1) Enhances the thermal output of the system by increased

energy multiplication.
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2) A thickness of 47-67 cm of Pb is estimated to give enough
protection to the 316 SS first structural wall so that from radiation
damage considerations alone it can last up to 30 years at 5 MW/mZ
Toading and 70% plant factor if the first wall operated at tempera-
tures 300-600°C.

3) The percentage of energy deposited in a given thickness of
Pb is not as great as it is for the other two liquid ISSEC materials

considered.

VIT.A.4.c. Conclusions for Liquid PbgLi ISSEC

1) Enhances the thermal output of the system by increased
energy multiplication.

2) The lead-lithium eutectic is the most effective of the
three materials considered in reducing the radiation damage to the
first structural wall. From radiation damage point of view a 37 to
65 cm ISSEC is estimated to give the 316 SS first wall a 30 year
lifetime if it operated between 300°C and 600°C at 5 M{/m® neutron
wall loading and 70% plant factor.

3) For thicknesses greater than 50 cm, the breeding ratio
inside the ISSEC is over 1.0.

4) For the same thickness, both the percentage and the
absolute amount of energy deposited in ISSEC is higher than both the

pure Li and Pb cases.
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From the conclusions already stated in Sections VII.A.4.a.,b.,
and ¢. and the ones that will be given in Section VII.A.5., we con-
clude that the liquid ISSEC material with the best overall charac-

teristics is Pb4Li and the thickness to be used is 50 to 75 cm.

VII.A.5. Prospects for Fission Reactor Testing of Fusion Reactor
Materials

1) The probability of getting a PKA with energy greater than
about 0.1 MeV is 3-4 orders of magnitude higher in an unsoftened
fusion first wall neutron spectrum than it is in either EBR-II or
HFIR fission reactor neutron spectrum.

2) The only ISSEC materials that can bring down the high
energy part of the PKA distribution in a fusion reactor first wall
neutron spectrum to EBR-II or HFIR levels are Pb and Pb4Li with
thicknesses around 55 cm and 65 cm, respectively. With the other
ISSEC materials considered in this study either the required thick-
ness becomes too large (>2 m) or heat transfer limitations prohibit
the ISSECs from operating at the required thicknesses.

3) The calculated appm He/dpa ratio in Al, V, Nb and Mo
first walls is much higher in a hard fusion reactor neutron spectrum
(or even behind ~30 cm of carbon), than it is in either EBR-II or

58(n,y)Nisg(n,a) reaction sequence,

HFIR spectrum. Because of the Ni
316 SS has a higher appm He/dpa ratio in HFIR than in fusion shec-

trum,
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4) Either a 65 cm of liquid Pb or 73 cm of liquid Pb,Li ISSEC
reduces the appm He/dpa ratio in the 316 SS structural first wall of
a CTR to same value one would have obtained in 316 SS in EBR-II. The
other ISSEC materials require unreasonably large thicknesses to do
the same. For example, with Li one needs about 3 meters, with carbon
2.5 meters, V, W or Mo about 125 cm, and Nb around 73 cm. As stated
previously such large thicknesses of solid ISSECs are not possible
because of heat transfer problems.

5) An overall conclusion of this phase of the work is that if
the time dependence of the radiation damage in a laser fusion reactor
is not overriding, the structural materials to be used in laser fusion
reactors employing liquid Pb and Pb4L1 ISSECs at thicknesses of
50-75 cm can be tested in fast fission test facilities already present
today. This would also allow the vast amount data that have already
been obtained in such facilities to be used in the design of future

fusion facilities.

VII.B. Recommendations for Future Research

VII.B.1. Recommendations for Displacement Damage Studies

1) Secondary displacement functions used in the calculation of
the displacement cross sections should be improved to include the
effects of recombination and clustering of interstitials and vacan-
cies. The actual damage state of the irradiated material, especially
in the case of neutron and heavy ion irradiations, would be much

better described by such displacement functions.
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2) Displacement cross sections calculated by various authors
should be consolidated and one general displacement cross section
Tibrary which includes the cross sections for most elements and
alloys of technological importance should be established. In this
way the disp]acénent damage results reported in fusion research or
in data obtained from high energy neutron sources when they become
available would be consistent and easy to compare.

3) The displacement damage calculations should be extended to
higher neutron energies (higher than 20 MeV) either when the experi-
mental nuclear reaction cross sections become available in ENDF or
by making use of the calculated reaction cross sections. This would
be important in the calculation of PKA spectra in neutron spectra
soon to be available from high energy (D-Li) or (D-Be) neutron sources

where neutrons can have energies up to 35 MeV or higher.

VII.B.2. Recommendations on Future Work With Carbon or Metallic
Solid ISSECs

1) Plasma-carbon surface interactions should be investigated
experimentally at appropriate ion energies and surface temperatures.
In particular the experiments should be carried out at or above
1200-1400°C range to determine the rate at which carbon reacts
chemically with the incident hydrogenic ions.

2) The effects of high energy neutron irradiations at tem-
peratures 1500°C or higher in the metal ISSECs themselves should be

investigated.
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3) For solid ISSECs, either carbon or metal, better mechanical
attachment and heat transfer schemes than the ones presented in this
study should be designed to allow them to have larger thicknesses and
better first wall protection. Active cooling of ISSECs in addition
to cooling by conduction and thermal radiation should be seriously

considered.

VII.B.3. Recommendations on Work With Liquid ISSECs

1) Corrosion characteristics of liquid ISSECs, Pb, Pb4Li
with 316 SS as well as other potential first wall materials should be
studied at temperatures 400-500°C.

2) Pumping power losses due to liquid Pb and PbyLi ISSECs
should be determined.

3) The question about the transmission of the laser Tight
through the vapor generated in the reaction chamber after each micro-
explosion should be settled.

4) The effect of pulsing on the final damage state of the
neutron irradiated materials should be studied to find out how
accurately one can use the materials data obtained in fission reac-
tors in the design of the laser fusion reactors employing liquid Pb

or Pb,Li ISSECs.
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Appendix B
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Neutron and Gamma Multigroup Energy Structures Used in This Study

.Table B.1
Neutron146‘ﬂu1figr00p Structure in eV

Group Limits

E(Mid-Point)

Group E{Top) E(Low)
1 1.4918 (+7) 1.3499 (+7) 1.4208 (+7)
2 1.3499 (+7) 1.2214 (+7) 1.2856 (+7)
3 1.2214 (+7) 1.1052 (+7) 1.1633 (47)
4 1.1052 {+7) 1.0000 (+7) 1.0526 (+7)
5 1.0000 (+7) 9.0484 (+6) 9.5242 (+6)
6 9.0484 (+6) 8.1873 (+6) 8.6178 (+6)
7 8.1873 (+6) 7.4082 (+6) 7.7977 (+6)
8 7.4032 (46) 6.7032 (+6) 7.0557 (+6)
9 6.7032 (+6) 6.0653 (+6) 6.3843 (46)
10 6.0653 (+6) 5.488) (+6) 5.7767 (+6)
n 5.4881 (+6) 4.9659 (+6) 5.2270 (+6)
12 4.9659 (46) 4.4933 (+6) 4.7296 (+6)
13 4.4933 (+6) 4.0657 (+6) 4,2795 (+6)
14 4.0657 (46) 3.6738 (+6) 3.8722 (+6)
15 3.6788 (+6) 3.3287 (+6) 3.5038 (+6)
16 3.3287 (+6) 3.0119 (+6) 3.1703 (46)
17 3.0119 (+6) 2.7253 (+6) 2.8686 (+6)
18 2.7253 (+6) 2.4660 (+6) 2.5956 (16)
19 2.4660 (+6) 1.8268 (+6) 2.1464 (+6)
20 1.8268 (+6) 1.3534 (46) 1.5901 (+6)
21 1.3534 (+6) 1.002b (46) 1.1700 (+6)
22 1.0026 (+5) 7.4274 (+5) 3.726 (+5)
23 7.4274 (+5) 5.5023 (+5) 6.4648 (+5)
21 5.5023 (+5) 4.0762 (+5) 4.7892 (45)
- 25 4,0762 (+5) 3.0197 (45) 3.5480 (+5)
26 3.0197 (+5) 2.23711 (+5) 2.6284 (+5)
27 2.23711 (+5) 1.8573 (+5) 1.9472 (+5)
28 1.6573 {+5) 1.2277 (+5) 1.4425 (+5)
29 1.2277 (+5) 6.7379 (44) 9.5080 (+4)
30 '6.7379 (+4 3.1828 (+4) 4.9604 (+3)
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 (+3) 7.4852 (42) 1.1666 (43)
36 . 7.4852 (+2) 3.5358 {+2) 5.5105 (+2)
37 3.5358 (+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 (+1)
40 3.7267 (+1) 1.7603 (+1) 2,7435 (+1)
NI 1.7603 {*1) 8.3152 (+0) 1.2959 (+1)
42 8.3153 (+0) 3.9279 (40) 6.1216 E*O)
43 3.9379 (+0) 1.8554 (+0) 2.8917 (+0)
44 1.8554 (40) 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)



Gamma 21 Multigroup Structure in MeV

Table B. 2

Group Boundaries
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Group E(Top) E(Low) E(mid-point)
1 1.4E01 1.2E01 1.30E01
2 1.2E01 1.0E01 1.10E01
3 1.0E01 8.0E00 9.00EQ0
4 8.0E00 7.5E00 7.75E00
5 7.5E00 7.0E00 7.25E00
6 7.0E00 6.5E00 6.75E00
7 6.5E00 6.0E00 6.25E00
8 6.0EQ0 5.5E00 5.75E00
9 5.5E00 5.0E00 5.25E00

10 5.0E00 4.5E00 4.75E00
11 4,5E00 4.0E00 4.25E00
12 4.0E00 3.5E00 3.75E00
13 3.5E00 3.0E00 3.25E00
14 3.0E00 2.5E00 2.75E00
15 2.5E00 2.0EQO0 2.25E00
16 2.0E00 1.5E00 1.75E00
17 1.5E00 1.0E00 1.25E00
18 1.0EQ0 4.0E-01 7.00E-1
19 4.0E-01 2.0E-01 3.00E-1
20 2.0E-01 1.0E-01 1.50E-1
21 1.0E-01 1.0E-02 5.00E-2





