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TRITIUM BREEDING IN FUSION REACTORS

by

Mohamed A. Abdou

ABSTRACT

Key technological problems that influence tritium breeding in fusion

blankets are reviewed. The breeding potential of candidate materials is

evaluated and compared to the tritium breeding requirements. The sensitivity

of tritium breeding to design ard nuclear data parameters is reviewed. A

framework for an integrated approach to improve tritium breeding prediction

is discussed with emphasis on nuclear data requirements.

In troduc tion

The first generation of commercial fusion reactors will operate on the DT

cycle. In comparison with other fusion cycles, the DT cycle has technological

requirements that are more attainable in the near term and power reactor

economics that are more favorable. A self-sustaining DT fusion reactor must

breed tritium. In all fusion reactor concepts, this is accomplished in a

lithium-containing blanket that circumscribes the plasma.

The feasibility of producing tritium with an adequate breeding ratio TBR

was a serious issue in the 1950's and early 1960's. The release of reasonable

data for the Li (n, n'a)t reaction led to estimates of TBR > 1 in the
i 9

J960's. The early generation ' of conceptual designs predicted TBR of - 1.3

to 1.5 for natural-lithium blankets with full coverage. Early sensitivity

studies showed that the TBR in the natural lithium system was not overly

sensitive to variations in cross sections. Consequently, concerns about

attaining adequate TBR were alleviated and tritium breeding studies were not

given high priority for most of the 1970's.

The safety problems of liquid lithium received a great deal of attention
A 5

in the past several years. The STARFIRE and DEMO studies investigated

breeder blanket concepts based on solid lithium compounds such as LioO,



. and LljSiO,. Solid breeders appear now to be the leading candidates

worldwide for fusion blankets. However, the feasibility of solid breeders

has not yet been established. Achieving adequate tritium breeding and

acceptable tritium recovery from the blanket are the two most critical issues

for solid breeders. Thus, the past three years have witnessed a serious

interest in the tritium breeding issues.

This review paper is concerned with tritium breeding in fusion

blankets. While the discussion of nuclear data is the primary motivation for

this paper, the author avoids the conventional approach of providing a simple

list of recommendations for a few cross sections to be measured. Rather, the

paper is written to help nuclear-data specialists develop an appreciation of

the many technological variables of the tritium breeding issue in fusion

blankets. A selected number of the most promising design concepts for the

breeding blanket are described. The breeding potential of candidate breeding

materials and blanket designs is evaluated and compared to the tritium

breeding requirements. The sensitivity of tritium breeding to design and

nuclear data parameters is reviewed. Finally, a framework for an integrated

approach to improve tritium breeding prediction is discussed.

There are many areas of fusion applications where nuclear data is

important. Some of these are indicated in Table I. This paper is focused

only on tritium breeding. The nuclear data requirements for other areas have

been reviewed by a number of authors (see for example references 9, 42, A3,

and 46).

The plans for the major fusion programs in the world call for a tritium-

producing blanket in a fusion engineering device whose construction will start

in the early 1990's. However, the requirements for improvements in the

nuclear data base for tritium breeding must be satisfied much sooner—over the

next several years. Accurate data is required now because it constitutes an

important part of the input to evaluating the feasibility of the many design

concepts and candidate breeding materials that are now under consideration.

2. Breeding Blanket Design and Materials

The primary functions of the blanket in a fusion reactor system is to

convert the energy of the fusion neutrons into sensible heat and to breed

tritium. The present focus of the blanket development is on defining a



compatible combination of materials that can be integrated into a functional

design. This design must serve the following requirements:

Adequate tritium production

Acceptable tritium recovery

Efficient heat conversion and recovery

Acceptable lifetime

Acceptable safety and environmental impact

Maintainable system

The blanket contains a number of materials, including a lithium-bearing

material for tritium breeding and a structural material for containing the

coolant. Some breeding materials require a neutron multiplier in order to

achieve adequate breeding ratio. Lithium is not a very efficient moderator,

and in some blanket concepts, another material is used for neutron slowing

down. A reflector is normally incorpoated at the outer end of the blanket.

Table II lists the candidate blanket materials that are now under

consideration in fusion development.

A large number of blanket designs have been proposed and evaluated in

design studies. The promising concepts can generally be classified into the

following types:

1. Liquid Metal

a. liquid metal as breeder and coolant

b. liquid metal as breeder and a separate

coolant

2. Solid Breeder (with separate coolant).

The candidate liquid metals are lithium, Li,yPbg., and LiBirPb,. They can

be used as both the breeder and coolant or as the breeder alone with a

separate coolant. LiBirPb^ and Li^yPbg^ are very similar in many respects,

particularly the neutronics characteristics. LiBi^Pb^ has the advantage of a

lower melting point but the large polonium production in bismuth makes it less



Table I. Important Areas of Nulcear Data for Fusion

Applications

Fuel Cycle

Tritium 2reeding

Nuclear Heating

Radiation Damage

Induced Act iv i ty

Radiation Shielding

Commen ts

Charged par t i c l e reactions for DT, DD and advanced
fuels.
6Li(n,a)t, 7Li(n,n'a)t, neutron emission and
parasitic absorption for blanket naterlals.

Neutron and gamma transport neutron reaction
kinetics, reaction Q-values.

DFA, gas production, transmutation.

Transmutation reactions, decay schemes.

Shielding of components and personnel; neutron and
gamma transport, induced activity, heating.

Table II. Candidate First-Wall/Blanket Materials

Breeding Materia ls

Liquid Metals

LI

Li-Pb

Li-Pb-Bi

Interraeta l l ic Compounds

Ll 7Pb 2

Cerai.ilc

Li2O

L1A1O2

Coolants

Water

(H2O, D20)

Liquid Metals

Li

Li-Pb

Ll-Pb-Bl

Gases

He

Steam

Structure

Austenltic Stainless Steel

Ferrltic Steels

Nickel-base alloys

Refractory Alloys ( e . g . , V)

Neutron Multiplier

Be

BeO

Pb

PbO

Bi

Zr

Zr5Pb3

PbBi



favorable. Water cannot be used as a coolant with liquid lithium because of

their strong chemical reactivity and unacceptable safety consequences. The

reactivity 01 water with LiiyPbgo is much lower than with liquid lithium, and

water cooling in Li^Pbg^ is believed to be acceptable. Sodium and helium are

other candidate coolants for liquid metal breeders.

Figure 1 is a cross section of a representative liquid metal blanket with

a separate coolant. The dimensions in the figure are approximately to-scale

and are based on the LijyPbgj blanket design developed in the STARFIRE/DEMO5

s tudy.

There are a number of critical issues for the liquid metal blankets, as

shown in Table III. The very strong reactivity of lithium with air and water

is an important safety issue. For both lithium and lithium-lead, the

compatibility with the structural material and MHD effects are key issues.

Resolving the compatibility issue may require the development of a structural

alloy other than austenitic stainless steel, which is believed to be a costly

and time-consuming development.

The above issues have led recently to serious consideration of solid

breeders. The most promising solid breeders are L^O and the ternary

ceramics: LiA102» Li^SiO, and LijZrOo. The most critical issues for solid

breeders are achieving adequate tritium breeding and acceptable tritium

recovery (see Table III). The tritium breeding issue will be discussed in the

following sections. It remains to be demonstrated that the steady-state

tritium inventory in solid breeders can be kept acceptably low (< 10 kg) under

irradiation. Both helium and water have been proposed for use as coolants

with solid breeders. It has been shown that pressurized water is superior

to helium under present materials and reactor design constraints. The loss of

radiation-attenuating space associated with the use of helium in the inboard

blanket results in a large economic penalty. Furthermore, the higher

operating temperature required for helium requires a structural material other

than austenitic stainless steel. The void space and the additional increase

in the structural material volume required for helium also reduce the

achievable tritium breeding ratio.

Lithium oxide is presently considered to be the most promising solid

breeder, primarily because its breedii.g potential is higher than that for the

ternary ceramics. One of the key problems with L^O is its reactivity with
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Table III. Critical Issues for the Breeder Blanket Options

1. LIQUID METALS

A. Lithium

• Safety

Consequences of Lithium Fire

• HHD Effects

• Compatibility with Structural. Materials

B. 17Ll-83Pb

• Compatibility with Structural Materials

• For Ll-Pb Cooling
- MHD Effects
- Tritium Processing and Containment

• For Water Cooling

- Safety - large scale expulsion of Ll-Pb from the blanket In off-
normal Li-Pb/water contact
Tritium permeation to water as a result of tritium low
solubility/high partial pressure

• For Sodium Cooling

- Safety - chemical reactivity of sodium with water and air
- MHD Effects

2. SOLID BREEDERS

Blanket Tritium Inventory
Part, iularly, effects of radiation on tritium inventory.

Design Practicability
A number of design problems related to maintaining the low-themal-
conductivity breeder material within the required narrow temperature
range and controlling the temperature gradient at the
breeder/strue ture/coolan t in terfaces.

For LIAIO,: Tritium Breeding
Achieving a net tritium breeding ratio greater than one.

For Li,O: Reactivity with Water to Form LiOH
- Difficulties in obtaining and maintaining high purity L12O.
- Consequences of corrosive effects of LIOH under off-normal events

Involving breeder/coolant interaction.



water to form the highly corrosive LiOH. The ternary ceramics (e.g., LiA102)

are more chemically stable but their tritium breeding is questionable, as

discussed later.

Figure 2 shows a cross section of a typical design for a solid breeder

blanket. The details are based on the Li2O design for the STARFIRE/DEMO.
5

Kigure 3 is a vertical cross section of a tokamak and shows the interrelation

between the blanket and other components.

3. Tritluw Breeding Requirements

The tritium breeding ratio is defined as T = K /N, where N is the rate

of tritium production in the system (normally the bLanket) and N is the rate

of burning tritium in the plasma. T must exceed unity by a margin (G) to

cover 1) losses and radioactive decay during the period between production and

use, and 2) supplying inventory for startup of other fusion reactors.
7 R

Detailed expressions were derived ' to correlate T, doubling time Itj), and

inventory. The expression has the general form

where I is the total tritium inventory and D is a complex function that

accounts for radioactive decay and other losses. The magnitude of the total

tritium inventory is determined by the tritium inventories in the breeding

blanket (Ig), fueling and exhaust systems (Ip), storage (Ig), and startup

(I Q), respectively. At present, there are large uncertainties concerning the

magnitude of the tritium inventory achievable in fusion reactor systems. The

tritium inventory in the blanket will be < 1 kg for liquid lithium systems,

but may be between 1 and 10 kg or greater in solid breeders because their

tritium release characteristics cannot be quantified at present. The magni-

tude of Ip depends strongly on many plasma-perrormance and exhaust-system

operating parameters such as the fractional tritium burnup in the plasma. Ig

is determined by the amount of fuel required in reserve to guard against a

temporary malfunction of the tritium recovery system. IQ is the tritium

inventory that needs to be accumulated in order to start up a new reactor, and

it is also a function of Ig, Ip and Ig.
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Figure 3.
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Figure 4 shows the required tritium breeding ratio as a function of the

fractional tritium burnup in the plasma and the doubling time assuming the

blanket tritium inventory is 10 kg. The required tritium breeding ratio

increases very rapidly as the fractional burnup decreases to ** 1% and as tj

becomes very short. This is one of the reasons why achieving a fractional

burnup of > 5% has been identified as one of the key goals for the impurity

control and exhaust system development. The doubling-time goal is obviously

related to the desired growth rate for fusion power. The historical growth of

the power industry has been a doubling time of ~ 10 year. For the first

generation of fusion power reactors, a short doubling time (< 5 y) is highly

desirable.

The required tritium breeding ratio (TQ) in an actual operating raactor

should thus be

T Q = 1 + G [2]

where G is the margin discussed above. For a fractional burnup of - 5% and

doubling time of ~ 5 y the required T Q is - 1.05. It should be clearly

realized that if a fractional burnup of only - 1% is achievable, then the

required T Q is ~ 1.2 — a very difficult breeding requirement to achieve as

will become evident in later sections.

T Q as defined in Eq. 2 is the actual net tritium breeding ratio that must

be obtained in an operating fusion power reactor. The more difficult task is

establishing the goal for the tritium breeding ratio (TD) that must be

achieved in a conceptual design. Clearly, T Q must exceed T Q by an

allowance (A) for the uncertainties in estimating T Q , i.e.,

T D = 1 + G + A [3]

The sources of uncertainties in estimating A are numerous, but can be

broadly classified into three areas: 1) reactor design definition, 2)

neutronics calculations, and 3) nuclear data. A few comments on these are in

order.

11
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The tritium breeding ratio is sensitive to many of the design features of

the fusion reactor. Some of the important features are: 1) the materials,

geometry and size of the in-vessel components (e.g., limiter or divertor for

impurity control) that intercept the fubxon neutrons before entering the

blanket; 2) materials, volume fraction and distributions of structural

materials and coolants in the first wall and blanket; 3) size and locations of

the many void regions that penetrate the blanket and serve important functions

such as plasma heating, plasma-current drive, vacuum pumping and fueling; 4)

the presence of non-breeding regions in the blanket, which are reserved for

presently ill-defined requirements such as passive coils for plasma stabil-

ization; and 5) overall plasma characteristics and reactor configuration,

including fusion neutron source distribution, shape of first wall, modularity

of components, etc. Fusion is still in a somewhat early stage of research and

development with active conceptualization of reactor designs. Technology

choices and design concept selections have not been made for many of the

reactor systems. These selections will not be made for a number of years to

come because a number of issues are yet to be resolved experimentally and

analytically. The achievable tritium breeding ratio is certainly one of the

key considerations in the selection among concepts.

The dependence of the tritium breeding ratio on technology and design

concept choices can be quite large, 50% in some instances. Obviously, one

cannot design a breeding blanket with a breeding potential that accommodates

these large variations. Since the breeding potential for candidate breeding

materials will be (and is already being) performed for various technology and

design concept choices, we will require that T D includes only 2% allowance for

design definition. This is merely enough to account for those additional

design details that cannot be developed at present for a given conceptual

reactor design.

Neutronics calculations of the breeding ratio in a given system are

subject to a number of uncertainties. Assuming that the designer uses the

best methods and codes available, there are two sources of errors. First,

geometrical modeling of the fusion reactor configuration entails some approx-

imations that are necessary to make the problem practical from computer

storage and computing-time viewpoints. Second, there are errors that are

inherent in all calculational methods and codes for a variety of reasons such

13



as those related to numerical techniques, averaging, and/or discrete treatment

of continuous variables. Reducing the errors due to calculations to < 2%
q

appears to be a very difficult goal.

The third source of uncertainty in estimating the breeding ratio comes

from errors in nuclear data (e.g., cross sections and energy and angular

distribution of secondary neutrons). These include errors arising from the

accuracy of measurements, representation of parameters in data files, and

processing of the data into a form suitable for use in radiation transport

codes. Judging from experience in the fusion program and the estimated

sensitivity of T to variations in nuclear data (discussed later), it is not

unreasonable to require accuracies in nuclear data that result in an error in

T of no more than 1 to 2%.

From the above discussions, the allowance A in Rq. 3 required to

compensate for a possible shortfall in tritium breeding due to the combined

effects of uncertainties in design definition, calculations, and nuclear data

is - 5 to 6%. Hence, the tritium breeding ratio required in a fusion reactor

design must be ~ 1.1 in order for the design concept to have a high potential

of achieving self-sustaining DT fusion power economy.

The possibility of operating fusion reactors with a tritium breeding

ratio, T < 1, by using a tritium concentration in the plasma of <50%, has been

suggested. However, it has been found that the required magnetic field and

reactor size have to be increased rather quickly as T decreases for the same

reactor power. Thus, small decrements in T appear very costly in terms of the

required plasma performance and the increase in the cost of electricity.

4. Breeding Potential of Candidate Materials

As discussed earlier, many blanket design concepts and a number of

breeding materials are being considered for fusion reactors. One of the

primary selection criteria is achieving an adequate breeding ratio. In this

section, we examine the breeding potential of candidate breeding materials.

Based on the discussions in Section 2, the most promising blanket

concepts are shown in Table IV. The breeding ratios obtainable with these

concepts cover the range of breeding ratios potentially achievable in fusion

blankets. There are many possible variations (e.g., helium instead of water



coolant) on these designs. However, the four blanket concepts considered in

Table IV are sufficient for our purpose here of examining the tritium breeding

issues. These concpets were examined in detail in a recent study , and the

neutronics calculations performed by Jung are documented in reference 12.

Table V describes the dimensions and materials used for calculating the

breeding ratio for the four blanket options of Table IV. These four designs

represent self-consistent choices for the four most promising breeding

materials: Li, 17Li-83Pb, Li2O and LiA102. The neutron transport

calculations were performed with the MORSE Monte Carlo code in a 3-D toroidal

geometry (see Figure 5) that models the STARFIRE/DEMO design. A neutron

source distribution that accounts for the spatial distribution of the DT

reaction rate within the plasma was used. Nuclear data parameters are based

on ENDF/BIV. To be consistent with recent experiments ,l 7~23»li|7 the

Li(n,n'a)t reaction rate was reduced by 15% for the purpose of calculating

the breeding ratio.

The tritium breeding ratio calculated for the four designs are shown in

Table VI. These results are for a full blanket coverage, i.e., the first

wall/blanket completely circumscribes the plasma with no allowance for

penetrations. Thus, the breeding ratios indicated in Table VI represent an

upper bound on the breeding potential for the four breeding materials without

using a neutron multiplier. Below we discuss design and material variations

that can affect T, the possibility of using a neutron multiplier, and the

breediug characteristics of each breeding material.

4.1 Effects of Penetrations on T

A variety of penetrations must be accommodated in the blanket system.

These can be classified into a) major penetrations, and b) normal pene-

trations. The major penetrations are large in size and their functional

requirements do not permit substantial modifications in their shape. Examples

of major penetrations are (see Figure 3): 1) auxiliary heating ducts,

presently neutral beams and rf are the leading contenders; 2) vacuum pumping

ducts; and 3) active impurity control, e.g., a divertor or limiter. Besides

being large in number and size, these major penetrations have openings in the

first wall in direct visibility to the plasma neutrons. On the other hand,

normal penetrations are small or moderate in size, and they are amenable to

15



Table IV. Promising Blanket Concepts Under Active Consideration

Breeder

Coolant

Structure

Neutron Multiplier

Solid

u2o

H20

SS

Breeder

LiA102
<Li2SIO3)

H2O

SS

Be

Liquid Metal Breeder

U

U

V (FS, SS?)

-

l7U-83Pb

(Na, Ll-Pb, HjO)

V, FS

-

SS: Austenitic utainless steel, FS: Ferritie steel, V: Vanadium alley.

Table V. Description of Four Blanket Designs for Tritium Breeding
Calculations

Thickness

Lithium

17Li-83Pb

Li2O

LiA10 2

Armor
1 cm

FS a

FS

SSb

SS

35*

35*

35*

35*

First
1

H2O

H20

H20

H20

Wall
cm

+ 65X

+ 65*

+ 65*

+ 65*

FS

FS

SS

SS

Blanket
68 cm

90* U * + 10* FS

852 Li1 7Pb8 3** + 10* FS + 5* H20

90* U2O* (70* dense) + 5* SS +
5* H2O

90* LiA102*** (70* desne) + 5* SS
+ 5% H2O

Natural lithium enrichment.
90* %i enrichment.
60* 6Li enrichment.

*FS - Ferritic Steel
bSS - Stainless Steel

16



LIMITER DUCT

Figure 5. Vertical cross section of the toroidal geometry used
for Monte Carlo calculations.

Table VI. Tritium Breeding Ratio Potential (Full breeding
blanket coverage with no penetrations.)

Breeding
Ratio

T6

T7

T - T6 + Ty

Liquid Breeder
Lithium" 17Li-83Pbb

0.89

0.36

1.25

1.48

.002

1.48

Solid Breeder
Li2Oa L1A1O2

C

0.90

0.29

1.19

0.85

0.03

0.88

"Natural enrichment.
b90Z % i enrichment.90Z % i enrichment.
c60X Li enrichment (no neutron multiplier).

17



substantial shaping of their path inside the blanket and bulk shield. Among

the penetrations in this category are the gaps between blanket and shield

modules, holes for diagnostics and refueling, and a variety of gaps for

clearances around plugs and pipes. For gas-cooled blankets the coolant

passages will represent additional radiation streaming paths.

The change of the tritium breeding ratio due to the penetrations,
P S V L

AT , consists of three components: AT , AT and AT, due to variation in

neutron spectrum, reduction in the volume of breeding zone, and enhanced loss

of neutrons, respectively. Radiation streaming enables high energy neutrons

to reach deeper regions of the blanket. This tends to increase the

Li(n,n'ct)t reaction rate. The reduction in the volume of the breeding zone

depends strongly on the type of penetration. In recent designs this volume

reduction is - 5 to 10%. The relative reduction in the breeding ratio can be

smaller or slightly larger than the relative reduction in the breeding volume,

depending on the exact characteristics of the penetrations. Ide et al.

showed that the reduction in T due to the presence of typical neutral beam
1 2

injectors is - 2%. Jung estimates a reduction in T due to the presence of a

limiter impurity control system of ~ 5%. A divertor system results in a

larger reduction in T than in the case of the limiter.

The reduction in the tritium breeding ratio due to penetrations in a

practical power reactor system is > 5% but does not appear to exceed 10%.

This reduction is not overwhelming considering the nature of the major

penetrations. However, this reduction can be crucial for breeding materials

with a marginal breeding potential.

4.2 Breeding in the Inboard Blanket

In magnetic confinement fusion reactors, there are strong incentives for

reducing the total thickness of the blanket and bulk shield, ADtl, to maximize
DO

the reactor power for a given magnetic field. In tokamaks, the reactor

performance and economics are particularly sensitive to A in the inboard
BS

region (see figure 3). Lithium-containing materials are not very efficient in

radiation attenuation. Therefore, it was proposed that the portion of the

breeding blanket in the inboard region (i.e., sector 1 in figure 5) be

replaced by more efficient shielding materials. Obviously, this is acceptable

only if attaining an adequate T is possible without the inboard blanket.
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However, the saving In ADO Is so important that the feasibility of

eliminating the breeding blanket from the inboard region must be considered as

a fai-tor in selection of breeding materials. Table VII shows the tritium

breeding ratios for the case of when the inboard blanket is eliminated and the

limiter impurity control penetration is accounted for. The reduction in the

breeding ratio ranges from - 11% in the Li2O case to ~ 15% in the Li-Pb

system. Of this reduction, - 5% is due to the limiter and the balance is due

to elimination of the inboard blanket.

4.3 Fast and Thermal Systems

Blanket concepts can be generally classified into "fast" and "thermal"

systems. In the fast system, high energy neutrons in the 4 to 15 MeV range

contribute significantly to breeding via the Li(n,n'a)t reaction. In the

thermal system, neutrons are slowed down by elements other than Li (before or

after entering the breeding material region) so that essentially all the

tritium breeding is achieved by low energy neutrons, inducing the reaction

6Li(n,ot)t.

Of the four systems considered in Tables V and VI, lithium and Id^O

represent a "fast" system, while 17Li-83Pb and LiAK>2 are representative of a

thermal" system. Figures 6 and 7 show typical neutron spectra in both types

of blanket. The neutron moderating power of lithium is not very strong.

Therefore, the high energy neutrons penetrate into the deeper regions of the

blanket, resulting in a significant Li(n,n'a)t reaction rate. In a liquid

lithium blanket, T7 is - 30% of T. Therefore, the relative error in T is

approximately one-third of the relative error in the magnitude of

the Li(n,n*a)t reaction cross section. The contribution of Li to the

tritium breeding ratio in Li£0 is ~ 24%. The reduction of Ty in Li2O relative

to that in Li Is due to scattering of high energy neutrons with oxygen in the

LipO and the water coolant.

In the absence of a neutron multiplier, the contribution of Li is an

absolute necessity to achieve T > 1 in Li and Li20. Studies have shown that

the natural isotopic composition of lithium (92.5% Li and 7.5% 6Li) yields

nearly optimum breeding ratio with no benefit from enrichment in Li. If a

neutron multiplier is incorporated in Li and LI^O blankets, the neutronics

characteristics of these fast systems change to those of a thermal system.
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Table VII. Tritium Breeding Ratio with and without Inboard
Blanket and Limiter

Full Blanket Coverage,
No Penetrations

No Inboard Blanket,
l imiter Penetration
Included

Liquid
Li thluma

1,25

1.09

Breeder
17Li-83Pbb

1.48

1.26

Solid
Li2Oa

1.19

1.06

Breeder
LiA102

c

0.88

0.79

^Natural enrichment.
b90X *"U enrichment.
cb0X Li enrichment (no neutron multiplier).

NEUTRON SPECTRUM

10
10

NEUTRON ENERGY, MeV

Li2O (A = 4 mm FROM WALL, V = 34 cm FROM WALL)

Li (O = 4 mm FROM WALL, ® = 34 cm FROM WALL)

LiPb (D = 4 mm FROM WALL, H = 34 cm FROM WALL)

Figure 6a. Neutron spectrum in three blanket systems: Li2O, Li and
17Li-83Pb. The systems are described in Table V. (Energy
range 10"1 - 15 eV.
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NEUTRON SPECTRUM

10,-1 10 10 I02 I03

NEUTRON ENERGY, eV
I04 10s

Li 0 ( A - 4 mm FROM WALL, V = 34 cm FROM WALL)

Li <O = 4 mm FROM WALL, ® = 34 cm FROM WALL)

LiPb (D = 4 mm FROM WALL, B = 34 cm FROM WALL)

Figure 6b. Neutron spectrum in three blanket systems: Li20» Li and
17Li-83Pb. The systems are described in Table V. (Energy
range 10"1 - 105 eV.)
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NEUTRON SPECTRUM

I 0 8

10' 10° ioJ

NEUTRON ENERGY, eV

Figure 7a. Neutron spectrum in LiAlC>2 blanket with beryllium multiplier.
The system consists of 1 cm first wall (Zone 1), 4 cm LiA102
(Zone 2), 8 cm Be (Zone 3), 20 cm L1AIO2 (Zone 4). Curves a
and b are for the first and last points, respectively, in
Zone 2. Curves c and d are for the first and midpoint of
Zone 4. (Energy range 0.1 - 15 MeV.)



NEUTRON SPECTRUM

UJ

Figure 7b.

NEUTRON ENERGY, eV

Neutron spectrum in LiA102 blanket with beryllium multiplier.
The system consists of 1 cm first wall (Zone 1), 4 cm LiAlC>2
(Zone 2), 8 cm Be (Zone 3), 20 cm LiAlC>2 (Zone 4). Curves
a and b are for the first and last points, respectively, in
Zone 2. Curves c and d are for the first and midpoint of
Zone 4. (Energy range 10"1 - 10^ eV.)
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The increase in the (n,2n) reaction rate in the neutron multiplier is always

associated with a reduction in the Li(n,n'a)t reaction rate. Thus the

enhancement of T by using a neutron multiplier tends to be modest for the Li

and Li20 systems as will be discussed shortly.

Liquid 17Li-83Pb has one of the highest breeding potentials because of

the large neutron multiplication in the breeding material itself through the

Pb(n,2n) and (n,3n) reactions. The Li(n,n'ct)t reaction rate is reduced to an

insignificant contribution (see Table VI) due to the rapid slowing down of

high energy neutrons by inelastic scattering in Pb. However, the neutron

multiplication via the Pb(n,2n) is large enough to result in a T^ that is much

greater than the breeding ratio achievable in the Li and LijO systems. Since

the number density of lithium in Li-Pb is very low (about an order of

magnitude lower than in Li and Li20), isotopic enrichment of Li is crucial to

attaining a high tritium breeding ratio. The lithium in the Li-Pb system used

in Tables V-VII is enriched to 90% Li. Most of tritium breeding comes from

neutrons in the low eV range. The soft spectrum that prevails in such a

thermal system requires particular care in the neutronics treatment. This

system also is more sensitive to the amount and type of structural material

and coolant used.

The tritium breeding characteristics are similar for blankets using the

ternary ceramics such as LiAlOj, Li2Si0g, Li2ZrO.j and Li2TiOg. The strong

neutron moderation by the non-lithium elements renders Li useless for tritium

production (see Table VI). In the absence of a neutron multiplier, T is

always < 1 for these ceramic breeders. Hence, the viability of solid breeders

(other than Li2O) from tritium breeding viewpoint is unavoidably dependent on

the ability to use a neutron multiplier.

4.4 Neutron Multipliers

Enhancing the tritium production capability of the blanket by incor-

porating a neutron multiplier has been examined in a number of design

studies. The subject has been treated in some detail in references 4, 5, 12,

24, 25 and 27. The results of these studies are surprising. Finding an

acceptable neutron multiplier appears to be extremely difficult.
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Table VIII lists the candidate neutron multipliers and presents some of

the key properties relevant to their utilization in fusion blankets. Fis-

sionable materials are excluded since hybrid concepts are not presently

included in the main-line fusion development.

A good neutron multiplier must have a large (n,2n) and/or (n,3n) cross

section, with a threshold much lower than 10 MeV. It must also have a

relatively small parasitic absorption over the entire energy range of 0 to 15

MeV. It is desirable that the inelastic cross section be relatively small.

Lead, bismuth and zirconium appear to be the only high-Z materials that are

potentially useful neutron multipliers. Compounds such as PbO, PbBi and

Zr5Pbo need to be considered for engineering reasons. Low-Z materials

typically have low (n,2n) cross sections with the well-known exception of

beryllium.

In order to select a material for any component of the blanket it must

satisfy a number of engineering criteria in addition to possessing acceptable

neutronics characteristics. Some of these engineering criteria are

availability, cost, fabricability, and compatibility with coolant and

s tructure.

Lead and bismuth have the most attractive neutronics characteristics

except for beryllium. Zirconium has an (n,2n) cross section that is about a

factor of 3 lower than that for Pb and Bi. The key engineering problem for

lead and bismuth is their low melting point (327 and 271CC, respectively). To

keep the material solid during reactor operation, its melting point must be

higher than the coolant temperature. The exit temperature for a helium

coolant is typically > 450°C. The lowest operating temperature in a blanket

design is achievable with pressurized water, which yields an acceptable

thermal conversion efficiency with a maximum temperature of •» 320°C. Thus,

the use of lead and bismuth in solid form in fusion power reactors is not
i A ?5

practical. For near-term experimental reactors such as INTOR, • power

conversion is not an objective and the maximum coolant temperature is •-

100°C. In this case, lead or bismuth can be used in solid form. However, the

poor thermal conductivity of lead limits the maximum thickness of the neutron

multiplier zone to ~ 5 cm for a neutron wall load of ~ 1 MW/m . The allowable
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Table VIII. Properties of Candidate Neutron Multiplier Materials

Material

Density, g/cm

Atoms or molecules/
cm3, x 1 0 " "

o(n,2n) at 14 MeV,
barns

£(n,2n) at 14 MeV, cm
cm

(n,2n)threshold, MeV

o(n,r) at 0.0253 eV,
barns

Radioactivity

Isotopes

Melting point, °C

Thermal Conductivity3

at 25"C, W/m-°K

Be

1.85

0.1236

0 . 5

0.0618

1.868

0.0095

10Be

1278

201

BeO

2.96

0.07127

0.5

0.256

1.868

0.0095

10Be

2520

216b

Pb

11.34

0.03348

2 .2

0.0737

6.765

0.17

2O5pb

327.5

35.3

PbO

9.53

0.02571

2.2

0.0565

6.675

0.17

2 0 5Pb

888

2 . 8

Bl

9 . 8

0.02824

2 .2

0.0621

7.442

0.034

2 1 0Po

271.3

7.92C

Zr5Pb3

8.93

0.004680

9 . 2

0.0431

6.765

1.41

9 3 Zr, 2 0 5 Pb

1400

PbBl

10.46

0.03047

2.2

0.0670

6.765

0.094

2 0 5 Pb, 2 1 0 Po

125

2.3 d

"At 25°C.
"Pure beryllium oxide, hot pressed.
"jPolycrystalline.
dAt 200"C.



thickness is even smaller for bismuth. It should be noted that the

significant production of the a-emitter Po makes bismuth an undesirable

material in a power reactor system.

The only practical possibility for using lead or bismuth in a fusion

power reactor blanket is in liquid form. However, liquid lead and bismuth are

not compatible with candidate structural materials. To limit corrosion of

stainless steel, a maximum operating temperature of ~ 450°C has to be

imposed. With such temperature limit and at a nuetron wall load of - 3 MW/m ,

the low thermal conductivity of lead limits the maximum spacing between

coolant tubes to ^ 2 cm. This reduces considerably the benefits of lead as a

neutron multiplier because of the parasitic neutron absorption in the coolant

structure. The situation is even less attractive for bismuth and PbBi. Lead

oxide has a much higher melting point (888CC). However, its lower thermal

conductivity and the presence of oxygen make PbO inferior to lead as a neutron

multiplier.

The intermetallic compound Zr^b-j was considered in the STARFIRE study

because it has a higher melting point (~ 1400°C) than lead and a greater

neutron multiplication than zirconium. However, as we will show shortly, the

breeding enhancement achievable with ZrcPbg is not great.

Beryllium is very attractive neutronically because its (n,2n) cross

section is large over a wide energy range (~ 2 to 15 MeV) and its parasitic

neutron absorption is small. There are two serious issues in using beryllium

in fusion reactors. The first is the limited known resources of beryllium.

The estimated reserves for beryllium are 2.5 x 10 kg in the U.S. and ~ 3.8 x
o

10 kg in the world. A 5-cm-thick beryllium zone in a typical tokamak power

reactor require - 7 x 10 kg of beryllium, i.e., ~ 0.3% of the U.S.

reserves. Thus, beryllium reserves cannot surtain a full fusion power

economy. However, the beryllium burnup over the reactor life (~ 40 y) is -

10%. Assuming recycling of beryllium is feasible, beryllium can be used in

tens of fusion reactors without exhausting a significant fraction of beryllium

reserves. The second serious issue is that beryllium is toxic. This toxicity

makes beryllium difficult to handle and introduces additional factors into

safety and environmental considerations for fusion reactors. The cost of

beryllium is high, but this is more than offset by its excellent additional

energy multiplication. Helium generation rate in beryllium is extremely
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large, typically - 8000 appm/yr in a power reactor. This requires using

beryllium at only - 60 to 70% of its theoretical density in order to

accommodate swelling. This requirement increases the effective fraction of

structural mateiral and reduces slightly the net neutron multiplication

benefit. The Be(n,t) reaction with a threshold of 11.6 MeV and a cross

section of - 20 mb at 14 MeV resuls in a significant tritium production. The

tritium inventory trapped in beryllium is a cause for concern. This inventory
12

is estimated to be in the range of 2 to 3 kg after five years of operation
2

at 3 MW/m neutron wall load in a typical power reactor.

Gohar ' examined the effect of various neutron multipliers on the

tritium breeding ratio in a blanket that uses LiA102 as a breeding material.

He performed one-dimensional calculations using the first wall/blanket

composition shown in Table IX. A neutron multiplier zone was used behind the

first wall and preceeding the breeding material region. The coolant and

structure were homogenized with the neutron multiplier. Figure 8 shows the

tritium breeding ratio as a function of the neutron multiplier zone thickness

for a number of neutron multipliers. A few important observations can be made

on the results in this figure. The breeding ntio shows a maximum at a

multiplier zone thickness of - 5 to 8 cm. The reason is that as the

multiplier thickness increases the (n,2n) reaction rate increases but a larger

fraction of the neutrons is thermalized and absorbed in the structure before

reaching LiAlO2. While Figure 8 indicates a comparable neutronics performance

for lead and beryllium, it must be realized that the practicality of the lead

system is questionable as discussed above. The very severe limitations on the

spacing between coolant channels for lead will substantially degrade the

obtainable breeding ratio to much lower values than those indicated in Figure

8. The maximum one-dimensional breeding ratio shown in Figure 8 for blankets

with Be and Pb is 1.18, which is lower than that obtainable for Li and Li,0

without a neutron multiplier.

12
Beryllium has been shown to be the only non-fissionable neutron

multiplier capable of significantly increasing the breeding ratio in lithium

and lithium-oxide blankets. (Using lead in a Li-Pb compound results in high T

as discussed earlier but such concept is classified in another category.) The

neutron multiplier can be incorporated in the blanket in a number of possible
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Table IX. Blanket Parameters for Internally-Cooled Neutron Multiplier
Concepts

Zone Description

Firs t Wall

Neutron Multiplier

Trltivm Breeder

Ref lee t-jr

Zone Thickness
en

1

Variable

50

IS

Zone Composition, Vol. 2
In ternally-Cooled

50? PCA
501 H20

852 neutron multiplier
102 PCA
5* H20

802 L1A10, breeder*
102 PCA
52 H20
52 He purge

502 carbon
252 PCA
252 H20

"902 6 Li .

1.3

1.2

1.1

a.
CD

Si.o
IT
y-

1

— If y—

— If/

Y
1

' l ' I

85% DF

\ \Pb

\ \ z r 5 P b s —
> PbO

\ BeO

1 \ i

0.9

o.e
0 4 8 12 16

NEUTRON MULTIPLIER ZONE THICKNESS, cm

Figure 8. Tritium breeding ratio from the separate zone blanket
opticn with different neutron multipliers (internally
cooled) with LiA102 (90% 6Li) breeder, H2O coolant and
PCA structure.
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arrangements as illustrated in Figure 9, Optimum use of beryllium appears to

be not immediately behind the first wall but behind several centimeters of Li.

or LioO, particularly for a thick (1-2 cm) first wall.

4.5 Conclusions on Breeding Potential

In a previous section, we indicated that the tritium breeding ratio

required in an operating reactor is

T Q - 1.05

We also indicated that present uncertainties in design definition,

calculational methods, and nuclear data make it necessary to demand that

prudent designs of fusion blankets performed at present should require that

the design be capable of yielding a breeding ratio

T D - 1.1.

Breeding materials and design concepts that are limited to T < T Q should be

rejected. In addition, if their maximum predicted breeding ratio (T ) is such

that T Q < T < T Q ) the development of these materials and concepts will entail

a high risk of not achieving the tritium breeding requirement. It should not

be inferred that the success of those materials and concepts that are now

predicted to yield a breeding ratio slightly higher than T R is guaranteed.

A large number of tritium breeding studies have been performed over the

past 15 years. The most recent of these were summarized in this section.

These studies are not exhaustive. However, they do permit a judgement on the

T m that can probably be achieved with each breeding material in a fusion power

reactor. This judgement is based on all the neutronics, engineering,

technology, and economics considerations known to us today. However, this

judgement cannot now be conclusive and may have to be revised in the future if

dramatic changes occur in fusion reactor designs.

Table X shows the estimated T m achievable with present designs for liquid

lithium, Li17Pbg3, Li20 and LiA102. The highest breeding potential is offered

by LijyPbgo wit a T of - 1.3. This margin is large enough to judge tritium

breeding feasibility with Li^Pbgg to be certain. T m for Li and Li2O is 1.15
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Fig. 9. Possible arrangements of solid breeder & solid neutron multiplier.

Table X. Estimated Tritium Breeding Ratio Likely to be Achievable in
Fusion Power Reactors

Breeding Material

Liquid Lithium

L i 1 7 P b 8 3

Sol id Breeders

Li2O

Li2O (+Be)

L1A1O2

LiA102 (+Zr5Pb3)

UA102 (+Be)

Breeding Ratio

1.15

1.3

1.1

1.3

0.8

1.04

1.08

Comment

Low Risk

Attractive

Medium Risk

Attractive

Impossible

Rejected

High Risk
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and l.l respectively. The risk of attaining the breeding feasibility is low

to medium. Beryllium can be used to enhance their tritium breeding capa-

bility. Development of LiAlC>2 appears to involve a very high risk. All

previous optimization studies for LiAlOj, using the best neutron multipliers,

yield a tritium breeding ratio that is < 1.1, The same appears to be true for

the other ternary ceramics such as L^SiOo and Li2TiO.j.

The feasibility of solid breeders with respect to tritium breeding cannot

be assured at present. Since solid breeders offer many attractive features

for fusion reactors, programs to resolve the tritium breeding issue should

receive high priority.

5. Sensitivity to Data Uncertainties

Sensitivity analyses provide an Important input to defining and prior-

itizing the nuclear data requirements. The objective is to estimate the

sensitivity of a specific nuclear response to uncertainties in various cross

sections and secondary neutron energy and angular distributions. The results

of the sensitivity analysis can be used to define the accuracies in nuclear

data parameters required to meet an accuracy goal for a nuclear response

(e.g., tritium breeding ratio). In addition, if the uncertainties in the

available nuclear data base are well defined, sensitivity analysis is a useful

tool in defining the accuracy of the tritium breeding ratio estimated for a

conceptual design.

The number of sensitivity studies on fusion blankets is rather
28-39

limited. However, reliable tools have been developed, and the recent

availability of quantitative information on nuclear data uncertainties in

ENDF/B files should encourage additional sensitivity studies in the future.

From the available literature, we summarize below some of the results on the

sensitivity of the tritium breeding ratio to uncertainties in nuclear data.

This section would have been more easily written if sensitivity studies

were available for the most recent blanket designs discussed in earlier

sections. Since this is not the case, we have to summarize portions of

sensitivity studies performed for earlier versions of blanket designs based,

in some cases, on cross-section sets that have undergone some changes in

recent years. However, the results are useful in pointing out some important
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trends. We will select results from studies performed for fast and thermal

systems and with and without neutron multipliers to show the differences in

sensitivity to nuclear data.

35
Alsmiller et al. compared the cross-section sensitivity for the two

blanket systems described in Table XI. The first ^ORNL) is based 0,1 natural

lithium with vanadium or niobium as a structural material. Note that the

amount of structure indicated is much less than that predicted for the more

recent designs. This system can be classified as a "fast" system in which Li

provides large contribution to tritium breeding. With niobium, T, - 0.9, Ty «

0.6; while with vanadium, T^ = 0.94 and T ? = 0.61. The second (LASL) uses

beryllium as a neutron multiplier and lithium as a breeding material. The

spectrum in the breeding zone is much softer than in the first design, result-

ing in T & = 0.91 and T ? of only 0.13. Table XII lists the cross section

uncertainties assumed by Alsmiller et al. and also specifies the corresponding

cross section varied to maintain a constant total cross section. The esti-

mated uncertainties in the breeding ratio are given in Table XIII. Note that

an earlier study by the same authors showed that, of all the Li partial cross

sections only the Li(n,n'ce)t sensitivity was appreciable. The conclusions

can be summarized as follows:

- The available Li(n,a)t cross section introduces an uncertainty of

less than a few tenths of a percent in the breeding ratio for both

the fast and thermal designs considered.

The sensitivity profiles for Li(n,n'ct)t are not very system

dependent and have a shape approximately similar to that of the cross

section itself. However, the resultant uncertainty in the magnitude

of the tritium breeding ratio is system dependent (since T7/T is

system dependent). A 20% change in the Li(n,n*a)t cross section

results in - 6% change in the breeding ratio in a fast system and •» 0

to 2% change in a thermal system.

The uncertainties in the carbon elastic and inelastic cross sections

indicated in Table XII result in an uncertainty in the breeding ratio

of 0.6% in the LASL design, which uses graphite as a moderator.
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Table XI. Description of Two Blanket Concepts for Sensitivity. (Analysis

performed by Alsmiller, et l35)

Zone

1
2
3
4
5
6
7
8
9

10
11
12

ORNLa

Outer Rad ius 0

(cm)

280
350
350.25
380.25
380.5
420.5
420.75
450.75
451

Composition > e

Plasma
Vacuum
Structure
99% Li + 1% Structure
Structure
Graphite
Structure
99% Li + 1% Structure
Structure

LASLb

Outer Radius
(cm)

15
29.9
30
30.4
40
62
68
70

110
115
117
155

Composition11

Plasma
Vacuum
A12O,
Nb2 3

66% U + 25% Be + 4% A l - 0 , + 5% Nb
86% C + 10% U + 2% A l , 0 3 + 2% Nb
92% Li (95% 6 L i ) + 4% A l - 0 , + 4% Nb
25% A1,O,
67% Cu + 33% A12O3

25% A l - 0 ,
9 8 % L I + 2 % Nb

fOak Ridge National Laboratory blanket design.
Los Alamos Scientific Laboratory theta-pinch reactor blanket design.

^Calculations performed in 1-D cylindrical geometry.
All composition percentages are by volume and all lithium is natural lithium except where noted.

eStructure is niobium or vanadium.



Table XII. Cross-Section Uncertainties Assumed for Various Partial Cross
Sections (Analysis performed by Alsmiller, et al•>->.)

Element

\ l

C

Be

F

Cross-Section
Type Varied

S(n,t)a

r(n,n-)a,t

^Elastic

E(n,2n')

^Total
Collision

Energy Range
(MeV)

< 1 x io"7

io"7 - io"2

io~ 2 - io"i

10"1 - 3 x 10">

3 x 10"1 - 5 x 10"1

5 x 10~ ] - 7 x lo"1

7 x 10'l - 1 x 10°

1 x 10° - 1 x 10°

1.7 x 10° - 1.4 x lQl

All Energies

< 4.8

4.8 - 9.0

9.0 - 15

1.85 - 6.4

6.4 - 14

All Energies

Percent Increase
In Varied

Cross Section
SC

0.5

1.0

1.0 - 2.0b

5.0

5.0 - 10b

10 - 15

15

15 - 10b

10

20

3 . 0

5 . 0

15

10

10 - 15b

20

Cross Section
Type Varied to
Compensate*

ZTotal
Collision

Elastic

Elastic

ETotal
Collision

Inelastic

Elastic

See discussion in text.
Linear interpolation was tiled between the values shown.
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Table XIII. Breeding-Ratio Uncertainties Due to the Cross
Section Variations Shown in Table XII.

Elenent

?Li

C

Be

Breeding
Material

j

7Li

6 U and 7Li

*U

'id

6 U and 7Li

6Li

7Li

6 U and 7 U

«U

6 U and 7 U

- ^ (in percent)

ORNL
Design
With Nh

0.14

- 0.01

0.13

0.26

5.60

5.86

ORHL
Design
With V

0.07

- 0.01

0.06

0.35

5.56

5.91

LASL
Design

0.19

0.00

0.19

0.02

2.42

2.44

- 0.82

0.24

- 0.58

2.51

- 0.18

2.33
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39
Pelloni has performed a recent sensitivity study for a variation of two

blanket design options considered for INTOR. . The first design is based on

U-SiO-, as a breeding material and lead as a neutron multiplier. The second

uses Li.yPbg, as a breeding material. Both concepts have water coolant (DjO

and H9O in different regions) and stainless steel 304. The dimensions and

material compositions used by Pelloni in 1-D calculations are shown in Table

XIV. Both systems are of the thermal type, with Ty = 0.013. The

Li(n,a)t reaction rate per fusion neutron is T, = 1.16 for Li^SiO- and T, =

1.32 for Li.yPbg.,- The sensitivity to the Li data is not important in this

system. Table XV gives the percentage change in the tritium breeding ratio

due to 1% change in the partial cross sections of Li, Pb, Fe, H, 0 and Al.

As expected, Table XV shows that the tritium breeding ratio increases

with increasing the (n,2n) and/or decreasing the (n,y) cross sections. The

breeding ratio is most sensitive in both systems to the Pb(n,2n) cross sec-

tion. The change in the breeding ratio is - 15 to 20% of the change in the

Pb(n,2n) cross section. For the Li2Si0n system, the next most important

reactions are the (n,2n) and (n,y) in the elements of stainless steel,

particularly iron. The changes in the breeding ratio are + 0.06% and -0.05%

due to 1% increase in the (n,2n) and (n,y) cross sections, respectively. The

results of Pelloni indicate that the sensitivity to Li is very small.

Considering typical uncertainties in lead cross sections of - 7% for

(n,2n) and - 10% for elastic and inelastic cross sections, the corresponding

uncertainty in the breeding ratio is - 1.4%. Typical uncertainties in iron

cross sections of — 15% in elastic, inelastic, and (n,2n) and ~ 10%

in (n,y) give an uncertainty in the breeding ratio of - 0.6% to ~ 1.5%. Since

the uncertainties in the (n,2n) and (n,y) cross sections are not correlated,

they both can be lower or higher or one of them higher and the other lower

than the presently available values. This, of course, affects the estimate of

uncertainty in the breeding ratio.

In addition to the uncertainties in the cross sections discussed above,

errors in the secondary neutron energy and angular distributions are of

serious concern. Obviously, the neutron emitting reactions of all materials

that contribute significantly to determining the neutron transport in the

blanket can potentially affect the breeding ratio. Of particular importance

are the secondary neutron energy distributions for Li(n,n'a)t and for the
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Table XIV. INTOR Blanket Models used by Pelloni39

Zone

1

2

3

4

5

6

7

8

L12S1O3

Thickness
CO

220

30

13

9.1

6.2

6.2

6.2

12

Blanke t

Composltlon*

Plasma

Vacuum

100% SS

60.7% Pb + 7.8% D,0
+ 10X SS •«• 21.SX void

28.6% Ll ,S iO, + 22.1%
H20 + 11.2% SS + 16.6%
He + 21.5% void

24.5% Li 2 S10 3 + 27.95!
H,0 + U.1% SS + 15X
He + 21.5% void

12.3% LijSlO, + 29.7%
H20 + 11% SS + 25.5X He
+ 21.5% void

100% SS

Zone

1

2

3

4

5

L l 1 7 P b 8 3

Thickness
cm

220

30

3

40

12

Blanke c

Composition*

Plasma

Vacuum

80% Al + 20% H20

80% L l , 7 P b 8 , +
10S H20 + ID% SS

100% SS

aLithium is enriched to 30% 6L1.
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Table XV. Sensitivities39 of Tritium Production Rate to Partial Cross
Section Uncertainties for the Two INTOR Designs of Table XIV.
(Percent per 1% Cross Section Increase.)

Li-SiOj Concept

Cross Section
Type

(n,n)

(«.»')

(n,2n)

(n,T)

(n,t)

Pb

0.000

-0.001

0.195

—

—

Fe

0.011

-0.000

0.059

-0.045

~

—

—

—

0.001

Pb

0.029

-0.013

0.149

—

—

Fe

0.016

-0.012

0.008

-0.078

—

6L1

—

—

—

—

0.006

Concept

H

0.057

—

—

—

__

0

0.003

-0.011

—

—

—

AI

-0.006

-0.057

0.003

—



(n,2n) reaction in neutron multipliers (e.g., Be and Pb). Unfortunately, very

few studies have been performed in this area and deriving quantitative

conclusions on the uncertainty in the breeding ratio due to errors in the

secondary neutron energy and angular distributions is difficult at present.

It should be noted, however, that these errors are generally much larger than

those in the reaction cross sections and are thus likely to contribute more to

the uncertainty in the breeding ratio.

78
Steiner and Tobias examined the sensitivity of the breeding ratio to

the energy distributions of the secondary neutrons produced by

the Li(n,n'a)t reaction. They varied the nuclear temperature, G(E), in an

evaporation model that describes this energy distribution by + 50%.

Increasing 8(E) by 50% results in a harder spectrum and an increase in Ty by

2.8%. The harder spectrum increases the fraction of T 7 contributed by the
7 '

secondary neutrons from the LiCn.n'oOt reaction from 0.15 to 0.18.

Decreasing 9(E) produces a softer spectrum and decreases Ty by - 7%. The

tritium production rate in Li remained unchanged. Markovsii obtained

similar results. The importance of the accuracy in the energy distribution of

the Li(n,n'ct)t is limited to non-thermal blankets.

The accuracy of T is affected by the uncertainty in the energy distri-

butions of the secondary neutrons of the (n,2n) reaction when a significant

fraction of these secondary neutrons have an energy well above the threshold

for the (n,2n) or the Li(n,n*ot)t reactions. The effect can be expected to

be the largest for beryllium, whose (n,2n) reaction has a threshold energy of

only 2.8 MeV. Soran et al. examined the sensistivity of T in a thermal-type

blanket (similar in many respects to the LASL design discussed earlier) to

uncertainties in the Be(n,2n) secondary energy distribution. They considered

two data sets in which the average energy of the secondary neutrons are ~ 4

MeV and ~ 7 MeV. They found ~ 6% difference in the breeding ratio.

6. Reco—ended Effort

A serious R&D effort is necessary to demonstrate the feasibility of

achieving adequate tritium breeding in fusion blankets. While some present

blanket concepts such as Li^yPbg, provide adequate assurance of the

feasibility of tritium breeding, a number of other concepts such as solid

breeders have too small a breeding margin to assure success. In addition to
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tritium breeding, the selection of materials and design concepts depends on a

number of critical requirements discussed in an earlier section (e.g., tritium

release). Therefore, the fusion blanket R&D program has to investigate the

critical issues such as tritium breeding and tritium release (see Table III)

simultaneously for a number of materials and design concepts. Thus, a

neutronics R&D program is a key part of the critical path leading to the

selection of a viable blanket design.

Areas for the tritium breeding R&D neutronics effort are sinraarized in

Table XVI. The effort should focus on:

A. Reducing the uncertainties in predicting T.

B. Improving the predictability of the uncertainty in T.

The two areas are, of course, interrelated. For example, the effort to

improve the predictability of the uncertainty in T will lead to a better

definition of areas where effort is needed to reduce uncertainties.

There are three sources of error that contribute to the uncertainty in T:

1. Design Definition

2. Calculations

3. Nuclear Data

The uncertainties of the design definition comes from the many yet unresolved

technology choices for reactor components that can impact tritium breeding

(e.g., neutral beams vs. rf and limiter vs. divertor) and from the lack of

some engineering details in present conceptual designs. The present overall

R&D strategy for fusion is such that design definition should continually

improve over the next several years. Some technology choices are likely to

remain open for sometime, however, and the neutronics analyst has to develop

ways to cope with the situation.

The second source of uncertainty comes from the calculations. The

critical phase of the calculations is neutron transport, i.e., predicting the

neutron flux. There are some inherent errors in methods/codes due to

numerical techniques, averaging, discrete treatment of continuous variables,

etc. There are also errors introduced by the approximations made by the
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Table XVI. Needed Neutronics Effort on Tritium Breeding

A. Reduce Uncertainties In Predicting T

1. Design Definition

Narrow Materials and Design Concepts

- Greater Engineering Details

2. Calculations

- Improve Methods (neutron transport)

More Detailed Modeling

3. Nuclear Data

- Measurements

- Evaluation

Data Representation and Processing

B. Improve Predictability of Uncertainty in T

1. Integral Experiments

Basic Experiments

- Engineering Experiments

Mockup

2. Sensitivity Analysis

Improve Me thod

- Perform Sensitivity Studies
(geometry, material composition, cross sections,
secondary neutron spectra, etc.)
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radiation transport analyst in describing the problem. The most common of

these relates to the approximations in the geometrical modeling of the

physical system. These approximations are often motivated by cost

considerations, but sometimes are dictated by limitations on the input

description for the transport code. These topics were discussed by several

authors (see for example reference 9). The discrete ordinates method Is

normally used for 1-D and 2-D problems while Monte Carlo is the method of

choice for 3-D problems. An important need that has been identified is to

improve Monte Carlo codes to facilitate input specifications for geometric

representation of specialized fusion geometries. For example, the input

description for representing tori in both tokamaks and particular types of

major penetrations in tokamaks and mirrors can be simplified.

The uncertainties from nuclear data have been discussed in earlier

sections. The following section will discuss the improvement needs for

nuclear data. It should be noted that in addition to errors in basic data,

errors can also be introduced in data representation and processing.

One of the most serious shortcomings at present is the lack of adequate

predictions of the uncertainties in the tritium breeding ratio. The only

effort in this area has been limited to a number of sensitivity studies that

were reviewed in an earlier section. It is presently very difficult to define

quantitatively the accuracy needs in specific cross sections, energy spectra,

etc. to meet the stated accuracy goal for the breeding ratio. This situation

must be remedied by high priority R&D. The two key elements of this R&D

should be integral breeder neutronics experiments and sensitivity analysis.

The types of integral experiments of immediate need are:

"Clean" experiments that provide definitive information about the

uncertainties in specific cross sections in the energy range 0-14

MeV.

- Simple engineering experiments that include key engineering features

but the configuration is simple enough to be accurately calculated.

These experiments should be performed with a 14 MeV neutron source

and will provide an estimate of the difference between measured and

calculated values for tritium production.
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"Mock-up" experiments may ultimately be required to validate the neu-

tronics design and performance prediction. However, the geometrical com-

plexity involved in a realistic mock-up makes It unlikely that discrepancies

between calculations and measurement can be resolved. Furthermore, mock-up

experiments will encounter serious difficulties in attempting to realistically

simulate a fusion (volumetric) neutron source. Therefore, the role of mock-up

experiments in fusion blanket neutronics remains to be evaluated. It must be

noted that all types of integral experiments will fall short of direct exper-

imental demonstration of the achievable breeding ratio in an actual reactor,

where penetrations and other geometrical effects will affect the tritium

production. Extrapolation will, of course, have to be resorted to. Howevei,

such extrapolation will be adequate only if the tritium breeding margin

exceeds the estimated uncertainties.

A number of very simple Integral experiments have been performed and were

reviewed by Jarvis. The Japanese fusion program has made a significant step

forward in the area of integral experiments. An intense 14 MeV neutron source

was constructed in a versatile facility dedicated for fusion neutronics. The

facility is now operational and initial experiments have begun. The United

States program is in the stage of planning for integral breeder neutronics

experiments.

7. Nuclear Data Needs

The fusion program has been fortunate to have the extensive methods and

data information base that has been developed over the past thirty years in

the fission and weapons program. In the late 1960's and early 70's, the

additional data needs for fusion in terms of materials, energy range, type of

data, etc. were defined. Significant progress has been made over the past

decade in satisfying many of these needs.

The nuclear data program should be aimed at two areas: 1) improving the

broad data base for candidate fusion materials, and 2) satisfying high

priority requests for high accuracy measurements in specific materials. A

program to improve the overall data base is necessary for several reasons.

There is presently a diversity of candidate materials and design concepts.

The probability of selecting a number of materials has changed and will

continue to change over the years. Furthermore, the sensitivity of estimated
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parameters such as the tritium breeding ratio are very system dependent. As

the characteristics of the system change and become clearer in the future, it

is likely that our priority list of very specific needs will be different.

Satisfying high priority requests for high accuracy measurements in

specific materials should continue to be a part of the nuclear data effort.

However, the list of priority requests must always be kept under review.

Furthermore, methods for generating the priority requests should be

improved. More specifically, integral neutronics experiments and sensitivity

studies should be relied upon in developing priorities and accuracy require-

ments. Several reviews of the data needs were performed recently (see, for

example references 42-44, 9, 46). We briefly review below the highlights of

the data needs for tritium breeding.

'lable XVII lists the elements of importance for tritium breeding. The

author attempted to limit the number of materials, but the list remains long

because of the large number of tritium breeding blanket concepts that are

still under very active consideration in fusion development. For each

material, the probability of eventually using it in a fusion reactor is given

on three scales: high, medium, and low. This probability is derived based on

all presently known considerations of engineering feasibility issues. A

priority for the data needs for each material is given on a scale from 1 to 3

with 1 designating the highest priority. The priority for the data needs of

each material combines considerations of a) the probability of eventually

using the material in the blanket, b) the effect of the material on the

tritium production rate, and c) the uncertainties in the presently available

data. For example, hydrogen has a very high probability of use as an element

of the water coolant, and it does affect significantly tritium production, but

the accuracies of available data are excellent. Therefore, the priority for

the data needs of hydrogen is very low. The materials included in Table XVII

cover not only the blanket materials but also those in components that affect

tritium production in the blanket, such as the first wall, limiter, rf.

The type of data needed are those that affect the neutron trans-

port, i.e. 1) total, 2) elastic, 3) inelastic, 4) neutron emission

[o , P(E'), da/dn], and 5) total parasitic neutron absorption: as well as the
em

tritium-producing reaction cross sections, 6Li(n,a)t and 7Li(n,n'ct)t. Some

of this data and other types of data are, of course, needed for nuclear

heating radiation damage, etc.
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Table XVII. Probability of Use and Priority of Data Needs for Elements
of Importance to Tritium Breeding

Element

Lithium/Lithium Compounds

LIthlum
Lead
Oxygen
Alurclnuu.
Sil icon
Zirconium
Ti tanlura

Neutron Multiplier

Beryllium
Lead
Bismuth
Zirconium

Coolant

Helium
Hydrogen
Oxygen

Structural Material

Iron
Chromium
Nickel
Manganese
Vanadium
Niobium

Moderator /Reflector

Carbon

In-Vessel Components

Copper
Vanadium
Niobium
Tungs ten
Tantalum

Probabil i ty
of Use

H
H
H
M
M
M
L

H
M
L
L

M
H
H

H
H
H
H
H
L

M

H
M
M
M
L

Prior i ty for
Data Needs

1
1
3
1
1
1
1

1
1
2
3

3
3
3

1
2
2
2
1
3

3

2
2
2
3
3

Comment*

Definite
Li-Pb
Li,0
L1A1O2
LinSiO,
Li,ZrO3
U 2 T i 0 3

Bi-Pb
Zr5Pb3

H,0
H20

SS
SS
ss
ss

SS, H20

aJudgement on the probability of using the material In fusion blankets:
H-high, M-medlum, L-lov.
^Priority for data needs takes into account of (a) the probability of using
the material, (b) effect on trltiun breeding, and (c) uncertainties in
presently available data.
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The energy range of interest extends from thermal energies to at least

the average energy of the D-T neutrons, i.e., 14 MeV. It should also be noted

that there is a considerable width in the spectrum of the source neutrons

emitted from D-T plasmas significantly heated or driven by injecting energetic

deuterons. Therefore, the high energy limit foi nuclear data should extend

to - 15 or 16 MeV. Sensitivity studies indicate that the 9 to 15 MeV range is

the most important for predicting the neutron transport. Available data in

this range are less adequate than those below 9 MeV. The low energy range, 0

to 100 keV, is very important for many of the recent breeding blanket

concepts, particularly the "thermal" type discussed earlier. In some of these

concepts, - 80% of the tritium production is contributed by neutrons of

energies < 4 eV, inducing the 6Li(n,a)t reaction.

The accuracy goal for predicting the tritium breeding ratio is 2%. Thus,

the accuracy of nuclear data should be such that the contribution of nuclear

data uncertainties to the error in tritium breeding ratio estimates is - 1% or

less. Specific accuracy requirements for material, reaction, energy range,

etc. can be derived only from future integral breeding experiments and

sensitivity studies. From the limited studies we have, it appears that an

accuracy of - 5 to 10% in data for neutron transport may be sufficient.

Exceptions can be noted for several key blanket materials such as beryllium

and lead where accuracies of - 3% are required.

6Li and 7Li are obviously critical to tritium breeding. The status of

the ^Li(n,ot)t cross section data appears adequate. As discussed earlier,

available data appear to introduce an uncertainty of less than a few tenths of

a percent in the tritium breeding ratio for present candidate designs. The

importance of 7Li depends critically on the blanket system considered. In the

thermal system, 'Li contribution is almost negligible. However, for systems

such as those with natural lithium and Li2O, the
 7Li(n,n*a)tcontribution can

be more than one-third the breeding ratio. The available accuracies for

the 7Li(n,n*ot)tcross section and secondary neutron energy distribution are not

adequate. The required accuracy in this cross section is ~ 3%.
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