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PREFACE

HIBALL (Heavy lIon Beams and Lithium Lead) is a conceptual reactor design
study for inertial confinement fusion (ICF) with beams of heavy ions. The
HIBALL study was started in January 1980 and resulted in the publication of a
report in 1981 entitled "HIBALL - A Conceptual Heavy Ion Beam Driven Fusion
Reactor Study," (KfK-3202/UWFDM-450). That report will sometimes be quoted as
"HIBALL-I" in the present report. Subsequently, it was decided to optimize
the HIBALL design and address some criticisms of the HIBALL-I driver concept.
The present study was conducted by research groups of the

Kernforschungszentrum Karlsruhe (KfK)

Gesellschaft filir Schwerionenforschung, Darmstadt (GSI)

Fusion Power Associates (FPA) and the University of Wisconsin, Fusion
Technology Institute (UW)

Institut flr Plasmaphysik, Garching (IPP), and

II. Physikalisches Institut, Universitdt Giessen.

The overall HIBALL study is part of a basic research program established
by the German Federal Ministry of Research and Technology (BMFT). This pro-
gram is aimed at the investigation of key problems in the fields of accele-
rator research, atomic physics, target physics and reactor design. Another
main purpose is to examine the present conviction, generally accepted in the
accelerator community, that no fundamental physics problems inhibit the use of
heavy ions as a driver for ICF.
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1. INTRODUCTION
1.1 General Perspectives

Inertial Confinement Fusion (ICF) is considered as an alternative to
Magnetic Confinement Fusion, with the goal, in both cases, of exploiting the
energy released from thermonuclear fusion reactions to produce electric ener-
gy. In the case of ICF, this is accomplished by imploding targets containing
DT fuel to very high densities (1000 x liquid density) with the use of intense
beams of photons or charged particles. The development of ICF started later
(~ 1961) and with substantially less financial support than magnetic fusion.
Because of this fact, as well as the emphasis on military rather than civilian
applications in the United States, the ICF approach to electric power gene-
ration is not as well developed at this time as the magnetic fusion approach.
However, inertial confinement fusion has many attractive features, including:
the separation of the driver from the reactor cavity with its high level of
radioactivity, and a relatively simple geometry for the nuclear system (com-
pared with tokamak reactors) which gives greater design flexibility along with
better maintenance accessibility of the reactor. On the other hand, new
problems related to the pulsed release of energy (-~ 10'8 s) require innovative
protection schemes for the first wall and the final components that focus the
driver beams onto the target.

The specific design and overall economics of an ICF reactor are mainly
determined by the choice of driver and the target characteristics. Heavy ion
beams, from accelerator systems similar to those widely used in high energy
physics, have been considered since 1975-76 as an attractive driver choice for
reactors. This is because they can deliver large amounts of energy per pulse
at a high repetition frequency. However, on the way to commercial reactors,
different criteria might favor other drivers for experimental proof-of-principle
devices or for a single shot facility.

A major target physics requirement common to all drivers - whether
lasers, light ions or heavy ions - is that a few megajoules of energy, at
several hundreds of terawatts of power should be delivered onto a target of a
few mm radius to achieve compression and ignition with high gain. Heavy ions
are the only candidate which permit essentially ballistic beam transport to
the target and classical deposition of energy in the target ablator shell.
This is due to the fact that, based on the same classical penetration depth,
the energy of very heavy ions (A > 200) can be on the order of 10 GeV, whereas



the equivalent energy of very light ions is below 10 MeV. As a consequence,

the same demand for beam power has to be met with megaamperes of light ions

(along with possible collective effects in both the cavity transport and the

target deposition region) whereas heavy ion beam currents can remain in the

kiloampere range. It is generally accepted now(1'7) that these requirements
can be met -- at least in principle -- with existing accelerator technology.

This technology has other significant advantages.

* A high efficiency of 20-25% is credited to high energy accelerators. This
allows for "conservative" target design with allowable target gain of less
than 100.

* A high driver repetition rate of 10 Hz or more is realizable for the RF
accelerator based scenario. Such an accelerator can support several re-
actor cavities, the number of which is determined by the time needed to re-
establish beam propagation conditions.

+ High working reliability (70-80%) can be extrapolated from existing accele-
rators.

* The option of using quadrupole magnets to ballistically focus a beam on
target -- as though in vacuum -- is available. This provides an indepen-
dence from plasma channel transport schemes (as needed for light ion
fusion) which cannot yet be assessed for a reactor with the present level
of theoretical and experimental understanding.

On the other hand, it has become clear since the first Heavy Ion Fusion
Study at Berke]ey(7) in 1976 that the size and cost of a heavy jon driver will
be considerable and such factors certainly have a major influence on the anti-
cipated cost of electricity. This gives strong justification to a complete
conceptual reactor design study at the present time.

1.2 Design Objectives of HIBALL-II Study

The early studies of Heavy Ion Fusion (HIF) concepts were focused on the
accelerator scenarios only. It seemed justified to ignore the reactor because
of the loose coupling between the driver and the reactor chamber. However,

there are several important reasons to consider both components simultaneously

and a few of these are listed below.

a) The physical interface between the "harsh" reactor environment and the
“clean" accelerator environment must be defined in order to determine if
they can both operate within the required parameters.



b) The impact of radiation leakage on the final focusing magnet train must be
considered.

c) The use of ballistic focusing depends on the cavity environment and there-
fore questions about beam transmission and realistic repetition rates must
be settled.

d) The cost of electricity depends on both the driver and nuclear systems and
the effects of technology changes on the final economics must be weighed
in relation to both systems.

The first study that put equal weight on both the driver and the reactor
was the HIBALL study (hereafter referred to as HIBALL-I) conducted jointly in
1980 through 1981, by scientists in the Federal Republic of Germany and the
United States.(l) While that study introduced several new concepts for both
the driver and reactor cavity, some questions remained to be addressed.
Therefore the HIBALL-II study was initiated, at a low level, in 1982. The
main emphasis of HIBALL-II was to present a new and improved driver design and
to correct some problems envisioned with the HIBALL-I final focusing train.
This report documents those changes and includes several other improvements in
the overall scenario as well.

Finally, it is important to appreciate the context in which the commer-
cial HIBALL-II reactor should be perceived. There must be at least three
major events leading up to the construction of a device like HIBALL-II.

1) A "scientific breakeven" device (energy out of target/energy into
target = 1) will have to be built and operated.

2) An Engineering Test Facility will have to be built to show that the compo-
nents of HIBALL-II can stand the temperature, stress, and neutron damage
envisioned in a commercial system.

3) A Demonstration Plant will have to be built which produces significant
amounts of net electricity and has a tritium breeding ratio greater than
one.

HIBALL-II will then be the beneficiary of two to three decades of re-
search and plant operation before it attempts to produce electricity in an
economical fashion.

1.2.1 Driver Scenario

The task of the HIBALL driver is to produce a high beam intensity within
a six-dimensional phase space volume (i.e., r, z, 6, P, P,, Pg) that is small
enough to be focused onto a 7 mm diameter target, at a reactor standoff dis-




tance of 8.5 meters, and with a repetition rate of at least 20 Hz. We have
chosen the RF accelerator and Bi ions at 10 GeV to accomplish that task in
both HIBALL-I and HIBALL-II designs. The required energy per pulse is 5 MJ.

The +2 charge state of Bi was selected for the HIBALL-I design which
required 150 mA of current to be injected into the 3 km long, 5 GV RF linac.
This was followed by one transfer ring, 5 condenser rings and 10 storage rings
to raise the total current to 2500 A by a series of stacking and bunching pro-
cedures. Finally, induction linacs supplied a ramped voltage of several
hundred MV to achieve a final tenfold compression on the long path (2/3 of a
kilometer) to the target. The final current to the cavity was 1250 A per beam
or 25 kA in total. This amounts to 250 TW on target assuming that 100% of the
ions hit the target. Two of the criticisms of the HIBALL-I driver design were
(1) the long residence time in the storage rings (~ 35 ms) which might not be
feasible because of instabilities, and (2) the large emittance which required
unreasonably large and bulky final focusing magnets.

The criticisms of HIBALL-I were remedied in HIBALL-II by several major
changes to the RF accelerator scenario:

1) Bi%* was replaced by Bil*

in order to reduce the space charge problems in
the storage rings, but at the expense of additional linac length (total
now 5 km).

2) The final beam emittances were reduced which resulted in much smaller beam
ports in the reactor. In spite of the higher particle stiffness, the
smaller emittance greatly favors the design of smaller lenses, which can
also be made with unsaturated iron cores.

3) Recent progress(z’g’g) in the simulation of microwave instabilities sug-
gests that, due to favorable nonlinear effects, the acceptable storage
time can be made longer than anticipated from linearized theory. On this
basis we have proposed a revised accelerator scenario with a 4 ms storage
ring filling time.

A comparison of some major parameters of the HIBALL-I and HIBALL-II ac-
celerator scenarios is given below. A conceptual ground plan of the HIBALL-II

installation is shown in Fig. 1.2-1.



Parame ter HIBALL-I HIBALL-TI
Ion g2+ pilt
RF Tinac

Sum voltage - GV 5 10

Length - km 3 5
Combined circumferential length of all

transfer, storage and buncher rings - km 15.7 22.2
Maximum storage time - ms 40 4
Combined induction voltage of all induction

linac bunchers - GV 12 -
Max. field (at beam edge) in FF quadrupole

magnets - T 5.4 1.8
Final pulse:

Total energy - MJ 5 5

Effective width - ns 20 20

Number of beams 20 20

Electric current per beam - kA 2.5 1.25
Pulse repetition rate - Hz 20 20
Linac efficiency - % 33 33
Total driver efficiency - % 27 27

1.2.2 Target Design
The target (Fig. 1.2-2) is the central element of the reactor system on

which the heavy ion beams are focused and where the fusion energy is released.
Modest gain targets (fusion energy/input beam energy = 50-100) are required
for a heavy ion beam ICF power reactor. The feasibility of such targets is
inferred from theoretical analysis, but we are still far from actual experi-
mental tests of such targets. For the time being, one has to rely on para-
meter models and numerical simulation.

The chosen working point for the HIBALL-I target (input beam energy - 4.8
MJ, released fusion energy - 400 MJ, and gain - 83) was well justified by
parametric studies with reasonable assumptions concerning hydrodynamic effi-
ciency, convergence ratio, cold fuel isentrope, ignition pressure and burn
rate. The work at KfK correlated these parameters with the ion energy of the
beam and maximum beam power as well as target geometry to allow for a general
optimization. The physics of heavy ion stopping in hot dense plasma has been
investigated, and actual ranges and deposition profiles have been calculated
for a specific target configuration. As a first attempt, a cryogenic single
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shell design has been chosen, closely following a Livermore design for light
ion beam fusion. The objective was to study one-dimensional implosions of
this target to obtain a general insight and to identify critical issues rather
than to present an optimal design which, at the moment, is beyond the capa-
bilities of the groups involved. The spectra of X-rays and ions emerging from
the burning target as well as the target neutronics have been calculated by
both of the groups at FPA and KfK and their effect on the cavity design has
been analyzed.

The reader should be aware that it was necessary to "freeze" the target
output at an early stage of the HIBALL-I design in order that the rest of the

analysis could proceed. Changes in the output neutron spectra(IO)

accompanied
every improvement made in the modeling effort but no attempt was made to in-
corporate all of those adjustments as they would make only minor changes in
coolant flow rates and temperatures. It was also decided that the HIBALL-I
target parameters could be used for HIBALL-II because there has been no
experimental information which would change those values from the original
report. It is recognized that if significantly different target designs were
used, the amount of liquid metal ablated from the first wall per shot might
increase or decrease thus affecting the repetition rate. Such an analysis
would be appropriate for future studies but was not included in this HIBALL-II
report.
1.2.3 Reactor Chamber Concept

The reactor chamber is a cylindrical vessel with 20 ports for the beam

entrance. A unique feature is its first wall protection concept. Using a
eutectic of Pb (83%) and Li (17%) as coolant and breeder material, the vapor
pressure at the time of beam and pellet injection can be kept as low as 107°
torr. Through a system of porous SiC tubes the coolant is flowing down along
the wall and can be fed around the beam ports. The repetition rate is 5 Hz
for each chamber, the total plant consists of 4 chambers.

The same general chamber design described in the HIBALL-I report(l) was
used in HIBALL-II. There was an improved design conducted for the roof of the
chamber and the models which predict the time-dependent vapor pressure in the
chamber were improved. A more detailed analysis of the flexible SiC tubes was
conducted and some additional safety related issues were investigated in the
HIBALL-II study. A minor change in the reactor shield thickness from 3.5 to
2.9 meters also should improve the economics.



Perhaps the biggest change in the HIBALL-II chamber and blanket concept
is related to the final focusing magnet chain. In HIBALL-I, the final focus-
ing lens was 4.6 meters in diameter. In HIBALL-II, because of the lower emit-
tances along with advances in magnet design, the diameter of the final lens is
2.4 meters. The smaller diameter allows more flexibility in the angle in
which the beams can enter the chamber and causes much less interference with
the design. Figure 1.2-3 shows the conceptual layout of one reactor block.
1.2.4 Economic Performance

The adjustments to the driver design in HIBALL-I have added approximately
13% to the unit capital cost and 11% to the busbar cost of HIBALL-II when com-
pared on an equal basis (HIBALL-I driver escalated at 3.6% to 1984 and con-
verted at the 1984 DM/US$ exchange rate). Further, if the more recent unit
costs used in the HIBALL-II driver are applied to the HIBALL-I driver, the
difference is only 1.5% and 1.3% in the capital cost and busbar cost, respec-
tively. The obtained unit capital cost of $2128/kWe is lower than the
STARFIRE tokamak ($2304/kie), 1) NUNMAK tokamak ($2410/kwe),(12) wITAMIR
tandem mirror ($2454/kwe)(13) and the MARS tandem mirror ($2558/khe)(1%) pe-
actors. The unit capital costs for these designs have been escalated at 3.6%
to 1984. The calculated cost of electricity from HIBALL-II (47.9 milis/kWh)
is 30-40% less than in the SOLASE‘1%) laser (66 mil1s/ kWh in 1977) and equal
to the MARS(14) reactors. While it is risky to place too much emphasis on
absolute cost estimates, it is clear that heavy ion beam driver fusion re-
actors compare very favorably with other magnetic and inertial confinement
fusion devices and should be pursued further as our understanding of burning
targets advances. New developments such as polarized fuel targets have the
potential for reducing driver requirements and affecting the cost.
1.3 Assumptions on Level of Technology and on Utilization of HIBALL

The level of technology that has been assumed for HIBALL is what we think
will be typical of the period between 2000-2020. This means that information
developed over the next 20 years on accelerator design, superconducting mag-
nets, liquid metal handling, radiation damage, and remote maintenance will be
available. The target physics is assumed to have been established on a proof-
of-principle device, the delivery of the target and repetitive operation of
the system will have been demonstrated in an Engineering Test Facility, and
the power handling, as well as indications of economic performance will have
been established in a Demonstration Power Reactor. Since the HIBALL class of
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reactors is designed to operate in perhaps the 2020-2030 period, the size of
the electrical grids will be larger than at the present time, thus allowing
larger units to be integrated into the utility without fear of overdependence
on a single reactor. (The largest Light Water Reactor units have at present a
power output of 1300 MWe. There are several sites already in Europe, Canada,
and the USA where 4-8 units with as much as 7-8 GWe total output are operating
at one site.)

Finally, we have chosen to examine the production of electricity first
because we think that is where HIF reactor systems will have the most immedi-
ate impact. Other modes of operation, e.g., production of fissile fuel, syn-
thetic fuels, or steam could also have been considered. At the present time,
the relative economics of the various options are not readily apparent so
there is no way to define the optimum form in which to derive energy from
HIBALL. The large capital costs of a high energy accelerator driven reactor
and the finite limits to waste heat disposal or electrical grid size, may re-
quire a combination of integrative (e.g., fissile or synthetic fuel produc-
tion) and real time (e.g., electricity or process steam) systems for optimum
performance.
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Reactor Study," KfK-3202/UWFDM-450, 1981.
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Applications to Inertial Fusion, Institute for Nuclear Study, University
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3. Proceedings of the Heavy Ion Fusion Workshop, Darmstadt, March 1982, GSI-
82-8.

4. Proceedings of the Heavy Ion Fusion Workshop, Berkeley, September 1980,
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5. Proceedings of the Heavy Ion Fusion Workshop, Argonne, September 1978,
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6. Proceedings of the Heavy Ion Fusion Workshop, Brookhaven, October 1977,
BNL-50769.

7. ERDA Summer of Heavy Ions for Inertial Fusion Final Report, December
1976, LBL-5543.
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2. TARGET

2.1 Target Design

2.1.1 Target Design for HIBALL-II (By N.A. Tahir and K.A. Long, KfK-INR)
For the HIBALL-I reactor study we have designed a new target(1'3) shown

in Fig. 2.1-1. It is a single shell, multilayered target with a hollow DT
shell of 4 mg. This target has a number of attractive features which make it
suitable for use in a working reactor system like HIBALL-II. For example, it
is made from inexpensive materials and has a relatively simple structure. The
fuel is protected against radiative preheat by using a high-Z, low-p lead
radiation shield around the fuel shell. In order to avoid mixing of lead from
the radiation shield into the fuel by hydrodynamic instabilities, a low-Z,
high-p 1ithium cushion is placed between the radiation shield and the fuel.
Furthermore, our calculations show that this target design is completely
stable towards hydrodynamic instabilities which cause shell breakup during the
implosion.

The target is imploded by 10 GeV Bi* ions which impinge on the target
surface uniformly. These ions deposit about 60% of their energy in the outer
lead tamper and they emerge into the lithium absorber with a lower energy of
3.74 GeV. The thickness of the lithium absorber is adjusted in such a manner
that the ions stop in this region just at the absorber-radiation shield boun-
dary. As the incoming ions deposit their energy in the absorption region, the

(4-7) is launched into

temperature increases and a radiation Marshak type wave
the radiation shield. The material from the radiation shield is ablated which
exerts an ablation pressure on the payload (compressed part of radiation
shield + lithium stabilizer). This ablation pressure together with the
thermal pressure in the absorption region drives the target to void closure.
We have used an extensively updated version of the one-dimensional
lagrangian ion-beam fusion code MEDUSA-KA(S) to simulate ablation, compres-
sion, ignition and burn of the HIBALL-II target. The MEDUSA-KA code has been
developed from the well known laser-fusion code MEDUSA.(g) It considers a
separate temperature for ions and the electrons, Ti and Te’ respectively. We
have extended MEDUSA-KA to include radiation transport effects using a two-

temperature (T;, T,) plus a radiation heat conduction approximation. In this

-i:
model it is considered that the radiation field is in thermodynamic equilibri-
um with the electrons. One can thus define a specific internal energy for the

radiation field characterized by Te' Other thermodynamic variables including
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radiation specific heat, radiation pressure and compressibility can also be
calculated from this specific internal energy and these quantities are added
to the corresponding quantities for the electrons. Also, radiation conduc-
tivity is added to the electron thermal conductivity. One therefore solves a
modified electron energy equation which also includes radiation. For further
details see Refs. 1-3, 5, 10 and 11.

The deposition of the incident ion energy is calculated using analytic
fits(lz) to an average deposition profile produced by an energy deposition
code GORGON.(13’14) The ranges and profiles of the bismuth ions in lead and
Tithium were calculated using the GORGON code.(l3'15) The plasma parameters
are calculated using the Thomas-Fermi model, and this yields the number of
free and bound electrons. The stopping power due to the free electrons is
calculated using a linear response theory within the Born approximation and is
written in terms of the imaginary part of the inverse of the dielectric
function.

The stopping power due to the bound electrons is calculated within the
Thomas-Fermi model. Shell effects are taken into account by neglecting those
electrons which are moving faster than the ion. The results obtained using
this code are given in Refs. 13-15. The calculations do not include the
plasma effects on the effective charge or of the time needed for the ion to
reach its equilibrium effective charge in the plasma. In pellet calculations
the nonlinear feedback of plasma heating on the energy deposition(16) is also
not included in these calculations. A discussion of the problems involved in
the calculation of energy deposition in hot plasmas and its incorporation in
pellet calculations was given in Refs. 17-19.

The equation of state variables are calculated using analytic fits to the
Los Alamos equation of state data.(ZO) Also, local a-particle energy deposi-
tion is considered and the neutrons are allowed to escape freely without
interacting with the target materials.

A shaped input pulse shown in Fig. 2.1-2 is used to implode this target.
The prepulse hits the target with a power Py ~6 TW and drives a shock through
the lead radiation shield. The shock is then transmitted into the 1ithium
stabilizer and subsequently into the fuel. The fuel is compressed to a
density of 0.7 g/cc and is heated to a temperature of 6 x 103 K. When this
shock breaks through the inner fuel boundary, the inner boundary expands and a
density gradient is generated in the fuel region. After the prepulse delivers
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its energy, the input power Tinearly rises to a maximum value of 500 TW. This
linear rise in the power generates a second shock which is much stronger than
the first shock. Moreover, as it travels down a density gradient in the fuel,
it deposits much more entropy in the fuel center compared to the outer part of
the fuel. Due to this selective shock heating a small fraction in the fuel
center is placed on a very high adiabat which forms the "hot spot" after the
void closure. As the main pulse with 500 TW power starts to deliver energy,
the temperature in the absorption region increases to a few hundred eV which
generates a radiation heat conduction wave through the radiation shield. The
material is ablated from the radiation shield and the target is driven to the
void closure. The void closes at t = 45.99 ns and a small amount of the radi-
ation shield is left around the fuel and the lithium stabilizer in the form of
a high-p tamper shell, which is advantageous as it improves fractional
burn.(12’21'24) A small fraction of the fuel in the center is heated to a
temperature of 1 keV which forms the hot spot where nuclear reactions start.

It is to be noted that the thermonuclear burn will propagate from the
central hot spot into the surrounding cold fuel provided the following con-
ditions are fulfilled. The rate at which o-particles redeposit their energy
in the hot spot should exceed the radiation loss rate. This requires that the
temperature in the hot burning zone be > 5 keV. Moreover, the pR of the hot
spot should be equal to the a-particle range. According to our calculations
the range of the a-partic]es(ZS) is 0.36 g/cm2 in the hot spot. In the pre-
sent simulations we switch on nuclear reactions provided that the pR of the
hot spot is > 0.4 g/cm2 and the hot spot temperature, Th > 1 keV. At 1 keV,
although the radiation loss rate is greater than the a-particle energy deposi-
tion rate in the hot spot, this extra energy loss is compensated for by the
compressional energy produced due to the compression of the hot spot by the
surrounding fuel and the payload material imploding with large kinetic energy.
This process goes on until the temperature becomes on the order of ~ 5-8 keV
and the burn then rapidly spreads through the entire fuel. The total energy
in the input pulse is 4.56 MJ and the target yields an output energy of 690 MJ
such that the overall energy gain is 152. A summary of the implosion results
together with input parameters is given in Table 2.1-1.

In our simulations we find that at the end of the compression phase the
density in the lithium stabilizer becomes comparable to the fuel density.
This avoids development of the hydrodynamic instabilities across this inter-
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Table 2.1-1. A Summary of Simulation Results

Input Energy (MJ) 4.56
Output Energy (MJ) 690
Gain 151.6
Peak Power (TW) 500
Fractional Burn, ¢ (%) ~ 50
Fuel pR at Ignition (g/cm?) 2.87
Li Stabilizer pR at Ignition (g/cmz) 1.10
Pb Tampgr (Comprsssed Part of the Radiation Shield) pR at

Ignition (g/cm®) 1.63
Total pR of the Compressed Part at Ignition (g/cm?) 5.8
Void Closure Time (ns) 44,99
Ignition Starts at (ns) 45.96
Burn Starts to Propagate at (ns) 47.26
Burn Propagation Time (ps) 110
Total Burn Time (ps) 300

face which cause pusher-fuel mixing. The stability problem in the radiation
shield (pusher) during the compression phase has been analyzed using a theory
by Takabe.(26) In this theory the growth rate is calculated including the
important physical effects taking place at the ablation surface, for example,
ablative flow, heat conduction, compressibility and formation of highly struc-
tural density profiles. Use of this theory shows that the perturbations with
wavelength on the order of minimum shell thickness (4 u) are completely damped
out and the target is completely stable. This is a very important result.

For a detailed aha]ysis see Ref. 1.

References for Section 2.1.1
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Target," GSI Darmstadt Annual Report (1985), to be published.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.

23.

18

N.A. Tahir and K.A. Long, "Influence of Radiation on Ignition and Burn
Propagation in ICF Targets," GSI Annual Report (1985), to be published.

R.E. Marshak, Phys. Fluids 1, 24 (1958).
N.A. Tahir and K.A. Long, Laser & Particle Beams 2, 371 (1984).

N.A. Tahir and K.A. Long, GSI Darmstadt Annual Rep. GSI-84-5 (1984), p.
52,

K.A. Long and N.A. Tahir, GSI Darmstadt Annual Rep. GSI-84-5 (1984), p.
51.

N.A. Tahir and K.A. Long, Kernforschungszentrum Karlsruhe Report KfK-3454
(1983).

J.P. Christiansen, D.E.T.F. Ashby and K.V. Roberts, Comp. Phys. Comm. 7,
271 (1974).

N.A. Tahir and K.A. Long, GSI Darmstadt Annual Rep. GSI-83-2 (1983), p.
38.

N.A. Tahir and K.A. Long, Atomkernenergie/Kerntechnik 40, 157 (1982).

K.A. Long and N.,A., Tahir, Kernforschungszentrum Karlsruhe Report KfK-3232
(1981).

K.A. Long, N. Moritz and N.A. Tahir, Kernforschungszentrum Karlsruhe
Report KfK-3608 (1983).

K.A. Long, N. Moritz and N.A. Tahir, GSI Annual Rep. GSI-82-6 (1982), p.
54,

K.A. Long and N.A. Tahir, GSI Darmstadt Annual Rep. GSI-84-5 (1984), p.
73.

K.A. Long and N.A. Tahir, Presented at the meeting on “Atomic Physics for
Ion Beam Fusion," Rutherford Laboratory, England, September 1984.

K.A. Long and N.A. Tahir, "HIBALL-I Target Calculations with Range Short-
ening and Its Compensation by Two Methods," GSI Darmstadt Annual Report
(1985), to be published.

K.A. Long and N.A. Tahir, "Range Shortening Effects in HIBALL-II Type
Target," GSI Darmstadt Annual Rep. (1985), to be published.

B. Bennett et al., Los Alamos Lab. Report LA-7130 (1978).
N.A. Tahir and K.A. Long, Nucl. Fusion 23, 887 (1983).
N.A. Tahir and K.A. Long, Phys. Lett. 90A, 242 (1982).

K.A. Long and N.A. Tahir, Phys. Lett. 91A, 451 (1982).



19

24. R.J. Mason, R.L. Morse, Los Alamos Report LA-5789-MS (1974).
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2.1.2 Remarks on the Target Design

The previous section presents a target which, according to the one-
dimensional design calculation, has a gain of 151 and thus transforms the in-
put energy of 4.56 MJ into an output of 690 MJ. There are some phenomena that
have not been modeled in the calculation, such as transport effects of the
different particies. Moreover, a real implosion will not be of ideal spheri-
cal symmetry because of(l)

- imperfection in target manufacture,

- spatial nonuniformity of ion irradiation,

- hydrodynamic instabilities in the compression process.

For estimating the reduction in compression and gain resulting from all
of these, we rely on the literature, notably on the curves of gain versus
input energy that have been published by LLNL at different times.(l’Z) The
conclusion is that, for the HIBALL case, the originally postulated va1ues(1)
of 2 g/cm2 for the fuel pR at ignition and about 80 for the gain are very
reasonable. Therefore, the output energy of 400 MJ, its distribution into the
four fractions of neutrons, gamma rays, x-rays and charged particle debris,
and the spectra of each of these can be used from HIBALL-I. These are shown
in Figs. 2.1-3 to 2.1-6 and in Table 2.1-2.

Table 2.1-2. Ion Average Energies

Normalized energy 0.85 keV/amu
D 1.70 keV
T 2.55 keV
He-4 : 3.40 keV
Li-natural 5.90 keV

Pb-natural 176.0 keV
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The input energy of 4.56 MJ allows for some percentage of the 5.0 MJ
driver pulse to miss the target (see Sections 2.3.1 on target positioning
tolerance and 4.2 on jon beam final focusing).

The target requires the bulk of the input energy to be delivered at a
power of 500 TW, i.e. in about 10 ns, while the driver design of Chapter 3 is
for 250 TW. A potential way to reduce the target power requirement to 250 TW
is discussed in the following section.

References for Section 2.1.2

1. B. Badger et al., "HIBALL - A Conceptual Heavy Ion Beam Driven Fusion Re-
actor Study," KfK-3202/UWFDM-450, 1981.

2. J.D. Lindl and J.W.-K. Mark, in: Proc. 1984 Intern. Symp. on Heavy Ion
Accelerators and their Application to Inertial Fusion, Institute for
Nuclear Study, University of Tokyo (1984).

2.2 Spin Polarized Fuel for the HIBALL-II Target
The HIBALL-II driver provides a maximum power of 250 TW, whereas target

simulation calculations show that the HIBALL target needs a power of 500 TW in
the main pulse. This power requirement may undergo modification as more real-
istic physical assumptions are introduced in the simulation calculations and
as the target design is optimized. On the other hand, it has been shown(l)
that the power requirement for the HIBALL-I target can be halved if spin
polarized fuel is used. Other estimates(2’3) give even higher reduction in
driver power requirement. The exact demand on driver power can be determined
only if a target is optimized for the use of polarized fuel, but it is safe to
assume a power reduction by a factor of two. The idea of using polarized fuel
in an ICF target is quite recent and poses two questions: (1) how to polarize
the fuel, and (2) whether the fuel polarization will withstand the high
temperature and densities encountered during the implosion and burn phase?

A prerequisite to the polarization of DT-fuel is the production of pure
DT-molecules. Recently at Lawrence Livermore National Laboratory 95% pure DT-
molecules have been produced.(4) They expect to reach the 99% mark by 1985.
With pure DT-molecules they expect to be able to achieve 90% polarization of

DT-fuel.
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The fuel will be polarized while in the target factory. Ducts with a
polarization retaining field of about 1 tesla will connect the target factory
to the reactors. The target is injected into the reactor at a speed of
200 m/s and takes 80 ms to travel through the gun barrel to the cavity center,
the point of beam intersection. During the injection, the outside edge of the
fuel becomes heated to about 14 K. At this temperature and solid density the
polarization relaxation time is of the order of a second. Thus, the polari-
zation is not relaxed at the time that the beams begin to heat the target.

A more serious concern is that the high temperature reached in the fuel
during the final stages of the implosion may quickly cause depolarization.
However, since the implosion and burn of the fuel only require a total of a
few tens of nanoseconds, the depolarization would have to occur very quickly
to degrade the target performance. As a preliminary look, one can calculate
the density and temperature of the fuel as functions of time to find the spin
relaxation time at different times during the implosion. This has been at-
tempted in Fig. 2.2-1 where one can see that the relaxation time is usually
much longer than the characteristic time for the implosion. Even when the
fuel begins to burn the relaxation time is an order of magnitude above the
time scale for the burn (~ 100 ps). From this preliminary calculation, one
can say that the use of polarized fuel in the target may reduce the require-
ments on the driver while keeping the yield per unit mass of fuel constant.

References for Section 2.2

1. W. Seifritz and B. Goel, Atomkernenergie 43, 198 (1983).
2. B. Goel, GSI-84-5, p. 64, Darmstadt (1984).
3. L. Cicchitel1i, Atomkernenergie 44, 89 (1984).

4, E. Storm, 10th International Conference on Plasma Physics and Controlled
Thermonuclear Fusion, London, Sept. 12-19, 1984.

2.3 Target Delivery
2.3.1 Introduction
By target delivery we denote the tasks of injecting the cryogenic target

into the reactor chamber and of synchronizing the target motion and the ion
pulse so that they both reach the focus location at the same time. The gene-
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ral requirements on the injection process are that the target mdst not be
altered to such a large degree that it will not properly implode. This in-
cludes limiting the heating during delivery so as to not cause the DT fuel to
sublimate or melt. Section 2.3.3 deals with this question of target heating.

The basic parameter governing the injection and synchronization problems
is the tolerance (admissible inaccuracy) of the target position at the time
when it is hit by the ion pulse. This tolerance depends on the target size,
on the geometry and intensity distribution of the ion focus and on the degree
of irradiation uniformity required on the target surface. The tolerances
adopted in HIBALL-I,(l) 0.5 mm in the vertical and 0.7 mm in the horizontal
direction, were found assuming beams with a Gaussian radial intensity profile
and 80% of the ions within a radius equaling the target radius of 3 mm.

Since the details of target i]lumination(z) as well as the beam size and
profile obtainable from the final focusing system are not yet sufficiently
known we feel it is reasonable to stay with the above tolerances. However, it
is clear that missing the target with 20% of the ions is not very economical,
and that with a beam size closer to that of the target, the positioning toler-
ances may be narrower. This might require injection and synchronization tech-
niques different from the ones discussed subsequently.

Another key parameter is the target injection velocity. A low velocity
obviously makes it easier to meet the positioning tolerance in the direction
along the target trajectory, i.e. vertical, and it reduces the force to be
applied to the target. On the other hand, it increases the time spent by the
cryogenic target in the hot environment of the chamber before explosion. As
shown in Section 2.3.3, a velocity of 200 m/s is sufficient to prevent detri-
mental heating of the target.

2.3.2 Target Injection

Two injection techniques appear to be feasible: a pneumatic injector gun
as described in HIBALL-I(l) and an electromagnetic acce]erator.(3) In any
case, the target has to be mechanically and thermally protected during accele-
ration by a target carrier or sabot which must, however, be separated from the
target after acceleration. This removal is easier with the electromagnetic
technique.(3’4)

An aiming accuracy corresponding to the lateral positioning tolerance of

0.7 mm at a distance of about 10-12 m appears attainable with either method.
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Table 2.3-1. HIBALL Target Delivery Parameters

Longitudinal positioning tolerance 0.5 mm
Lateral positioning tolerance 0.7 mm
Target velocity 200 m/s
Injection:
Type gas gun
Projectile (sabot + target) mass 2 g
Propellant gas D,
Prop. gas entering reactor cavity 1.6 mg/shot
Pressure of prop. gas reservoir 5 bar
Acceleration distance 2 m
Acceleration 10% m/s2
Acceleration time 20 ms
Total target travel time 80 ms
Distance muzzle to focus 12 m
Tracking:
Lateral tracking none
Longitudinal tracking, type light-beam interception
Last tracking position, distance from focus 3.0 m
Precision of arrival time prediction tl us
Duration of processing tracking result 1 ms

Thus, no target trajectory corrections or corresponding ion beam steering
measures are needed.

Table 2.3-1 gives the target delivery parameters for the pneumatic in-
jector design which is shown schematically in Fig. 2.3-1. The principle of
electromagnetic injection is depicted in Fig. 2.3-2.

2.3.3 Heating of Target and Sabot During Injection

The cryogenic fusion target must be injected into the target chamber in
such a way that the cryogenic D-T fuel in the target remains solid. The in-
side boundary of the target fuel is required to remain colder than the subli-
mation temperature of 11.3 K and no part of the fuel is to become hotter than
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the melting temperature of 19.7 K.(l) This section describes the calculations
of the heating of the target during its injection through the target chamber
and during its transit in a sabot down the injector tube.

The target that we consider in our discussions of target heating is shown
in Fig. 2.3-3. This is a cryogenic target which has a layer of D-T fuel
frozen onto the inside surface of a solid hollow spherical shell. This fuel
must remain solid until the pressure caused by the absorption of the ion beam
in the outer layers implodes it to ignition.

The baseline scheme for injection of the target is shown schematically in
Fig. 2.3-1. This method uses a pneumatic gun to accelerate the target while
it is encased in a sabot assembly. The sabot protects the target from fric-
tional heat due to contact with the gun barrel and separates from the target
after the assembly leaves the gun barrel but before it reaches the reactor
chamber.

There are two periods of time during which we have considered heating of
the target fuel: while the target and sabot assembly are in the gun barrel
and while the target is in the reactor chamber. The latter was calculated and
temperature profiles in the target were obtained for various periods of time
in the chamber. These are shown in Fig. 2.3-4 and were obtained from the
temperature diffusion computer code PELLET, which simulates the time dependent
heating of a material with temperature-dependent thermal properties under the
influence of a time-dependent surface heat load. A surface heat load, due to
500°C blackbody radiation in the target chamber, of 2.02 N/cm2 has been as-
sumed for the target in Fig. 2.3-3. It is seen in Fig. 2.3-4 that the maximum
temperature in the fuel at 32.5 ms after the target enters the target chamber,
the time at which a target moving at 200 m/s would intersect the ion beams, is
slightly less than 14 K. This occurs at the DT-LiPb interface and is still
below the melting temperature of DT so that a slight lowering of the injection
velocity will not lead to melting of the fuel. Furthermore, the temperature
at the inside boundary of the fuel is below the sublimation temperature. This
calculation was based on an assumption that the target enters the cavity with
a uniform temperature of 4 K., Since the fuel is only slightly below the melt-
ing and sublimation conditions, if the injection velocity is to be kept at 200
m/s the target must not be heated to any significant degree while it is in the
gun barrel.
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A sabot which is shown in Fig. 2.3-5 with a pellet inside has been de-
signed at Interatom(3). The sabot is heated by friction with the gun barrel
at annular contact areas Al and A2. Heat is conducted to the target through
contact areas a;, a, and as. The sabot material is taken to be Teflon and the
gun barrel material is steel, giving a coefficient of friction of 0.0513. The
frictional heat load on the surface of the sabot is

Qe = fAPY

where f is the coefficient of friction, A is the contact area, P is the force
per unit area exerted on the sabot by the gun barrel and V is the average
velocity of the sabot in the gun barrel. With V = 100 m/s and P = 10° N/m2,
the frictional heat load is 51.3 W/cm2.

The greatest conduction of heat from the contact between the sabot and
gun barrel and the target fuel will occur along the path shown as P1P2P3 in
Fig. 2.3-5. Point Pl is at the forward-most edge of contact area Aj, which is

the largest contact area at 0.78 cm?.  Point P2 is at contact area a; be tween

the target and the sabot which is 0.03 cm?

and is both much larger and closer
to A1 than either a, or as. Point P3 is at the inside edge of the solid D-T
fuel, at the point closest to P,.

We have used the PELLET code to calculate the heating of the target by
frictional heat from contact area Al' PELLET is a one-dimensional computer
code which we have applied to heat transfer along the line P1P2P3. Heat
transfer is actually a three-dimensional problem in the sabot assembly so that
this one-dimensional analysis will overestimate the heat transferred to the
target. Because the one-dimensional heat transfer is an overestimate and be-
cause we are considering the path of greatest heat transfer, the method is
felt to be conservative.

The temperature profiles predicted by PELLET are shown in Fig. 2.3-6.
Profiles are shown at the time that the acceleration starts and 20 ms later,
when the target leaves the gun barrel. Notice that the target is not heated
at all and that most of the sabot is not heated either. Thus the target
enters the cavity at a uniform temperature of 4 K. We have still neglected
heating during storage due to tritium decay and heating while the target is
moving from the gun barrel to the target chamber.
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Thus we have shown that the heating due to friction during acceleration
and due to blackbody radiation in the target chamber of HIBALL do not damage
the target.

2.3.4 Synchronization
The simplest way to ensure synchronicity of the target and the ion pulse

would be to use an injection technique in which the total travel time of the
target (e.g., 80 ms for v = 200 m/s) is reproducible to within x1 ps and to
trigger both the ion pulse and the target injector by fixed signals derived
from a common time base. However, it appears difficult to attain that pre-
cision in a mechanical process. A more realistic method consists in tracking
the target during its ballistic flight within the reactor chamber by photo-
electric gates, calculating its time of arrival and triggering the ion pulse
accordingly. The complete pulse buildup and transport procedure in the
HIBALL-II driver takes only about four milliseconds. The driver is, there-
fore, triggered at a time when the target is only about 1 m from the focus
location. By this time its arrival can be predicted to within *l1 us, as shown
in HIBALL-1. (1) (See also Section 3.2.3.)
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3. DRIVER
3.1 Considerations Leading to the Modified Driver of HIBALL-II
Since the completion of the first report on HIBALL we have reconsidered

the ion charge state, as well as linac performance and the scheme of current
multiplication. The main issue had been control of space charge effects,
which strongly urged the use of Bi¢*. In 1982, following a detailed analysis
of space charge problems presented at the GSI Symposium on Accelerator Aspects
of Heavy Ion Fusion(l) and pursued thereafter, we chose single-charged Bi as a
more convenient candidate. Here we benefit from the fact that accelerator
space charge limits generally scale with q2/A, with q the charge state; hence
single-charged ions offer considerable relaxation. This is at the expense of
a doubled linac length and higher demand on guiding magnetic fields due to the
doubled magnetic rigidity. The final focusing, on the other hand, has strong-
ly benefited from the allowance of a smaller emittance €, due to the fact that
qz/e is a quantity that should be kept about constant in the storage rings.

The next important issues is the filling time of the storage rings, which
is inversely proportional to the Tinac current. At the 1982 GSI Workshop it
was emphasized that the microwave instability should be the major mechanism to
1imit the filling time, and that the first HIBALL driver was operating in an
unstable regime.(Z) As an intermediate step, a scenario was studied which
promised a very short filling time of the storage rings (1 ms) so that less
than three e-foldings of the microwave instability, following the linearized
theory, should occur.(3) The Tinac current had to be raised to the large
value of 660 mA, which is still in accordance with space-charge transport
theory, but demands excessive cost for RF installation, because more than 7.5
GW of RF power in short pulses is needed. The cost for the RF generators
would amount to about half of the total driver cost.

Recent progress in simulation of the microwave instability suggests that,
due to favorable nonlinear effects, the acceptable storage time can be made
much longer than anticipated from the linearized theory.(4’5) On this basis
we have proposed a revised scenario with 4 ms storage ring filling time; the
1inac current is reduced to the comfortable value of 165 mA. This promises a
better balance between the load on the linac and storage rings from the design
and cost point of view.

A further significant change has been the replacement of the linear
induction bunchers in the final beam lines by a stack of RF buncher rings.
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The fact that 20 such beam lines exist would have required a total induction
voltage of about 10 GV, which is practically prohibitive in our scenario for
cost reasons. The large space charge time shift during pulse compression in
the buncher rings is presently being investigated by simulation, yet unpub-
Tished results have not indicated any problem for the parameters considered.
Results of computer simulations of the debunching process of the linac
beam of the transfer ring have suggested that it is preferable to replace the
large transfer rings of earlier designs by a multiplicity of smaller transfer
rings. This considerably reduces longitudinal and also transverse emittance
growth. The latter is due to the fact that the transverse space charge effect
decreases with the radius of the ring, as long as the beam current is un-
changed. Multiturn stacking in the earlier large transfer rings has been re-
placed by a system where two beams are repeatedly combined transversely by a
combiner septum outside of the rings.
3.2 Driver Description

3.2.1 Accelerator Scheme

3.2.1.1 Linear Accelerator

The linac is to provide all the kinetic energy of the Bit jons to drive
the target, whereas the transfer and storage rings are to multiply the beam
current in a first step, and the buncher rings to perform a second compression
step. In order to keep the compression factors low, and to avoid deterior-
ation of the beam quality by instabilities during storage, the linac should
deliver as high a beam current as possible. The 1imit is set by economy,
rather than by beam stability in the linac, at 100 to 200 mA. For much higher
currents, the beam power, and hence the RF power, become so large that a pro-
hibitive fraction of the total investment cost must be spent for tetrodes,
klystrons and RF circuitry. We have chosen 165 mA, hence the beam power is
1.65 GW, requiring 2.5 GW of RF power, or roughly 0.5 MW/m of structure (as-
suming 5 km structure length), which gives a reasonable ratio of RF equipment
to structure cost.

The beam is produced in 8 ion sources of the HORDIS type.(6) Each of
these beams is statically preaccelerated by about 300 kV, and captured by a 10
MHz low-velocity linac of the RFQ type.(7) Near the ion sources 1.6 us pulses
separated by 0.4 us gaps have to be shaped; these gaps are necessary to fa-
cilitate switching of the beam into separate transfer rings (Section 3.2.2).



33

Stepwise "funneling" of pairs of beams (8) brings the microbunch frequency
up to 80 MHz in the main linac, which, however, may have a higher (harmonic)
RF frequency for reasons of economy, depending on the ion velocity (which
determines the most economic type of linac structure) and on bunch length.

The debuncher at the end of the linac, however, operates at the bunch frequen-
cy again, in order to produce the smallest possible momentum width in long
microbunches. The distance from the debuncher to the transfer rings, where
the beam is no longer under control of RF buckets, should be as short as
possible.

3.2.1.2 Transfer Rings and Transverse Stacking Procedure

The usual way to step up the beam currents by “transverse phase-space
stacking" has been multiturn injection. n-folding the beam currents by n-turn
injection requires either n-fold circumferences of the preceding transfer
ring, or n preceding rings containing beams simultaneously and delivering
their beams in a close sequence.

Since we are concerned about momentum blowup during debunching in the
transfer rings, we would prefer small rings, i.e. either the second of the
aforementioned alternatives, or a more economic version which is possible for
n =2, i.e. doubling the beam current in each step. Storage for only the
first of the two beams is needed (except for the first combination step); the
second beam is taken at "free flight" when it emerges from the foregoing
combination step. No beam rotators are needed because this "free-flight"
combination works as well vertically as horizontally.

Naturally, the number of such steps must be large. Therefore, the di-
lution factor in each step must be small, 1.2 or less. In order to have such
a small dilution factor, combination of pairs of beams is proposed, in trans-
verse phase space outside of the rings, by means of combiner septa. This ele-
ment is the inversion of a beam splitter routinely used, e.g. at UNILAC of
GSI. To make the beams fit optimally into a combined ellipse, some distortion
is proposed by means of sextupole magnets. Injection into the subsequent ring
is then by single-turn techniques.

We propose 3-turn injection from the linac into a first and a second
transfer ring, a total of 4 doubling steps using these and 3 further rings in
the manner just described, and 2-turn injection into the storage rings. This
results in a stacking factor of 342 = 96. The five transfer rings each have
twice the circumference of a storage ring and can be arranged on top of each
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other, similar to the CERN booster rings. Multiturn injection from the linac
into the first two rings is necessary in order to destroy the microbunch
structure of the beams which, if conserved, would lead to momentum-spread
blowup. The number of 3 has been chosen for the sake of a low dilution
factor; a higher number of turns would be a possible different choice.

Figure 3.2-1 shows the complete scenario and Fig. 3.2-2 is a possible
ground plan,
3.2.1.3 Storage Rings

The storage rings must be as small as possible, and therefore equipped
with superconducting magnets, for the same reason as in HIBALL-I. To allow
the transfer rings to be made with normal iron magnets, two-turn injection
into the SR's gives a circumference ratio of 2 for the transfer rings to the
storage rings.

There is one essential difference from the HIBALL-I storage rings. The
RF system creates 0.25 MHz buckets only in order to conserve the 1.6 us
bunches, not to compress them adiabatically, because this would take too much
time. To match the situation of non-parabolic charge-density distribution
within the 1.6 us bunches, the buckets must have a flat bottom, which requires

(9)

The residence time of the beam in the last transfer ring (waiting ring WR

at least two more RF harmonics.

3) is 192 us or 12 turns. This time is marginal and may require a similar RF
system as for the storage rings. In Fig. 3.2-1 such an RF system has been as-
sumed.

3.2.1.4 Buncher Rings

Final bunch compression to the final length of 20 ns (effective) or 30 ns
(basic width) is done in the buncher rings. The concept of linear bunchers,
used in HIBALL-I, has been abandoned because of excessive cost. In contrast
to the low-voltage RF cavities of the SR's, the high-voltage RF cavities of
the BR's probably cannot contain ferrite loadings to reduce the size of the
0.25 MHz cavities. The vacuum reentrant, high-Q cavities of the BR's present
a major mechanical design problem; nevertheless, it is believed that they can
be constructed, and that they are less expensive than a large number of small
ferrite-loaded cavities (which would also present a space problem). (S?me
a.0?

The residence time of the beams in the BR's is 160 us, or 20 turns. In

harmonic RF components of somewhat lower amplitude have to be adde

this small number of turns the beam has to tolerate a space-charge betatron
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time spread of up to more than 50% of the original time, which, however, takes
place over quite a few turns out of the 20. The question of integer resonance
crossing under these conditions is presently being studied, but so far no
serious effect has been found.
3.2.2 Timing

Figure 3.2-3 shows the beam pulse structure in the linac, in the first

transfer ring, the storage rings and at the target.

As pointed out in Section 2.3.4, the synchronization of the driver to the
pellet motion is straightforward with the present driver design, i.e. when the
relatively low frequency voltages for the storage and buncher rings are
switched off after each shot and switched on again so as to be in phase with
the new target. The variable (0-100 us) buffer time indicated in Fig. 3.2-3
is, therefore, an option which is not needed in the present design.

The situation would be more complex if the bunching RF power supplies had
to be running continuously. In that case, the discrete instants 4 ups apart at
which the ions can be switched out of the buncher rings would be predetermined
and could not easily be shifted according to the measured target motion. The
maximum longitudinal target positioning error thus introduced would be 2 us
200 m/s = +0.4 mm, still within our assumed tolerance. If a finer adjustment
were needed, shot-to-shot beam steering would be a remedy (see discussion in
HIBALL-I).

3.3 Components

3.3.1 lon Sources
The multipole magnet, cusped field or reflex ion sources have undergone

some development progress in recent years. An improved design for gaseous
elements, CORDIS,(6) delivers a more stable beam over longer discharge pulses,
and consumes less power than the older ELSIRE design. A version with an
evaporation oven for low-melting metals, HORDIS II,(6) delivered a Bi' beam of
37 mA into a normalized emittance of 0.16 x 1076 m, giving a brilliance nearly
four times greater than needed for the present driver design. No further at-

2 output level beyond the level

tempts have been undertaken to raise the Bi*
reported in HIBALL-I.

Space charge compensation is needed in the transfer line from the source
to the RFQ input. Successful measures have been developed in the course of
work on static beam transport to keep compensating electrons inside the ion

beam. The typical buildup time for the electron cloud is on the order of 10-
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50 us; shorter times can be attained but not analyzed at present because the
buildup time of the discharge in the source is of the same order. Subtle
techniques for analyzing the space charge potential in beams have been de-

ve1oped.(10)

Development of intensity modulation techniques directly after
the source, not using the source discharge itself, is urgently needed.

3.3.2 RFQ Type Low Velocity Accelerators

In the last two years RFQ accelerating structures have found very wide-

(11) Many labs are developing light-ion RFQ structures of

spread acceptance.
the four-vane type, the frequency range of which is from 440 MHz down to 80
MHz, and the maximum mass-to-charge ratio A/q is 7.

There 1is, however, Timited activity in developing structures suitable for
heavier masses, or lower charge states. For given normalized acceptance and
surface field strength, the frequency is roughly proportional to (A/a)l/z. For
Bit ions, and beams of 20 mA, the frequency must be at 10 to 15 MHz. Four-
vane structures then can no longer be applied.

Two types are under consideration: spiral-supported Q rods (Los Alamos,
Frankfurt) and split-coaxial cavities (GSI, Frankfurt, INS). The latter have
been briefly described in HIBALL-I, and in some GSI reports.(7) At GSI, one
module is being successfully operated with Art and krt jons, at beam (output)
intensities of up to 22 mA (Kr*). Four more modules have been manufactured in
1984 and were being copper-plated and assembled at the end of 1984. This
prototype ("MAXILAC") can be used for A/q < 130; the frequency is 13.5 MHz.
This choice facilitates a latter injection of the beam into UNILAC. For Bi*
ions, 10 MHz is a very safe extrapolation.

Because of the stable design and easy adjustment, the split-coaxial type
has proven to be a good choice. Even the tank diameter of 1.2 m need not be
changed for a new design because it allows direct access of inspection person-
nel to the inner system. (A tank diameter of, e.g., 0.6 m, would mean only a
slightly lower shunt impedance.) Practical aspects like these are extremely
important in accelerator development
3.3.3 Funneling

The funneling principle is quite simple: RF deflector fields kick two
bunched beams into a common path. Studies have been done at KfK(B) answering
essentially two questions:

a. Can the tendency of overcrowding the funnel line with deflectors, septum
magnets and/or electrostatic septa, transverse quadrupole lenses,
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rebuncher cavities (longitudinal lenses), pumps and diagnostic devices, be
managed?
b. What is the loss of beam brilliance induced by fringing fields and by the
curvature of the sine deflector voltage?
Typical situations at 1.7 MeV/u (54 MHz deflector), and 19 MeV/u (160 MHz de-
flector) have been analyzed. For both cases, and for Bi*2 and Bi* ions the
answer is yes for question (a), and the brilliance loss is negligible. The
deflector field strength has been (conservatively) limited to 5 MV/m.
3.3.4 Beam Load of Linac Cavities and Its Compensation

Losses at the septum of a storage ring (or a synchrotron) must be mini-
mized, and therefore the beam quality, especially the beam energy, must be
precisely constant over a pulse. (Losses in a proton facility generally may
radicactivate machine parts, but not immediately destroy them, because of the
longer stopping range of protons.)

The key parameters which must remain constant are the RF voltage in the
linac cavities, its distribution along the gaps of multigap-cavities, and its
phase. As soon as beam bunches pass through the cavity gaps, their mirror
currents flow around the inductive volume of the cavity and change the voltage
in the gaps. These currents are in competition with the currents fed into the
coupling loop from the driving amplifier. Also, the bunches draw energy out
of the stored cavity field. This leads to a new voltage level. The tran-
sition from the unloaded to the loaded voltage level takes about the same time
(i.e., has a time constant on the same order) as the loading process of the
cavity at the RF pulse onset, namely, about Q RF periods, where Q is the
figure of merit of the loaded RF cavity.

Feedback stabilization by amplitude and phase control loops usually must
be slow to remain stable. Thus they cannot prevent an initial drop of volt-
age, but can only raise the voltage to the old level after Q RF periods, or
optimistically a fraction of them. Nevertheless, most proton linacs, includ-
ing the new CERN II linac, rely upon it. There are two alternative methods.

The older CERN I Tlinac had additional beam-load amplifiers whose anode
voltage pulse was triggered when the beam came on. Though what this system
did was unsatisfactory for technical reasons and was later shut down, it was
what is called a "feed-forward." More precisely, a feed-forward should feed
additional power proportional to the beam currents, whose pulse shape is not
always a simple rectangle. This has been successfully tried with the GSI RFQ
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linac: the control signal is taken from a beam transformer at the RFQ en-
trance, amplified and simultaneously fed to an amplitude and a phase con-
troller.

Some imperfections remain: the transformer signal is a Tlittle (~ 10 RF
periods) ahead of the average beam load; amplifiers and controllers have a
finite time constant; the anode current has to step up, and may cause anode
voltage transients; and finally, changes of voltage distribution in multigap
cavities cannot be corrected. A second method uses the fact that during
buildup of the RF field in the cavity the amplifier has to deliver more power
than corresponds to the RF voltage at that time. If the beam pulse sets on at
a time when the RF voltage is still rising, the voltage continues with a more-
or-less flat envelope. The method consists of individually timing the onset
of the RF pulse for every cavity. Since a learning process is required, its
result may come too late for the protection of machine elements against
damage.

The best method is then a combination of both individual methods, and in
fact this is what is done experimentally.

However, this problem needs continuous study and refinement, keeping in
mind the need for fast beam intensity modulation.

3.3.5 Ring Components

In fusion driver storage rings, care must be taken in the proper design,
or development, of the following items:

a. Any component, e.g., resonator cavities, kickers, diagnostic elements,
vacuum joints, must present a low ohmic resistance to longitudinal current
RF Fourier components within the instability excitation bands.

b. Injection and extraction kickers are excited at an unusually high repe-
tition rate. Many of them can be replaced by square-wave RF deflectors
fed resonantly. For the rest, e.g., the extraction kickers of the storage
rings operated at a rep rate of 20 s'l, technical development has to be
directed into enhanced cooling, power supplies for high repetition rates,
etc. On the other hand, the rise time of any kicker may be relatively
long, up to 2 us; the state of the art is at a few ns.

c. In the buncher rings, the combination of low frequency (0.25 MHz and
harmonics thereof) and high voltage requires high-Q vacuum reentrant cavi-
ties of a huge size; ferrite or dielectric loading of the cavities, which
would decrease the size, is prohibited.

-
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d. In case of beam losses any machine element hit by the beam will be de-
stroyed. The danger of damage is especially great for injection and ex-
traction elements, and for beam diagnostic devices. A1l these elements
must, among other features, be prepared for quick change, even in spite of
some radioactivity levels. This is an engineering challenge.

A comment on item (a) should be given; this is probably the most im-
portant issue. High-intensity machines for relativistic protons can contri-
bute some experience, but in some respect they behave in a different way:
transverse collective instabilities used to be more critical than longitudinal
instabilities. In a subrelativistic machine, in contrast to the afore-
mentioned relativistic machines, longitudinal collective instabilities become
more probable, and hence more critical, at B < 0.5. The classes of disturbing
construction elements become different, e.g., vacuum bellows will play a minor
role, whereas ferrite cavities, ferrite kickers, etc., become more and more
disturbing. The character of the onset of instabilities is also expected to
be different; in subrelativistic machines self-stabilizing mechanisms are ex-
pected to be effective.

Unfortunately, those few machines which could serve as subjects of
investigation, e.g., the CERN booster rings, are extremely busy, and there is
no access time for experiments. For years it was hoped that the SNS machine
at Rutherford Lab, U.K., would be open for experiments of this kind. New
hopes concentrate upon the LEAR ring at CERN, and on the GSI (W. Germany)
machines SIS and ESR, of which the latter two do not yet exist.

3.4 Progress in Beam Simulation

Given the fact that presently existing accelerator facilities are not

suitable to test most of the high-current beam dynamics problems of the driver
accelerator, more emphasis had to be put on computer simulation. We have de-

(12,13) 4p4

veloped 2- and 2-1/2-dimensional many-particle simulation programs
applied them to problems of emittance growth, beam stability and interface
problems between different accelerator devices and between driver and target.
Since completion of the first HIBALL study we have thus been able to analyze
qualitatively and quantitatively several of the key problems in beam dynamics
and to determine the new driver scenario on a more consistent theoretical
basis.

In the following we list the issues that have entered particularly into

the new design, as well as those relevant to the driver-target interface.
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Detailed results will be found in Subsections 3.4.1-3.4.5.

(i) Debunching of Linac Beam -- The undesired momentum width blowup due to
space charge during stacking and debunching of the linac beam in the
first transfer ring could be reduced by choosing a substantially
smaller ring radius.

(ii) Longitudinal Microwave Instabilities -- A newly found mechanism sup-
pressing destructive growth of the instability has been used to keep
the holding time in storage rings (thus also the Tlinac current) as a
"free" parameter for design.

(iii) Final Bunch Compression -- It was found that longitudinal pulse com-
pression dynamics behave in the desired way if two RF harmonics are
switched on in the buncher rings.

(iv) Prepulse Formation -- We have found a method of producing an extended
prepulse by applying an RF voltage to the beam.

(v) Final Transport -- "Perfectly" matched beam distributions have been
found for very high space charge conditions, which considerably raises
the confidence that no beam degradation occurs during the long final
transport lines.

3.4.1 Debunching of Linac Beams

The problem is the increase in Ap/p due to space charge after the micro-
bunches have left the holding RF buckets of the linac, i.e. on their flight to
the transfer ring and during the first revolutions. The critical current
above which the effect can be noticeable depends on the momentum spread and
bunch length. The electrostatic energy of the bunch is transferred into
longitudinal "thermal" energy (i.e., momentum width) during free flight (see
Fig. 3.4-1).

The amount of momentum width blowup depends on the critical ratio of
electrostatic to "thermal" energy. In the 1imit where this ratio is large,
the final momentum width after debunching of an initially parabolic bunch has
been found as given by(14)

(Ap )2 9 % Bfl Zog

(3.4-1)

p ‘deb ~ (wmcz/enYBZ) 2872

with: q -- charge state
I -- electric current
Bf - bunching factor
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3.4-1. Computer simulation of debunching of a periodic chain of intense

microbunches injected into the transfer ring.

Shown are pro-

jections into the longitudinal phase space at different times of
the debunching process.

(a) separated microbunches
(b) no gaps between microbunches of subsequently injected turns
(c) 30% overlap of microbunches

]
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n o= 1/v2
Z, -~ impedance of vacuum (377 Q)

g=1+21n Rpipe/Rbeam'

Hence, it is given by the current, however small the initial Ap/p is. As an
example, we find for 10 GeV Bit and a bunching factor of Bf = 1/4:
4

= $1.8 x 10 (3.4-2)

(£2)

p ‘deb
This corresponds to a (Ap/p)fwhm = 3.5 x 10'4, which is a factor 3.5 larger
than demanded. A larger current or charge state makes the effect worse.

To cure the effect we suggest the following: choose the radius of the
debuncher ring small enough to avoid debunching during the first revolution;
by properly tuning the revolution frequency it can be realized that the second
turn is injected such that its microbunches are adjacent to those of the
previous turn, and so on. If no gaps are left between the microbunches, or
even a slight overlap is achieved, there is practically no momentum blowup
(Fig. 3.4-1b,c), hence Eq. (3.4-1) is invalidated.

3.4.2 Longitudinal Microwave Instability

In storage rings with high currents of nonrelativistic heavy ions, as
considered for drivers in inertial fusion, control of the resistive microwave
instability has been recognized as a key issue during the last HIF Workshop
held at GSI in 1982. By means of computer simulation with the particle-in-
cell code SCOP—RZ(13) we have shown that the predictions from the linearized
theory of instability are overly pessimistic. This is due to an early non-
linear saturation of the instability, which prevents a harmful broadening of
the momentum distribution. The main effect of the initially unstable behavior
is the development of a thin stabilizing tail in the momentum distribution
towards lower momenta, which produces enough Landau damping to suppress any
further microwave activity.

The main concern has been the effect of a broadband (Q = 1) resonator
centered at about the Towest magnetic cutoff frequency w, = YwOR/b, with R the
machine radius and b the vacuum chamber radius. This resonator is supposed to
describe the effect of many cross section variations. The resistive impedance
of this resonator (~ 10 ) is supplemented by the large (purely capacitative)
impedance due to space charge (> 1 k@). The large ratio ImZ/ReZ of about 100
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is the reason why nonlinear coupling effects dominate over the growth of a
single mode for HIF parameters. In Fig. 3.4-2a,b we show the momentum distri-
butions for two distinct cases. Case (a) refers to a nearly relativistic beam
with ImZ/ReZ = 2 and a momentum width which is a factor 2.2 below the Keil-
Schnell stability 1imit. The distribution becomes rapidly unstable and shows
the expected overall broadening. In case (b) we have assumed ImZ/ReZ = 16 and
a momentum width that is even a factor 4 below the Keil-Schnell limit. The
instability is substantially weaker and stops after having developed a stabi-
lizing tail.

The main part of the distribution remains narrow, hence the initially
high phase space density is not diluted. The fraction of total intensity
within the stabilizing tail decreases with increasing ratio ImZ/ReZ. For the
heavy ion fusion case, where this ratio is about 100, we thus expect only a
few percent of tail population. This simulation result is consistent with the
prediction of stability obtained from solution of the dispersion integral for
a narrow Gaussian momentum distribution with a broad stabilizing tail (of
Gaussian shape, but containing only a few percent of the total intensity), as
an approximation to the saturated distribution obtained from simulation.

Future experimental verification of this stabilizing mechanism is highly
desirable. Such experiments will have to check whether the predicted rapid
coupling to higher harmonics above the cutoff frequency takes place in a real
machine to the same degree as in the simulation, where the deviations (in
impedance) from a circular conduction pipe have been incorporated in the
simplified model of a Q = 1 resonator near cutoff.

3.4.3 Final Bunch Compression

The final longitudinal compression of intense beams to the desired 20 ns
pulse length at the target takes place in the buncher rings and in the final
transfer lines to the target chamber. In longitudinal phase space such a com-
pression is essentially a 90° rotation of the phase space ellipse, if space
charge forces are absent. During the final part of compression outside of the
ring, the bunch is not exposed to an applied RF force; hence particles move at
constant velocity (in the absence of space charge) until the ellipse is up-
right at the target position. Including space charge at the current levels
considered here, we find that compression is practically just as effective,
provided that the bunching RF amplitude is about doubled to counteract the
repulsive space charge force.(4) Results for the final stage of such a self-
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(A) MICROWAVE MODE FOR MEARLY RELATIVISTIC CASE (E-FOLDING TIME 40 USEC FOR M = 12)

T0=0.00 usec #545-0 Tigy 150.00 #545-3 T50p=300.00 #545-6
REAL -
SPACE e
MOMENTUM I
SPACE =
ey = 450,00 #5459 Wy PR0LCO #545-12 Tou=750.00 #545-15
(B) MICROWAVE MODE FOR MON-RELATIVISTIC CASE (E-FOLDING TIME 330 LISEC FOR M = 12)
Tp=0.00 psec #553-0 T00=700.00 #553-7 T1400=1400.00 #553- 14
REAL
SPACE

MomenTum T,
SPACE >

lojag =2 100 .00 #553 21 10 =2800 . 00 #553-28 T4500=3500 .00 #553-35

Fig. 3.4-2. (a) Simulation of the resistive microwave instability for a nearly
relativistic beam, showing destructive effect on the moment
distribution.

(b) Same, but nonrelativistic energy (heavy ion fusion case) show-
ing the self-stabilizing effect of a tail in momentum space.
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consistent computer simulation are shown in Fig. 3.4-3. The initial bunch
(prior to applying the RF) had nearly constant line density in real space and
a Gaussian velocity distribution. Due to the rotation in phase space these
profiles appear interchanged in the final compression stage, with only a
slight modification by space charge, hence the final line density is approxi-
mately Gaussian. The longitudinal emittance increases by only about 5%.
3.4.4 Prepulse Formation

An important question has been to provide a prepulse, which contains
several percent of the total intensity over a time longer than the duration of
the main pulse (see Section 2.1.1). It was felt that the prepulse should use
the same beam lines as the main pulse, since no space is available in the re-
actor chamber for additional entrance ports, aside from the extra cost of
additional beam lines.

Here we suggest a method that requires no extra hardware except for an
additional RF cavity in each storage ring. The idea is to generate a tail in
the momentum distribution towards larger momenta; the subsequent bunch com-
pression is a rotation in phase space, hence the momentum tail transforms into
a prepulse (Fig. 3.4-4),

The RF voltage required for this shaping of the momentum distribution de-
pends on the desired length of the prepulse and is of the order of 100 kV for
a frequency of typically 50 MHz. We observe that the intensity and length of
the prepulse can be varied by proper tuning of the frequency and amplitude of
the RF voltage. The use of several RF cavities also allows shaping of the mo-
mentum distribution and thus the prepulse profile in order to match the target
requirements.

3.4.5 Final Transport

Transport of high-current beams over long distances is necessary for two
different reasons: first, in order to transfer the beam from the buncher
rings to the reactor chamber; and secondly to provide a sufficiently long
drift distance for the final longitudinal bunch compression, which necessarily
has to take place outside of the buncher rings.

The question of whether such transport can be expected to occur without
degradation of beam emittance and no loss of beam intensity has been pursued
intensively during the past years. An important step towards defining an

(15)

optimum channel has been the discovery by simulation of stable and emit-

tance conserving transport for currents close to the space charge limit, pro-
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Simulation of prepulse formation by RF voltage. Shown are pro-
jections into the longitudinal-transverse real space (z - x) and
longitudinal phase space (z - vz) at different times. Shaping RF
voltage is on between T = 0-12.” At T = 12 the bunch compression
voltage is turned on. The prepulse has a peak at its very front
for T = 25, which is smeared out shortly sooner or later.
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vided that o,, the betatron phase advance per focusing period (in the absence
of space charge), was chosen to be 60°. The effect of space charge is to re-
duce the phase advance to a value o, which one attempts to make as small as
possible for optimum current transmission. This becomes evident from the

relationship for current(ls)

I~ a2 ~ ¢glo

where a is the channel aperture and € the beam emittance.

(17) where the beam has

In Fig. 3.4-5 is shown the result of a simulation,
been transported over 50 cells of a periodic channel very close to the space
charge limit (o, = 60°, o = 5°). The initial distribution is a "water-bag"
(i.e., uniform) in phase space; the final distribution to high accuracy is the
same. In particular, no particles have been scattered out in phase space. HWe
have also examined the effect of fringe fields and found it was negligible.

(18) In view of

More detailed results are found in a recent survey article.
recent experimental resu]ts(lg) that very closely confirm the theoretical pre-
dictions, it can be concluded that long periodic transport for heavy ion

fusion is now a reliable concept.
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4, BEAM TRANSPORT
4.1 Beam Stripping During Transmission

The maximum allowable gas density at the time of beam propagation is
determined by the stripping of the beam ions while they are moving through the
reactor cavity. In HIBALL-I where Bi*2 was the driver ion species, a Born ap-
proximation calculation of the stripping cross section for 10 GeV Bi*Z on Pb
was performed.(l) In HIBALL-II, the driver ion species is 10 GeV Bit. In the
years since the completion of the HIBALL-I report, there has been some experi-
mental work to test the accuracy of the Born approximation. The stripping
cross section has been reevaluated to include both changes.

The change in ionization state of the beam ions will undoubtedly have
some effect on the stripping cross section but this is not easily quantified.
The outer atomic electronic structure changes from a single 6p electron to two
6p electrons where the electrons are in different p shells. For both Bi*2 and
Bit stripping involves the removal of an electron from a half filled p shell.

1 and 6p2

It is assumed that the difference in ionization potential for the 6p
electrons does not play a major role in the stripping. Thus, to a first ap-
proximation, it will be assumed that the stripping cross section is the same
for both ions.
There have been measurements completed at Lawrence Berkeley Laboratory(Z)
of the charge-changing collision cross sections for heavy ions moving at the
same speed as Bi* in HIBALL-II. Measured cross sections for the loss and
capture of electrons by Xe and Pb ions encountering N, molecules are shown in
Fig. 4.1-1 for highly ionized beam ions and for a few values of 8 = v/c. A
comparison has been given here for the measured electron loss cross sections
with the major theoretical methods. The Born Approximation Sum Rule (BASR) is
the method used in HIBALL-I. One can see that the BASR values are high by at
least a factor of four.

Therefore, the stripping cross section of 7 x 1
HIBALL-I is probably a conservative value which can be used for HIBALL-II as

well. If there were a great advantage to choosing a value a few times smaller

0716 ¢n? which was used in

than this, one could do so with a small loss in conservatism. The present gas
condensation calculations predict that a 5 Hz rep rate is possible with this
cross section.
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ment is shown as open symbols, theory with the corresponding
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At a Pb density of 8 x 1010 atoms/cm3 the mean free path between Bi*-pb
charge changing collisions is 150 m. The fraction of beam stripped is thus,
1 - exp(-7 m/150 m) or about 5%.
References for Section 4.1

1. G.H. Gillespie, Y.K. Kim and K.T. Cheng, "Born Cross Sections for Ion-Atom
Collisions, Phys. Rev. A 17, No. 4, 1284-1295 (April, 1978).

2. J.A. Alonso and H. Gould, "Charge Changing Cross Sections for Pb and Xe
Ions at Velocities Up To 4 x 107 cm/s," Phys. Rev. A 26, 1134 (1982).

4.2 Design of the Final Focusing System
4.2.1 Introduction
The final focusing system is the last stage of the ion beam guidance line

and performs the task of directing the ions onto the fusion pellet. The fol-

lowing conditions determine the design of the focusing ion optics:

1. it must concentrate the accelerated ion beam onto the target of 4 mm
radius with minimal loss of intensity which means weak effects of chro-
matic or geometric lens aberrations;

2. the constructional arrangement of the reactor vessel restricts the me-
chanical construction of the ion optical lenses used; and

3. the geometry of the final focusing system prevents the contamination of
wide regions of the beam guidance lines by neutron radiation emitted from
the fusion target.

4.2.2 Choice of the Ion Optical Lens

For the inertial confinement fusion study HIBALL-II the use of 10 GeV Bi

+

jons is assumed. Hence the momentum of these ions leads to a magnetic rigidi-
ty of 208 T-m. At present, magnetic quadrupole lenses seem capable of focus-
ing such stiff ion beams.(l’Z)

The phase space area of the proposed ion beam amounts to xo-xé = yo-yé =
30 mmm mrad, so that the ions impinge upon a spot of 3.5 mm radius with maxi-
mal angles of about 9 mrad (leaving 0.5 mm for image aberrations). Under the
simplified assumption that the ions travel straight trajectories inside the
reactor chamber, the beam diameter at the reactor wall reaches 160 mm. How-
ever, the influence of space charge due to the strong beam current demands
even larger apertures.

The comparatively short focal lengths for the high rigidity of the ion

beam require strong magnetic flux gradients in the quadrupole lenses up to the
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maximal 9 T/m. To reduce electric power consumption, the quadrupole lenses
could be driven by superconducting coils. However, such conductors are sensi-
tive to neutron radiation thus requiring heavy shielding between the coils and
the particle beam. Consequently, the distance between the coils and the opti-
cal axis becomes even larger.

Our goal was to reduce the magnetic flux gradients and thus the necessary
flux density at the beam envelope to below 2 T. In this case, the magnetic
flux can be guided by iron structures and the magnetic flux density at the
conductor coils remains near 2 T, even if the coils are removed from the beam
tube because of the required shielding.

In Fig. 4.2-1, the shape of an "iron-dominated" quadrupole lens is shown,
designed with conventional techniques. The outer diameter of 2.4 m lets the
lens fit in the vertical distance of the beam lines at the reactor wall. The
aperture diameter of 0.4 m is sufficiently larger than the expected beam enve-
lope of £0.18 m maximal. The current coils are mounted to the iron yokes at a
large distance of about 0.4 m from the optic axis to ensure enough space for
radiation shielding. Nevertheless, the magnetic quadrupole field in the beam
region is quite accurate and the influence of higher multipole terms is less
than 1 percent. For this calculation we have chosen iron with material pro-
perties of STABOLEC 520-50 A. The flux density gradient of 9 T/m is achieved
with a driving current of about 200 kA per coil (current density 10 A/mn?) .
The electric power needed amounts to approximately 2 MW for one quadrupole
lens and normal conducting coils.

4.2.3 The Proposed Final Focusing System

The design of the final focusing system is shown in Fig. 4.2-2. The es-
sential optical elements are the magnetic quadrupole lenses arranged in two
triplets. As mentioned above, the beam envelope near the last focusing lens
should be about 18 cm in diameter. On the contrary, the coasting beam has an
envelope of only 2 to 3 cm. To enlarge the beam, a crossover is not recom-
mended because of the strong space charge of the beam. Therefore, first a
long drift distance ensures the widening of the beam. Because of the high
rigidity of the ion beam the task of focusing the beam is assigned to two lens
triplets, with a laminar beam in between. In this region the beam line is
bent for the purpose of separating the neutron radiation line from the up-
stream part of the beam guidance system. As Fig. 4.2-3 shows, the backstream-
ing neutrons from the fusion process cannot pass beyond the bending magnet.
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current coil

ape of the last quadrupole of the final focusing system. The
stance between the current coils and the beam tube is large to
low sufficient shielding against neutron radiation.
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The final focusing system for the HIBALL-II reactor design in
projections on the horizontal (upper part) and vertical (lower
part) planes. The transversal directions are 8 times enlarged
compared to the longitudinal direction. The system uses iron-
dominated lenses with pole tip flux densities below 2 T.
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Note that backstreaming neutrons cannot pass beyond the bending
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Note that another bending magnet is inserted to compensate the dispersion and
to achieve an achromatic spot on the target.
4.2.4 Optical Aberrations of the Focusing Lens System

The optical properties of the final focusing system are determined by the
use of our computer code "6105"¢3) which can perform third order calculations
including the effects of fringing fields and of space charge influences.

The proposed final focusing system is optimized to be essentially free of
geometric aberrations of second and higher order, and hence needs no correc-
tion by multipole elements. However, since the focal length of the quadrupole
lenses depends on the momentum deviation, the focusing system has a second
order chromatic aberration. The intensity distribution at the target is shown
in Fig. 4.2-4 for a monochromatic beam and for a beam with a momentum spread
of +1%. The shape of the spot shows that part of the beam misses the target
if the momentum spread does not vanish. The result of quantitative calcu-
lations on the efficiency is presented in Fig. 4.2-5. It should be mentioned
that the field strength of the last two quadrupole lenses is adjusted accord-
ing to the selected momentum spread to achieve maximal efficiency.

The momentum spread of the beam arises mainly from the beam bunching.

The resulting momentum distribution along the beam bunch is sketched in Fig.
4.2-6a. If one folds it with Fig. 4.2-6b which shows the efficiency of inten-
sity on the target versus the momentum deviation for a monochromatic beam, it
gives an idea on the time dependence of the intensity on the target.

4.2.5 Uncertainty of the Technical Realization

One of the unknowns in the HIBALL-I study is the degree of the space
charge neutralization of the ion beam with the existing rest gas pressure. In

case any such effect occurs, the rate of neutralization may be different for

the head and the tail of the beam bunch or it may fluctuate with time. Calcu-

lations on the sensitivity of the optical system versus variations of the ef-
fective ion current lead to the following results:

- Assuming space charge compensation is uniform along the optical system,
the calcuiated efficiency varies only slightly with the effective beam
current, i.e. a one percent change in current results in about 0.16 per-
cent change in efficiency. Similar consequences follow from variations of
space charge compensation in the reactor chamber only (see Fig. 4.2-7).

- On the other hand, the efficiency is very sensitive to the variation of
effective beam current (see Fig. 4.2-8) in the first region of the focus-
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intensity on the pellet.
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ing system exclusively (the first drift distance up to the first quadru-
pole lens). In detail, one gets a change in efficiency of about 20% due
to a change of 1% in effective beam current, for all other systems para-
meters fixed. With adjusted flux densities for the last two quadrupole
lenses, according to various effective beam currents, the efficiency stays
constant. However, for low effective current the required flux density at
the pole tips reaches 2.2 T.

4.2.6 Uncertainties in the Calculations

The ion optical design program "GIOS" calculates space charge effects as-
suming an equal density distribution within the beam cross section. The so
called KV distribution is assumed as invariable and effects resulting from
varying the form of the density distribution thus cannot be calculated by this
code. Not affected by this restriction are all terms of first and second
order because of negligible external hexapole influence. However, a radial
dependence of the space charge density is expected leading to an octupole mo-
ment. The comparison with ray tracing methods verifies this suspicion. Fig.
4.2-9 shows the ion density distribution along the final fOCUSing system as
calculated by computer code "BEAMTRACE . " (4)

4.2.7 Conclusion

Even for large image distances a small spot is feasible. The optical
system can be realized for the assumed high rigidity ion beam by classical
iron-dominated magnetic quadrupole lenses with a field strength at the pole
tips of less than 1.8 T. The layout of the system presented corresponds with
presently existing technical expertise. A more exact prediction of the effi-
ciency can be given with a better knowledge of the intensity distribution in
the four-dimensional phase space ellipsoid of the coasting beam and its vari-
ation by external and self-fields.

References for Section 4.2

1. J. Brezina and H. Wollnik, GSI Report 83-2 (1982), p. 24.

2. H. Wollnik and J. Brezina, Proc. Symp. on Acc. Aspects of Heavy Ion
Fusion, GSI Report 82-8 (1982), p. 387.

3. H. Wollnik, J. Brezina, M. Berz and W. Wendel, Proc. 7th Int. Conf. on
Atomic Masses, (1984), in print.

4. M. Berz, Diploma Thesis, Giessen University (1983).
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4.3 Shielding of Final Focusing Magnets
4.3.1 Introduction
Fusion reactors are required to accommodate a variety of penetrations.

The purpose and size of these penetrations vary depending on the reactor
t_ype. (1‘3)
vital components in the penetration from excessive radiation damage caused by

However, in all cases proper shielding is required to protect

the streaming radiation. A major penetration in a heavy ion beam fusion re-
actor is the ion beam line penetration and a large number of these penetra-
tions (~ 20) is required to provide uniform illumination of the target.

The HIBALL-II reactor utilizes twenty 10 GeV Bi* ion beams to bring the
target to ignition. Each beam port is rectangular in shape with a height of
0.216 m and a width of 0.166 m at the reactor cavity wall of radius 7 m. The
twenty beam ports occupy 0.12% of the 47 solid angle at the target. A number
of magnets are arranged along the beam line to focus the ion beam to a spot
about 7 mm in diameter at the target. Adequate shielding is required to re-
duce the radiation effects in the magnets below the design limits. In a
previous study(4) it was shown that radiation effects in the magnets can be
reduced significantly by tapering the inner surface of shield along the direct
1ine-of-sight of source neutrons in both the quadrupole and drift sections
leading to a number of neutron dumps along the beam penetration. A similar
shield configuration is used to protect the final focusing magnets of HIBALL-
II.

The final focusing system in HIBALL-II utilizes two deflection sector
magnets resulting in two vertical bends in the beam line penetration. These
bends significantly reduce the amount of radiation streaming to the periodic
transport system as compared to HIBALL-I where a straight beam line was used.

In this section the neutronic analysis for the beam line penetration is
presented. Radiation effects in the magnets are determined and neutron
streaming along the penetration is assessed. Neutron spectra in different
shield zones along the beam line are determined. These are useful in calcu-
lating the dose outside the final focusing system.

4.3.2 Magnet and Shield Configuration
The final focusing system in HIBALL-II focuses the BiT ion beam from the

periodic transport line onto the target. The system consists of six quadru-
pole lenses and two deflection magnetic sectors. Two deflecting sector fields
are required to obtain achromatic focusing. Figure 4.3-1 shows the variation
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of the vertical and horizontal width of the beam along the optic axis as it is
transported from the periodic transport line to the target. The position of
the six quadrupole lenses and two magnetic sectors is also shown. The square
line represents the relative focusing strength (field gradient) of the quadru-
poles. The deflection radii and angles for the two deflecting sectors are
also indicated. A description of the overall geometry is given in Table 4.3-1.
The lengths of the different magnetic elements as well as the field free drift
sections are given. The aperture radii as well as the pole tip field
strengths and field gradients are also included. Only quadrupoles with mag-
netic flux densities below 2 tesla are used such that iron dominated quadru-
pole lenses can be used. Quadrupole Q6 is driven with normal coils while all
other quadrupoles are driven with superconducting coils.

The inner dimensions of the magnet shield along the beam lines were
determined using the beam envelopes shown in Fig. 4.3-1. A minimum clearance
of 1 cm is maintained between the shield and the ion beam. In order to mini-
mize the radiation effects in the magnets the inner surface of the shield is
tapered along the direct line-of-sight of source neutrons generated at the
target such that no direct source neutrons will impinge on the shield in the
magnet sections. The shield is tapered also in the drift sections between
magnets leading to vertical neutron dumps in these sections. Since scattering
is forward peaked for high energy neutrons, the position of the neutron dump
in the drift section is chosen to be closer to the target. This shield con-
figuration was found to increase the shielding effectiveness considerab]y.(4)
Figures 4.3-2, 4.3-3, 4.3-4 and 4.3-5 show vertical and horizontal cross
sections of the final focusing system. These cross sections are given for
four axial zones covering the 100 m Tong system. The shield configuration and
the locations of the neutron dumps are illustrated. Since no direct source
neutrons will stream past the neutron dump between S1 and S2, tapering the
inner surface of shield beyond this point is not required and no neutron dumps
are needed. The coils used to drive the iron dominated magnets are also
shown. The shield in front of the coils was required to have a minimum thick-
ness of 0.3 m.

The final focusing system in HIBALL-II has several attractive features.
Table 4.3-2 gives a comparison between some of the general features that im-
pact the neutronics characteristics of the final focusing systems in HIBALL-I
and HIBALL-II. The phase space volume for the ion beams in HIBALL-II is re-
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Table 4.3-1. Description of the Final Focusing System

Field Aperture Field
Element Length (m) Strength (T) Radius (m) Gradient (T/m)
Q1 22 0 0 0
4 0.65 0.20 2.6
3 0 0 0
Q2 4 -1.55 0.25 -6.2
3 0 0 0
Q3 4 1.15 0.25 3.833
3 0 0 0
S1 6.469 1.757 0.20 [R=120m, 6=3.840°]
16 0 0 0
S2 6.283 1.757 0.25 [R=120m, 6=3°]
2 0 0 0
Q4 4 1.45 0.32 4,531
2 0 0 0
Q5 7.173 -1.7 0.32 -5.313
2 0 0 0
Q6 3.508 1.8 0.20 9.0
8.5 0 0 0
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Fig. 4.3-1. Vertical and horizontal envelopes of the ion beam.
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71

Table 4.3-2. General Features of the Final Focusing
Systems in HIBALL-I and HIBALL-II

HIBALL-I HIBALL-II

Number of quadrupole lenses 8 6
Number of deflection sectors 0 2
Total system length (m) 60 100
Beam port size at vacuum wall (cm x cm) 102.8 x 34.3 21.6 x 16.6
Vertical angle between beams (degrees) 32 16
Largest beam elevation above

reactor midplane (m) 16.6 13.0
Number of neutron dumps in the system 8 4

per line

duced as compared to HIBALL-I. This results in reduced quadrupole apertures.
Consequently, the beam port area at the vacuum wall of radius 7 m is reduced
by a factor of ~ 10. This leads to significant reduction in radiation stream-
ing into the final focusing system. Furthermore, the reduced aperture allows
for use of smaller magnets. A normal coil driven final focusing magnet (Q6)
with 1.6 m outside diameter yoke is used.*) This allows for reduction of the
vertical angle between beams to 16°. The beam bending by two sets of sector
magnets also allows for dumping all direct streaming source neutrons (En ~ 12
MeV) in the system with the periodic transport system being complietely con-
cealed from the direct line-of-sight of source neutrons. Four neutron dumps
are used along the beam line with most of the source neutrons being dumped in
the large final dump 46.5 m from the target. Only slowed down neutrons with a
much softer spectrum will stream past this final dump. This results in signi-
ficant reduction in the amount of radiation streaming into the periodic trans-
port as compared to HIBALL-I which utilizes straight beam lines.

*)The final magnet considered here is not g?e one described in Section 4.2.2
but a similar design described elsewhere.(
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4.3.3 Calculational Model
HIBALL-IT utilizes a 2 m thick blanket consisting of SiC tubes through
which the Li;;Pbgy 1iquid metal eutectic flows. The tubes occupy 33% of the

blanket region. A cylindrical vacuum wall 7 m in radius is used. The first
wall is made of HT-9 and is 1 cm thick. A 0.4 m thick reflector composed of
90 v/o HT-9 structure and 10 v/o Li,4Pbgy coolant is used and followed by a
2.9 m thick reinforced concrete biological shield. The results presented here
are based on a DT yield of 400 MJ and a repetition rate of 5 Hz yielding 7.1 x
1029 fusion neutrons per second. Neutron multiplication, spectrum softening
and gamma production in the target have been taken into account by performing
one-dimensional neutronics and photonics ca]cu]ations(s) in the spherical
target using the discrete ordinates code ANISN.(7)

The twenty beam ports are arranged in two rows which are symmetric about
the reactor midplane (Z = 0). The beam ports are 2 m apart vertically at the
vacuum wall. Because of symmetry only half a penetration is modeled in the
present analysis with reflecting albedo boundaries at the planes of symmetry.
Hence, only 1/40 of the reactor is modeled. This corresponds to a "pie slice"
of the upper half of the reactor with an azimuthal angle of 18°. The angle
between the centerline of the beam line penetration and the reactor midplane
is 8°. The axes are rotated by 8° around the y axis for the penetration
centerline to coincide with the x axis of the calculational model. The magnet
shield is considered to consist of 63 v/o type 316 stainless steel, 15 v/o
lead, 17 v/o B4C and 5 v/o H,0.

The neutronics and photonics calculations were performed using the three-
dimensional Monte Carlo code MORSE.(S) A coupled 25 neutron-21 gamma group
cross section library was used. The spectra of neutrons and gammas emitted
from the target are used to represent the source which is considered to be a
point isotropic source at the origin. To get statistically adequate estimates
for the flux along the beam line penetration with a reasonable number of his-
tories, an angular source biasing technique was used. The biasing technique
is similar to that used previously for the analysis of the beam line penetra-
tion in HIBALL-I.(9)

This neutronic analysis has several goals. The first goal is to assess
the shielding requirements for the superconducting and normal coils. The
radiation effects are to be calculated in these coils and compared to the de-
sign limits. Because of the l/R2 geometrical attenuation, the largest radi-
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ation effects occur in the magnets closer to the source. For this reason and
to reduce the computing time, only the final two quadrupoles Q5 and Q6 are
modeled. Vertical and horizontal cross sections of the geometry used in the
computational model are given in Figs. 4.3-6 and 4.3-7. Zone 1 represents the
biological shield and zones 2 and 3 represent the reflector and blanket, re-
spectively. The inner vacuum region (zone 14) is extended to the region out-
side the biological shield and focusing magnets. This allows the neutrons
leaking out of the biological shield to have additional collisions in the
focusing magnets instead of being discarded as they would be if an outer
vacuum region is used. The peak radiation effects are expected to occur in
zones 5 and 7 for Q6 and Q5, respectively. Forty thousand histories were used
in the Monte Carlo calculation leading to statistical uncertainties of less
than 40% in the coil regions.

Another goal of this analysis is to quantify radiation streaming along
the beam line penetration and determine the neutron flux in the neutron dumps
and different shield sections for activity and dose calculations. For this
purpose, the geometrical model was extended to model the beam line up to the
final neutron dump 46.5 m away from the target. Since no direct source
neutrons will stream past this dump, only negligible activation will occur in
the remainder of the beam line. To quantify the streaming past this dump, a
trapping surface was used at the duct opening at this final dump. Twenty
thousand histories were used in this calculation.

4.3.4 Radiation Effects in the Coils
The Timits on the radiation effects in superconducting and normal coils

are design dependent. The most conservative 1imits were picked. The design
criteria are also different for superconducting and normal coils.

For superconducting coils, the dpa limit in the copper stabilizer is
determined by the field at the coil and the total resistivity limit allowed by
the magnet designer. The dpa Timit decreases as the resistivity limit de-
creases because of the decreased allowable radiation induced resistivity. The
magnetic field at the coils is less than 1 tesla. For oxygen free high con-
ductivity (OFHC) copper with a residual resistivity ratio of 107, the atomic
displacements should not exceed 2 x 10'4 dpa for the resistivity not to ex-
ceed 5 x 10-8 ficm in a 1 tesla fie]d.(lo) However, 80% of the radiation
induced defects can be removed by room temperature annealing. Several magnet
anneals can be performed during the reactor life. A minimum period of 5 full
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power years (FPY) is required before the first magnet anneal which results in
a period of 1 FPY between the final two anneals for an estimated reactor life
of 21 FPY. Therefore, the 1imit on the dpa rate is 4. x 107° dpa/FPY.

The dose limit for the electrical insulator depends on the insulator
type. For epoxies the dose should not exceed 4 x 108 rad after 21 FPY of re-
actor 1ife while the limit for polyimides is 5 x 107 rad for the same
period.(ll) This implies that the dose rates should not exceed 1.9 x 107 and
2.4 x 108 rad/FPY for epoxies and polyimides, respectively. Irradiation of
the superconducting material (NbTi) results in degradation of the critical
current density. In this work, we require that the peak neutron fluence (E >
0.1 MeV) not exceed 3 x 1022 n/m2 which corresponds to a 10% decrease in the
critical current density.(lZ)
sidered to be 0.1 mW/cm3.

For normal coils a fluence limit of 1.1 x 102° n/m2 (E > 0.1 MeV), which

corresponds to 3% swelling of polycrystalline solid Mg0 insulators, is con-
(13)

The 1imit on the peak magnet heat load is con-

sidered. The fluence 1imit will be about an order of magnitude higher if
compacted Mg0 powder is used. Ceramic resistivity degradation due to instan-
taneous dose rates were determined to be significant only for very high dose
rates (> 104
insulator (> 10* V/cm). In this work, the 1imit on the instantaneous dose
rate in the Mg0 insulator is taken to be 104 rad/s.

Although the final focusing magnets Q6 and Q5 are to be driven by normal

and superconducting coils, respectively, the radiation effects in zones 4, 5,

rad/s) in conjunction with the high voltage gradients across the
(14)

9 and 10 were calculated for both normal and superconducting coils to investi-
gate the possibility of replacing one coil type by the other. Table 4.3-3
gives the radiation effects in the coils of Q5 and Q6 if they are designed to
be superconducting. It is clear that the peak heat load and the peak neutron
fluence are well below the design limits for both magnets. After an estimated
reactor life of 21 FPY peak dpa values of 3.78 x 1074 and 6.5 x 1075 are ob-
tained in the coils of Q6 and Q5, respectively. This implies that no magnet
annealing is required for Q5, while if Q6 is driven by superconducting coils
it will require two anneals. The total dose in the insulator after 21 FPY is
6.3 X 108 rad in Q6 and 1.3 x 108 rad in Q5. This suggests that epoxies can
be used as electrical insulators in the coils of Q5 while if Q6 is driven by
superconducting coils the more radiation resistant polyimides have to be used.
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Table 4.3-3. Radiation Effects in Superconducting Coils

DPA Rate Dose Rate Power Density Neutron Fluence

Quadrupole  Zone in Cu in Insulator in Coil (E > 0.1 MeV)

Lens Number (dpa/FPY) (rad/FPY) (mH/cm®) (n/m2/FPY)

4 9.8 x 1077 2.4 x 10 0.0023 1.6 x 1019
Q6

5 1.8 x 10™° 3.0 x 10/ 0.0076 3.2 x 1020

9 3.1 x10°% 6.3 x10° 0.0018 5.0 x 1019
Q5

10 3.2 x1077 5.6 x 10° 0.0002 6.2 x 1018

The radiation effects in the coils of Q5 and Q6 are given in Table 4.3-4
if they are designed to be normal. It is clear that these values are much
lower than the specified design limits. This suggests that a reduced shield
thickness can be used with normal coils. The fluence in zone 7 after 21 FPY
is 7.9 x 102% n/m® (E > 0.1 MeV) which is still well below the design Timit of
1.1 x 1026 n/mz. The instantaneous dose rate in Mg0 if it were used in this
zone is 250 rad/s (i.e., if the coil was not shielded) which is also well be-
low the design limit of 104 rad/s. This implies that if normal conductors are
used to drive the quadrupole lenses, no shielding is required provided that
the inner surfaces of the coils are tapered along the direct line-of-sight of
source neutrons. This results in further reduction of magnet size.

4.3.5 Radiation Streaming Along the Beam Line

To quantify radiation streaming along the beam line penetration, a compu-
tational model for the penetration up to the final neutron dump was used.
Particles crossing the trapping surface at the 65 cm x 42 cm duct opening 46.5
m from the target were counted according to energy bins to determine the
amount and spectrum of streaming radiation. The neutron and gamma streaming
currents are 6.68 x 10'1 n/cm?s and 1.13 x 101!
interesting to note that the neutron and gamma streaming currents at the peri-

Y/cmzs, respectively. It is

odic transport (end of final focusing system) in HIBALL-I were 4.4 x 1012
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Table 4.3-4. Radiation Effects in Normal Coils

Neutron Fluence

Quadrupole Zone (E > 0.1 MeV) after Instantaneous Dose
Lens Number 21 FPY (n/m%) Rate in Mg0 (rad/s)
4 3.36 x 1020 0.50
Q6
5 6.72 x 1021 1.00
9 1.05 x 102! 0.16
Q5
10 1.30 x 1020 0.02

n/cmzs and 1.7 x 10ll Y/cmzs, respectively. A smaller streaming current is
obtained in HIBALL-II as a result of the beam line penetration bending at S2.
The reduction in gamma streaming is less pronounced than that in neutron
streaming because most of the gamma photons are produced along the beam line
duct. Figure 4.3-8 shows the spectra of neutrons and gammas streaming past
the final dump in HIBALL-II. The average energies of streaming neutrons and
gammas are 0.77 and 1.52 MeV, respectively. The corresponding values for
neutrons and gammas streaming into the periodic transport in HIBALL-I were
11.7 and 1.5 MeV, respectively. Since only slowed down neutrons will stream
past the final dump in HIBALL-II, the neutron spectrum is much softer than
that in HIBALL-I.

Further reduction in both streaming current and average energy will re-
sult as the neutrons travel further up the beam line penetration to the peri-
odic transport 100 m from the target. The neutron streaming current through
the duct opening at the vacuum wall of radius 7 m is 8.26 x 1014 n/cmzs with
an average energy of 12 MeV. This implies that the neutron streaming current
is reduced by about three orders of magnitude and the average energy is re-
duced by about an order of magnitude as the neutrons travel a distance of ~ 40
m in the duct with its 3° bend. The gamma streaming current is reduced by
about an order of magnitude in this part of the duct. Since the neutrons
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Table 4.3-5. Volumetric Averaged Neutron and Gamma Fluxes in
Different Shield Zones Along the Beam Duct

Distance from Target (m) Neutron Flux (n/cmfs) Gamma Flux (y/cm?s)
8.5-12 8.34 x 1010 (0.12)* 1.81 x 1010 (0.13)
12-14 5.26 x 1011 (0.13) 1.34 x 1011 (0.18)
14-21.2 1.11 x 1010 (0.16) 1.32 x 109 (0.27)
21.2-23.2 2.16 x 1011 (0.22) 5.06 x 1010 (0.26)
23.2-27.2 1.67 x 1010 (0.54) 5.66 x 109 (0.56)
27.2-29.2 6.23 x 1011 (0.16) 1.81 x 1011 (0.18)
29.2-35.5 1.44 x 1010 (0.40) 1.59 x 109 (0.58)
35.5-46.5 3.32 x 1010 (0.10) 5.15 x 109 (0.09)
46.5-47 1.77 x 10%2 (0.10) 5.32 x 1011 (0.11)
* Fractional standard deviation
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Fig. 4.3-8. Spectrum of radiation streaming past the final dump.
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streaming past the final neutron dump will travel ~ 54 m in a duct with a
3.084° bend before reaching the periodic transport system, it is expected that
the neutron streaming current will be reduced by at least another three orders
of magnitude with further spectrum softening. Even more reduction is expected
because scattering becomes more isotropic as the neutron energy goes down.
Therefore, the final focusing system designed for HIBALL-II results in much
less radiation streaming into the periodic transport as compared with that in
HIBALL-I.

The neutron spectra were calculated in different sections of the shield
along the beam line duct for activation and dose calculations. The total
(energy integrated) neutron and gamma fluxes averaged over zones with a 0.5 m
thickness are given in Table 4.3-5. The last zone represents the final
neutron dump. It is clear that the largest neutron activation will occur in
this dump. If necessary extra shielding can be used behind this dump to re-
duce the dose after shutdown to permissible levels. While in general these
neutron fluxes will not cause large mechanical damage, they are sufficiently
large to induce considerable radioactivity in the beam line (see Chapter 9).
4,3.6 Beam Line Activity and Dose Levels

The shielding effects of the various components in the beam line imply
that these components will become activated. The fluxes generated from the
shielding calculations were combined with the DKR code to estimate the induced
activity in the beam lines and the resultant dose rate outside the shield.

The analysis had to be restricted to one dimension, consequently all magnet
shields were taken to be 0.3 m thick and all shielding in drift regions was
taken as 0.5 m thick. The shields were 316 SS. Ca]cu]ations(IS)
formed only for that part of the beam line out to the beam dump in the first
deflection magnet. These calculations showed that the resulting activity is
relatively modest, i.e. only 66 curies at shutdown following two years of

were per-

operation. The largest contribution to this activity is 50Mn with a 2.58 hr
half life.

While these activities are low relative to those in the chamber, they are
large enough to cause concern about radiation levels on the outer surfaces.
In the calculations presented above the fluxes and thus the activities are
only given on a volume average basis. The source distribution for shielding
purposes is based on a redistribution of the activity according to an expo-
nential with a 0.05 m relaxation length. An additional 1/r term was used for
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calculations in the radial direction. Two cases were investigated, namely the
outside drift region between the last two magnets (Q5 and Q6) and behind the
beam stop in the last deflection magnet.

Outside the drift region between the last two magnets, the dose following
shutdown after two years of operation was 1.1 mrem/hr. After one day of decay
it had fallen to 0.02 mrem/hr due to the decay of 56Mn. The activities behind
the beam stop at the same times were 2.6 mrem/hr and 0.03 mrem/hr.

These quite conservative calculations indicate that the shielding pre-
sented for the beam line is adequate. In fact, it may be reduced in certain
portions of the line such as the drift spaces between the magnets.

4.3.7 Summary

A shield configuration was developed for the final focusing system of
HIBALL-II. The inner surface of the shield is tapered along the direct line-
of-sight of source neutrons with a number of neutron dumps used in the drift
sections between the magnetic elements. Using a minimum shield thickness of
0.3 m it was found that the superconducting coils will be well protected. The
radiation effects in the normal coil which drives the final focusing magnet
are several orders of magnitude lower than the design limits. No shielding is
required in front of the normal coils. A superconducting coil can be used to
drive the final quadrupole lens. However, polyimides should be used for
electrical insulation and magnet annealing will be required twice during the
reactor life. As a result of using two deflection sectors in the system, the
periodic transport system is completely concealed from the direct line-of-
sight source neutrons. Consequently, neutron streaming into the periodic
transport is more than four orders of magnitude less than that in HIBALL-I
where a straight beam line was used. Furthermore, the spectrum of streaming
neutrons is much softer.
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5. REACTOR CHAMBER DESIGN
5.1 General Requirements and Description

5.1.1 Requirements

The design requirements of the HIBALL chamber are determined by a number
of seemingly conflicting considerations. The basic requirements are: (1) the
chamber be capable of dissipating the energy from the target in a coolant
operating at temperatures consistent with material requirements and the need
to produce steam at suitable conditions, (2) the cavity atmosphere be suitable
for propagating and focusing a heavy ion beam on the target, (3) the system be
maintainable in a reasonable fashion, (4) the system be able to breed tritium
at a ratio greater than or equal to unity, (5) the tritium be recoverable
without excessive accumulation in the breeding material, and (6) the dose rate
outside the shielding be at an acceptable level.

The two requirements which have the greatest impact are the need to
dissipate the target energy and propagate the beam through the chamber to the
target. The fusion yield of the HIBALL target is 400 MJ and the repetition
rate is 5 Hz, yielding a fusion power of 2000 MW per chamber. Three-
dimensional neutronics studies reported in Section 5.3.4 indicate that because
of endothermic reactions in the target the actual energy available is only 396
MJ/shot, of which 285 MJ is from 12 MeV (average energy) neutrons, 90 MJ is
from x-rays and 21 MJ from target debris, i.e. He, unburned D and T, Pb, and
Li. A very small amount appears as high energy gamma radiation. This means
that although the greatest part of the energy is carried by neutrons and
therefore is volumetrically deposited in the blanket materials, a significant
amount, namely 109 MJ, is in a form that would be deposited on or very near
the surface of any first wall material.

5.1.2 The INPORT Concept
A persistent technical problem in inertial confinement fusion (ICF) has

been the protection of the first load bearing walls from target debris, x-rays

and neutrons. Various schemes have been proposed in the past: swirling liquid

(2,3,4,5) (6)

metal poo]s(l), wetted walls , gaseous pro-

7), dry wall ablative shie]ds(
(12-15)

, magnetic protection

tection( 8-11)

metals
the free falling liquid metal column protection scheme, used in HYLIFE,

, and free falling sheets of 1liquid

None of these schemes have been completely satisfactory, but
(15)

seems to be the best developed thus far.
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One disadvantage of the HYLIFE scheme is the disassembly of the liquid
metal columns following each shot and the need to reestablish them before the
subsequent shot. The low repetition rate results in a small AT, a high recir-
culation rate, and a large pumping power. This is especially true for PbLi
alloys. Ideally, this scheme can be vastly improved if it were possible to
slow the flow of liquid metal such that it can absorb the energy of several
shots before exiting the reactor.

Such a scheme was developed in late 1979 for the HIBALL project.(lﬁ) The
basis of this new design is the use of braided SiC tubes which are flexible,
sufficiently strong, compatible with the LiPb alloy used in HIBALL, and porous
enough to allow a liquid layer to cover the outside surface while the bulk of
the fluid fiows down the center of the tube (Fig. 5.1-1). This idea is called
the INPORT concept, standing for the Inhibited Flow - Porous Tube Concept.

The film thickness of roughly 1 mm is sufficient to absorb the energy from x-
rays and target debris while several banks of tubes provide adequate LiPb
alloy to moderate the neutron flux and reduce the total damage and damage rate
in the first structural wall (Fig. 5.1-2). Figure 5.1-3 shows the radial
blanket in the HIBALL chamber and the overall chamber design is shown in Fig.
5.1-4,

It is clear that the INPORT concept enhances ICF reactors by remedying
two of the major drawbacks of the HYLIFE concept: the recirculation rate and
disassembly after each shot. The rest of this section will discuss other
aspects of the INPORT concept in more detail.

5.1.3 Mechanical Description of Chamber

The chamber is an upright cylinder with internal dimensions of 11.5 m
height on axis and 10 m in diameter, Fig. 5.1-4. From the center and outward
in all directions, the chamber is characterized by three distinct zones; the
blanket, reflector and shield. Along the vertical sides of the cavity, the
blanket consists of a 2 m thick zone of SiC tubes through which Lij;Pbgs is
circulated, Fig. 5.1-3. It is followed by a reflector zone made of mainly
HT-9 which is 40 cm thick and finally by the shield, which is primarily con-
crete and is 2.9 m thick. The top of the chamber has wedge shaped blanket
modules, 50 cm thick, which are also filled with Lij;Pbgy. They too are
followed by 40 cm of HT-9 reflector and a 2.9 m concrete shield. The bottom
of the cavity has a pool of Lij;Pbgy one meter thick, followed by a 40 cm
thick reflector which has holes in it to allow the coolant to drain out. A
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catch basin then directs the flow to an outlet tube through which it is pumped
to the steam generator.

The top of the chamber has a unique design. Although the blanket modules
are designed to stay stationary, the reflector and shield are capable of being
rotated about the central axis. This is needed to provide access to the
blanket modules for replacement. The upper blanket modules are locked to the
reflector by means of studs which fit in milled slots. During reactor oper-
ation when the modules are filled with Lij;Pbg3, the stud latches are actuated
and the modules are locked to the reflector. However, during servicing, when
the modules are drained of all the breeding material, the stud Tatches are
deactivated. At this time the blanket modules are only supported on the outer
periphery and in the center, where they are attached to a central hub. This
makes it possible to rotate the reflector and shield while the blanket modules
remain stationary.

The cavity is sealed to the outside by a liner which is welded to the
reflector at the upper end of the cavity. A circumferential weld (or seal)
between the liner on the stationary part of the top shield and the rotatable
part maintains the cavity atmosphere during operation.

At the junction between the top blanket modules and the SiC tubes, there
are 20 apertures, 65 cm high and 1.2 m wide. These are the vacuum system
ports. The vacuum ducts are concealed from direct Tine of sight of neutrons
and lead to pumping stations located in the upper corner of the reactor
chamber. These pumps are used to evacuate the cavity prior to operation and
to pump the noncondensable gases, such as the hydrogen species and the helium
during operation. The pumping system is discussed further in Section 5.5.

There are 20 beam ports in each chamber. Each pair of beams comes in at
+8° to the horizontal, spaced at 36° circumferentially. The blanket is
divided in such a way that every third module has two beam ports built in. At
the first surface (5 m radius) the beam ports are 12 cm wide and 15.4 cm high.
Distribution manifolds surround the beam tubes such that the SiC tubes are
attached to them on the top and bottom. Each beam transport line is attached
to the chamber at the point of entry and constitutes the vacuum interface be-
tween the cavity and the beam handling system.

5.1.4 Chamber Parameters

Table 5.1-1 presents reference parameters which have been used as a basis
for the calculations in the following sections of this chapter. These values
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Table 5.1-1
Cavity and INPORT Region
Neutron energy/shot (MJ) 285
X-ray energy/shot (MJ) 90
Debris energy/shot (MJ) 21
Gamma energy/shot (MJ) <1
Cavity shape cylindrical
Cavity diameter to vacuum wall (m) 14
Cavity height at center (m) 11.5
Coolant and breeding material v Liy7Pbgs (natural)
INPORT tube structural material SiC
INPORT region support structure HT-9
First surface radius (m) 5
INPORT tube region packing fraction 0.33
INPORT tube length (m) 10
INPORT tube diameter (cm)
First two rows 3
Remainder 10
Number of first row tubes 1230
Number of remaining tubes 3060
Number of beam penetrations 20
Total area of beam penetrations at the
first surface (m?) 3.6
Pb atom density (x 10710 atom/cm3)
just before shot 4
Noncondensable atom density at 500°C
(x 10719 atoms/cmd) 0.13
Chamber top thickness (m) 0.5
Coolant volume fraction 0.97
Bottom region thickness (m) 1
Coolant volume fraction 1

Vacuum Wall (first material wall)
Structural material HT-9
Inside diameter (m) 14
Thickness (m) 0.01
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Table 5.1-1 (continued)

Reflector

Structural material HT-9
Coolant Li14Pbgs
Coolant volume fraction 0.9
Inside diameter (m) 14.02
Thickness (m) 0.4

Shield
Structural Material

Concrete (unreinforced)

Coolant H,0
Coolant volume fraction 0.05
Inside diameter (m) 14.82
Thickness (m) 3.5
Li;7Pbgq Coolant
Inlet temperature (°C) 330
Outlet temperature (°C) 500
Pressure (MPa) 0.2

were chosen on the basis of: (1) defining the nature and role of the system,

(2) consistency with known materials characteristics of various parts of the

system, or (3) as a result of previous calculations.
parameter set is given in Appendix A.
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5.2 Mechanical Response of INPORT Units
5.2.1 Introduction
Target generated x-rays partially vaporize the PbLi film of the first two

rows of the cavity tube bank. This generates an impulsive reaction, producing
a dynamic radial loading on the INPORTs. In this section numerical results
are presented for the mechanical response of INPORTs to such sequential impul-
sive pressure distributions.

The initial cavity design used INPORTs constructed of pliable braided
silicon carbide fiber. (The yarns are typically composed of 500 fibers, each
approximately 10 um in diameter.) Support was provided at the top with the
lower end free to move. For this case, the theoretical results of the me-
chanical analysis showed that the cyclic displacements would be excessive,
producing contact and interference between the tubes.

In the second design considered, INPORTs had flexural rigidity, the re-
sult of the soft braid being stiffened by chemical vapor deposition of addi-
tional silicon carbide. From the response calculations, the bending stresses
were found to substantially exceed the strength of the silicon carbide. The
large unsupported span of the INPORT in a beam mode is the primary reason for
this result. Providing intermediate support to reduce the effective span did
not appear to be a practical solution. Details of the analysis and mechanical
response for these two cases are presented in the original HIBALL report.

The general design which was adopted consists of INPORTs with braided
pliable walls, supported at both top and bottom. The ends incorporate mecha-
nisms to provide for pretension loads. One possible design of this type is
shown conceptually in Fig. 5.2-1.

5.2.2 Quantitative Characterization of the Impulse

One can conservatively estimate the bulk kinetic energy of the vaporized
fluid to be equal to the thermal energy of the gas.

M
3 as 2l 2 -
(?)(—g——mion) kgTgas = (5) Myas) (5.2-1)

Here the left side represents the thermal energy of the gas which is equal to
the deposited x-ray energy less the energies of ionization and vaporization.

The bulk velocity of the gas is denoted by V while mion represents the average
mass of ions in the gas. For the case of 87.6 MJ of x-ray energy and 13.3 kg

of vaporized PbLi, T = 1.26 eV. The reactive impulse equals M

gas gasv'
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3kBT asyl/2 9
AL = M (-ﬁ-—ﬂ——J = 1.89 x 10° dyne-s . (5.2-2)
ion

This can also be expressed as an impulsive pressure per unit surface area.
8 = 600 dyne-s/cm’ (5.2-3)

The result is conservative since it is assumed that all vaporized atoms are
initially moving towards the center of the cavity with their thermal velocity.
This will clearly overestimate the reactive impulse.
5.2.3 INPORT Displacement Histories

The displacement analysis is based upon modal superposition. For this

purpose it is necessary to determine the natural vibration frequencies for
each mode. From numerical values shown in Fig. 5.2-2 it can be seen that
tension increases have a modest influence on frequencies for lower modes but a
stronger effect on higher modes. For a uniformly distributed impulse, the
largest contribution to the total motion is from the lowest mode which has a
natural frequency less than 1 Hz for the tension range considered. With the
cavity operating at a repetition rate of 5 Hz, mechanical resonance is not a
problem for this frequency spectrum,

A typical startup and shutdown result is shown in Fig. 5.2-3. Radial
motion progresses with a small overshoot followed by a steady state displace-
ment. After 3 seconds (15 impulses), the load sequence stops and the INPORT
response consists of damped free vibration about the original straight po-
sition. Parametric comparisons are made from the next four figures. In Fig.
5.2-4 it can be seen that modest increases in tension substantially reduce
displacements but larger increases are not relatively as effective. A de-
crease in length (e.g., by intermediate supports) would substantially reduce
the midpoint displacement as shown in Fig. 5.2-5. 1In contrast, the results of
Fig. 5.2-6 indicate that variations in the damping level do not produce
dramatic changes in the response, particularly for the steady state amplitude.
This is also shown in Fig. 5.2-7 which includes the academic case of 99%
critical damping.

From these results, it appears that the INPORT concept can lead to a
viable design for a range of physical parameters. The best estimates for a
practical design correspond to the data for Fig. 5.2-3, resulting in steady
state motion which is just slightly more than 1% of the INPORT's length.



Fig.

5.2-1
SUPPORT MECHANISMS FOR INPORTS

1A 4

INPORT
UNIT

CONICAL
SPRING ~——o

SYSTEM

MIDPOINT DISPLACEMENT (cm)

- —

WA

\\hUPPER
SUPPORT

/

/ CONICAL.
FLANGE

RETAINER
——

93

vs.

Fig. 5.2-2
INPORT VIBRATION FREQUENCY
TENSION
7 T T T T

TUBE: 3cm x10m

PLATE

LOWER
SUPPORT
PLATE

w, (Hz)

RING

J 1 |

I

600 900 1200
TENSION (N)

o

Fig.

5.2-3

INPORT MECHANICAL RESPONSE - STARTUP AND SHUTDOWN

~———= STARTUP —‘—‘]-_- SHUTDOWN ———#

IMPULSE: 60N-38c/m?2
TUBE: 3cmxiOm

[[o] o
REP RATE. 5 Hz
TENSION. 600N
DAMPING. 20 %
S
ol 1 [T ST T T S U N O O S [ BN AT A0 B AV
1.0 2.0 3.0 4.0 5.0 N
TIME (sec)
-

1800

1500



(cm)

MIDPOINT DISPLACEMENT

{cm)

MIDPOINT DISPLACEMENT

Fig. 5.2-4
INPORT MECHANICAL RESPONSE
AT STARTUP
35 Y T T T ] 1 T T T I R T T T
IMPULSE: 60 N-~sec/m?2
ok TUBE: 3c¢cm x I0m
REP RATE: SHz
DAMPING: 20%
25—
20l TENSION (N)
300
600
900
15— 1200
1500
10
5._
044 1 1 l 1 1 1 i l 1 1 1 1
0 1.0 2.0 30
TIME (sec)
Fig. 3.2-6
INPORT MECHANICAL RESPONSE
AT STARTUP
25 Al T A T ] T T T 1 I T T 1 Ll
IMPULSE: 60 N-sec /m?2
i TUBE: 3cm x IOm
REP RATE: S Hz
20— TENSION: 600N
15—
o DAMPING (%)
0
- 10
20
30
S
o] AT NS N S U T VU NN SN NN T N S
(o] 1.0 20 30

TIME (sec)

94

MIDPOINT DISPLACEMENT (cm)

MIDPOINT DISPLACEMENT (em)

Fig. 5.2-5

INPORT MECHANICAL RESPONSE

AT STARTUP

T T LS T I T T T T ‘ T T T A
IMPULSE: 60 N-sec/m?
IS TUBE: 3cm x5m
REP RATE: 5Hz
DAMPING: 20%
TENSION (N)
300
900
1200
1500
5._
(o)A N IS NN HE N T NS S WA G S S W
0 1.0 20 30
TIME (sec)
Fig. 5.2-7
INPORT MECHANICAL RESPONSE
AT STARTUP
25 T T T L) ] T L] 1 T ] L ¥ T T
i IMPULSE: 60 N -sec/m?2
TUBE: 3cm x 1IOm
20— REP RATE: SHz
TENSION: 600N
15—
101
i DAMP ING (%)
25
SH 50
99
(o] AU TS SR VA NN UHEE S AN S N S S 1
0 1.0 2.0 3.0
TIME (sec)



95

5.3 Neutronics and Photonics
5.3.1 Introduction
The neutronics and photonics analysis for HIBALL is presented in this

section. The biological shield is also designed. The actual cylindrical
cavity is modeled in a detailed three-dimensional neutronics and photonics
analysis with all cavity geometrical details included. A time-dependent
neutronics analysis is also presented to properly account for the pulsed
nature of the neutron source.
5.3.2 One-Dimensional Time Integrated Studies
5.3.2.1 Introduction

In this section, a consistent coupled target-blanket neutronics and

photonics study of HIBALL is given. The neutron and gamma source for blanket
calculations was obtained from the target neutronics and photonics results.

The HIBALL blanket is required to breed tritium and convert the kinetic
energy of the fusion reaction into heat. Furthermore, the INPORT tubes are
required to protect the vacuum wall and HT-9 structure in the reflector from
radiation damage. One-dimensional steady state calculations are performed to
determine the optimum blanket thickness which yields the largest possible
energy multiplication with adequate tritium breeding ratio and first wall pro-
tection. The thickness of biological shield required to reduce the biological
dose to permissible levels is also determined.
5.3.2.2 Blanket and Shield Model

HIBALL incorporates four cylindrical cavities; each is 7 m in radius and
10 m high. The INPORT tubes occupy 33% of the 2 m thick blanket region yield-
ing an effective blanket thickness of 66 cm. The LiPb coolant occupies 98% of

the tube volume with the SiC occupying the remaining 2%. The first wall is
made of ferritic steel (HT-9). The first wall has a thickness of 1 cm.
A 0.4 m thick reflector composed of 90 v/o HT-9 and 10 v/o LijyPbgs coolant
(7.42% Li-6) is used. The reactor utilizes a 2.9 m thick concrete shield. A
schematic of the blanket, first wall, reflector, and shield configuration is
given in Fig. 5.1-3.
5.3.2.3 Calculational Method and Nuclear Data

The one-dimensional discrete ordinates code ANISN(1) was used with a P3-

S4 approximation. Spherical geometry was used in the calculations and the
results represent the conditions at the central plane of the reactor. This
yields conservatively high damage rates and low tritium breeding ratios. The
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neutron and gamma spectra obtained from the target calculations are used to
represent the source for the blanket calculations. An isotropic point source
is used at the center of the cavity. The calculations account for neutron
spectrum softening, neutron multiplication, and gamma production in the
target. A coupled 25 neutron-21 gamma group cross section library based on
ENDF/B-IV was used. The 1ibrary consists of the RSIC DLC-41B/VITAMIN-C data
11brary(2) and the DLC-60/MACKLIB-IV response data 1ibrary.(3) The results
are based on a DT yield of 400 MJ and a repetition rate of 5 Hz.

5.3.2.4 Tritium Breeding and Nuclear Heating

Table 5.3-1 gives the tritium breeding in the different zones. The con-
tributions from 7Li(n,n'a)t and 6Li(n,a)t are also shown. Table 5.3-2 gives
the neutron, gamma, and total energy deposition in the different zones.

Notice that more than 50% of energy deposited comes from gamma-ray heating
because of neutron reactions in the HT-9 structure. The energy multiplication
defined as the total energy deposited in the system, including the energy
deposited by X-rays and target debris at the first surface of the blanket,
divided by the fusion reaction yield of 17.6 MeV is also included.

5.3.2.5 Radiation Damage to Structural Materials

Using INPORT tubes with an effective thickness of 66 cm results in a peak
dpa rate of 2.7 dpa/FPY in the HT-9 first wall. The helium and hydrogen pro-
duction rates are 0.36 and 1.4 appm/FPY, respectively. It is clear from the
results that the INPORT tubes reduce displacement damage and gas production in
the HT-9 first wall considerably, allowing it to last for the whole reactor
Tifetime.
5.3.2.6 Biological Shield Design

The reactor cavity shield is designed such that the biological dose rates

outside the shield do not exceed approximately 5 mrem/hr during reactor
operation. This design criterion has been set in order to allow hands-on
maintenance of auxiliary components outside the reactor during operation. The
shield consists of 87 v/o ordinary concrete (Type 3 concrete from reference
4), 8 v/o carbon steel (C1020) reinforcement, and 5 v/o water coolant. The
concrete used has a density of 2.3 g/cm3. The carbon steel used has a density
of 7.93 g/cm3 and consists of 99.4 w/o iron, 0.2 w/o carbon, and 0.4 w/o

manganese.
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Table 5.3-1 Results for Tritium Production

Tritium
Production
Region Element (Tritons/Fusion)
6y 1.1500
Blanket L 0.0270
Total 1.1770
First Wall Total 0.0
6L 0.0180
Reflector 7Li »0.0
Total 0.0180
Tritium Breeding Ratio 1.1950
Table 5.3-2 Nuclear Energy Deposition (MeV/Fusion)
Neutrons 7.467
Blanket Gamma 6.687
Total 14,154
Neutrons 0.01e6
First Wall Gamma 0.180
Total 0.196
Neutrons 0.232
Reflector Gamma 3.367
Total 3.599
System Total 17.949
Overall Energy
Multiplication 1,281
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Table 5.3-3 Dose Rates (mrem/hr)
Outside a 3.5 m Thick Shield During Operation

With Reinforcement Without Reinforcement
Neutron Dose 4.9 x 1077 1.4 x 10°°
Gamma Dose 2.1 x 1072 2.64
Total Dose 2.1 x 1072 2.64

A series of one-dimensional calculations has been performed. The neutron
and gamma fluxes at the outer surface of the shield were used to determine the
corresponding biological dose values for different shield thicknesses.

Table 5.3-3 gives a comparison between the dose levels obtained at the
outer surface of a 3.5 m thick shield with and without steel reinforcement.

It is clear from the results that including 8 v/o steel reinforcement reduces
the biological dose rate by nearly two orders of magnitude. The reduction in
the gamma dose is more pronounced than the reduction in the neutron dose.
Still almost all of the contribution to the dose comes from gamma radiation.
These results suggest that reinforced concrete shield thickness smaller than
that used in HIBALL—I(5) can be used. The variation of the anticipated dose
rate with shield thickness is shown in Fig. 5.3-1. These results show that a
shield thickness of 2.9 m can be used, yielding an acceptable dose rate of 2.2
mrem/hr,

The results given in the HIBALL-I report(s) indicated that the dose out-
side the shield from activation of the reflector and shield after shutdown is
quite low. This very low value indicates that the main concern in designing
the biological shield for HIBALL is in reducing the dose during operation to
acceptable levels. We conclude from the present study that a shield thickness
of 2.9 m will be adequate for all hands-on maintenance during operation.
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5.3.2.7 Summary

A one-dimensional spherical geometry neutronics and photonics analysis
was performed to design the blanket and shield for HIBALL. An effective tube
region thickness of 66 cm results in an overall energy multiplication of 1.28
and a breeding ratio of 1.195. The INPORT tubes reduce radiation damage in
the HT-9 first wall considerably, allowing it to last for the whole reactor
lifetime. A 2.9 m thick reinforced concrete shield was chosen, resulting in a
dose rate of 2.2 mrem/hr outside the shield during reactor operation.

5.3.3 Three-Dimensional Time Integrated Studies

5.3.3.1 Introduction

The one-dimensional calculations are not capable of adequately modeling
the cylindrical HIBALL reactor with the large penetrations for vacuum pumping.
In this section, a three-dimensional neutronics and photonics analysis is
presented which adequately models the HIBALL reactor cavity.
5.3.3.2 Reactor Geometrical Model and Method of Calculation

The INPORT tube region has a thickness of 2 m and a height of 10 m. The
INPORT tubes have a packing fraction of 0.33 with Lij;Pbg3 occupying 98 v/o of
the tubes and the remaining 2 v/o occupied by SiC. The tube support structure
is made of HT-9 and occupies 0.7 v/o of the tube region. A one meter deep
Li17Pbg3 pool exists at the bottom of the reactor cavity. The upper blanket
consists of 30 segments that consist of 97 v/o LijsPbgy, 1 v/o HT-9, and 2 v/o
SiC and are 50 cm thick. The Li;;Pbgy in the region connecting the top blan-
ket with the INPORT tubes helps protecting the HT-9 structure between the
vacuum ducts. Thirty vacuum pumps are used to maintain the cavity pressure at
10™% torr. Each vacuum duct is 1 m wide and 0.6 m high. The first wall is 1
cm thick and is made of HT-9. The side wall is 12 m high. The top liner is 7
and 6 m above the midplane at reactor centerline and side wall, respectively.
A 40 cm thick reflector consisting of 90 v/o HT-9 and 10 v/o Li;7Pbgs is used.
A 40 cm thick splash plate is used at the bottom of the reactor and is
referred to as the bottom reflector in the following analysis. A 2.9 m thick
biological shield surrounds the reactor.

The neutronics and photonics calculations were performed using the multi-

(6)

gamma group cross section library was used. The combinatorial geometry capa-

group three-dimensional Monte Carlo code MORSE. A coupled 25 neutron-21

bility of the MORSE code was used to model the problem geometry. A point
isotropic source was used at the center of the reactor cavity with neutron and
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gamma spectra obtained from the target neutronics and photonics calculations.
4000 histories were used yielding less than 2% statistical uncertainty in the
estimates for the tritium breeding ratio and the energy multiplication.
Because of symmetry, only 1/60 of the reactor was modeled with reflecting
albedo boundaries used at the planes of symmetry. The geometry for the compu-
tational model used is given in Fig. 5.3-2. To quantify nuclear heating in
the vacuum pump, a 2 cm thick region consisting of 50 v/o 316 SS and 50 v/o Cu
is designated as zone 13 to simulate the cryopanels.
5.3.3.3 Tritium Production
Table 5.3-4 shows the results for tritium production per DT fusion

reaction in the different reactor zones. The contributions from 6Li(n,a) and
7Li(n,n'a) reactions are shown separately. The contribution from 4 repre-
sents ~ 2% of the total tritium production.

We notice that as much tritium production occurs in the top blanket as in
the bottom Li;;Pbgy pool, even though the top blanket is only half as thick as
the bottom pool and includes 1 v/o HT-9 structure. The reason is that the 2
v/o SiC present in the top blanket enhances neutron slowing down and hence
increases the tritium breeding effectiveness.

The overall tritium breeding ratio is 1.25 t 0.025. The overall tritium
breeding ratio obtained here with the actual reactor cavity cylindrical geo-
metry is larger than that obtained from the one-dimensional spherical geometry
calculations (1.195). This results from the neutron source being surrounded
by a larger volume of breeding material in the actual cylindrical case as
compared with the case of an equivalent spherical blanket.
5.3.3.4 Nuclear Heating

Table 5.3-5 shows the nuclear energy deposition for neutrons and gammas
in the different zones. The average power density is also included. It is
clear that the contributions from neutron and gamma heating are nearly the
same in the breeding blanket while the gamma contribution in the first wall
and reflector is about an order of magnitude higher than the neutron contri-
bution. About 60% of the total reactor thermal power comes from gamma
heating. The energy deposited in the biological shield represents only 0.27%
of the total reactor thermal power. The total recoverable neutron and gamma
energy in the reactor per DT fusion is 17.553 £ .292 MeV which is slightly
less than that obtained for an equivalent spherical reactor (17.95 MeV).
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Table 5.3-4 Tritium Production (Tritons/Fusion)
Region Zone Number bLi(n, )T TLi(n,n'a)T
Breeding Blanket 1 0.729 0.018

2 0.014 0.00001
3 0.212 0.004
4 0.235 0.004
Region Total 1.190 0.026
Reflector 8 0.022 0.000002
9 0.001 0.0000001
10 0.009 0.000002
11 0.002 0.0000001
Region Total 0.034 0.000004
System Total 1.224 0.026

Table 5.3-5 Nuclear Heating

Region Zone Number Energy Deposition Average Power
(MeV/fusion) Density (W/cm3)
Neutrons Gamma s

Breeding Blanket 1 4.806 4.839 4.409

2 0.074 0.017 3.911

3 1.339 1.147 3.515

4 1.430 1.007 1.800

Region Total 7.649 7.010 4.409

First Wall 5 0.004 0.050 1.222

6 0.0001 0.0004 2.010

7 0.003 0.039 3.068

Region Total 0.007 0.089 1.653

Reflector 8 0.155 1.628 0.939

9 0.007 0.066 1.020

10 0.070 0.733 1.465

11 0.013 0.126 0.257

Region Total 0.245 2.553 0.941

System Total 7.901 9.652 3.345
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A volumetric nuclear heating rate of 6 x 10'11 W/cm3 was obtained in the
vacuum pump (zone 13). The fractional standard deviation was 0.25. Because
the vacuum ducts do not see direct line-of-sight source neutrons and they are
bent twice, neutron streaming through the ducts was found to not cause any
serious problem to the vacuum pump.

The energy flow for the HIBALL fusion reactor design is illustrated in
Fig. 5.3-3. The values given for the power correspond to one reactor cavi-
ty. Therefore, these values need to be multiplied by 4 to calculate the power
from the whole power plant. This corresponds to a total power plant thermal
power of 10,193 MW(th). The overall energy multiplication of the blanket,
wall and reflector is 1.274.
5.3.3.5 Summary

A three-dimensional Monte Carlo analysis was performed for the reactor
chamber. An overall tritium breeding ratio of 1.25 and an overall energy
multiplication of 1.274 were obtained. The tritium breeding ratio is higher
than that for the equivalent spherical reactor cavity. Nuclear heating in the
vacuum pumps was found to be very small. The power in the biological concrete
shield represents only 0.27% of the total reactor thermal power. The thermal
power for the HIBALL power plant is 10,193 MW(th).

5.3.4 Time-Dependent Neutronics and Photonics
5.3.4.1 Introduction
In an inertial confinement fusion reactor the neutron source has a pulsed

nature because of the very short burn time over which the fusion reactions
occur (10-100 ps). Furthermore, the neutron pulse does not reach the first
surface of the blanket until ~ 100 ns after the burn and the neutron slowing
down time in the blanket is much greater than the duration of the neutron
source. Neutron interaction with the dense (~ 10%°/cmd) target material leads
to a considerable time of flight spread as neutrons reach the first surface.
Therefore, time dependent neutronics studies are essential for the proper
analysis of inertial confinement fusion reactors.

As a result of the pulsed nature of the neutron source, high instantane-
ous damage rates are present in an inertial confinement fusion reactor waill
and structure. This can lead to significant changes in the microstructure(7)
of the first wall material. Accurate instantaneous damage rates can be

calculated by performing time-dependent neutronics studies.



104

*S3WLy} SNOLJRA 3Y3 Y}LM pajeLdosse
sdnoab ABusud 9y3z 93eILPUL SUBqUNU
pa|o4Lou3 -19vuelq ayl jJo ddejdns
3SJ4L4 9Y3 e WnU3dads SuwL] [BALJAY $H-£°G "bBL4

(SU) NHNE WOMd4 3NIL
OR .08l ., O , 08l  OFl , OI 06
®  © &' 0 ﬂwnumwn%nNUv

0ge

Q

'l

Illlll LI
[RUNE I

%
(dNOXO/$/SNOXLNAN)

Illll LI

30v3HNS 1SHld 3HL
1V AWNYLI3dS 3JNWIL TIVAIYYY

we =y
MO

" 1 I Il i — A i A i I 1 L

AL BLER
INT |

*as|nd weaq uol AAedy (W

8°p © 404 TIVEIH UL MoLy AB4du3l  “g-g°G 614

VLT'T = NOILVOIAILTNW A9YINT TIVHIAO

(%€5°21) MW 0'81¢ MW 0'81¢E
PN S°€9 PW S°€9 HOLO31434
N2 86L°C AP 86L°C
MW €'8v5% | (%ZV'0) MW 801 MH 8°0T
PH 6£°60S PW ¥2°C W ¥vZ°2 TIVM
AN STV'ZT N2 960°0 A2 96070
(2%50°L8) MW S°618T MK 2sS MW S°2991
P S9°€VY W 6V°0T1 PW 91°€ee LINNVIE
AP T2S°61 A2W 298 AW 699°V1 ONIg33yg
- TvLlOL SIHEIA B AVH-X VWWVD ® NOHLNAN
MW SE°02 MW 2SS MW T°L2v1
W 80V W 6¥°0TT W V'S8T
NP 6L1°0 AW 798°% NP 6SS°2T

SNOILOVEH DIOHAOANT NI 1SOT  SIHE3d ® AVH'X VWWVD % NOJLOAN

MK 0002
ISTINd/TW 00V
NOISNd/N?W 9°LT
1398Vl

(PN 8'Y)
3S1Nd 9IH



105

A modified version of the time dependent discrete ordinates code DA (8)
has been used to perform time-dependent neutronics analysis. The effects of
the INPORT first wall protection concept on the peak instantaneous and average
dpa and gas production rates in the HT-9 first wall have been investigated.
Also, the instantaneous energy deposition rates at different positions in the
blanket and first wall have been calculated.
5.3.4.2 Computational Model

A schematic of the blanket, first wall, reflector, and shield configu-
ration is given in Fig. 5.1-3.

The spectrum of neutrons generated in the target was used as a source for
the time dependent blanket neutronics analysis. Spherical geometry was used
in the calculations. A P3-S8 approximation was used with a coupled 25
neutron-21 gamma group cross section library.

As neutrons travel from the target to the first surface of the blanket
considerable time of flight spreading occurs because of the broad energy
distribution of these neutrons. The arrival time spectrum at the first sur-
face located 5 m from the neutron source is shown in Fig. 5.3-4. The numbers
at the bottom of the graph indicate the energy groups associated with the
various times.
5.3.4.3 Atomic Displacement Rate

The instantaneous damage rates in the first wall have been calculated.
The instantaneous dpa rate in the protected ferritic steel first wall is given
in Fig. 5.3-5. It is clear that the damage occurs over a relatively long time
resulting in a peak instantaneous dpa rate of 0.009 dpa/s at 140 ns after
burn. This peak corresponds to the 14 MeV source neutrons arriving without
collision. A broad peak at ~ 270 ns corresponds to neutrons emitted in (n,2n)
reactions with lead in the INPORT tubes. This considerable time spread
results from the relatively long slowing down time in the blanket allowing
neutrons of energies greater than the dpa threshold energy of iron (~ 1 keV)
to exist in the first wall over a long period of time. The wall protection is
found to decrease the total cumulative dpa and the peak instantaneous dpa rate
by factors of 9.4 and 1190, respectively,
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5.3.4.4 Helium Production Rate
The instantaneous helium production rate in the protected ferritic steel

first wall is given in Fig. 5.3-6. A peak instantaneous helium production
rate of 0.11 appm/s occurs about 15 ns after the leading edge of the pulse
arrives at the wall. It is clear that the time spread here is much smaller
than that for the dpa. Only one peak occurs because the (n,2n) neutrons do
not contribute to helium production. The total helium production in a full
power year is found to decrease by a factor of 630 while the peak instan-
taneous helium production rate is found to decrease by a larger factor of 1627
when the INPORT tubes are used.

5.3.4.5 Energy Deposition Rate

The time-dependent neutron and gamma fluxes are used together with the
appropriate kerma factors for neutron and gamma energy deposition to calculate
the energy deposition rate in the blanket and first wall. The results are
given in Fig. 5.3-7 at the blanket first surface, the center of the blanket,
and the first wall. The time distribution is very narrow at the first surface
and broadens as one moves towards the first wall. While the time spread at
the first surface is determined by the time of flight spread, the spread at
the first wall is determined by the slowing down time in the inner blanket.
For a 400 MJ fusion yield the peak instantaneous power densities in the
blanket and the first wall are found to be 1.82 x 108 and 2.73 x 10° W/cm3,
respectively. This corresponds to peak to average temporal power density
ratios of 8.48 x 10% and 1.65 x 105, respectively. The INPORT concept is
found to decrease the peak instantaneous power density in the wall by a factor
of ~ 1210 and the total nuclear heating in the wall by a factor of ~ 18,

These results are useful for stress analysis studies.
5.3.4.6 Summary
Time dependent neutronics analysis for the HT-9 first wall has been

performed. The time dependence of the neutron source is modified in such a
way that the multigroup treatment adopted in the time dependent transport code
predicts the correct time of flight spread of neutrons in each group as they
travel from the source to the first surface of the blanket. A modified ver-
sion of the time dependent discrete ordinates code TDA has been used.

Neutron slowing down in the INPORT first wall protection system is found
to have a significant effect on the time dependent spectrum and damage in the
first wall. The time over which the damage occurs is found to be determined
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primarily by the slowing down time in the blanket. In the case of an unpro-
tected wall, where no slowing down occurs in front of the wall, the spread is
determined primarily by the time of flight spread.

Using the INPORT first wall protection concept results in significant
reductions in peak instantaneous and total dpa and helium production rates
allowing the first wall to last for the reactor lifetime (~ 20 FPY). Our
results also show that the peak power density in the first wall resulting from
nuclear heating decreases considerably when the INPORT tube concept is used to
protect the wall.

5.3.5 Radioactivity and Afterheat
Radioactivity will be induced in the coolant and structure of the reactor

through activation by the fusion neutrons. The reactor was modeled in spheri-
cal geometry with materials and dimensions consistent with a cut through the
midplane of the reactor. No impurities or corrosion products in the coolant
were considered, with the exception of bismuth (see Chapter 9). The multi-
group neutron flux used in the activation calculations was taken from the one-
dimensional ANISN calculations. For the purpose of the calculation the re-
actor was broken up into 37 intervals and the average flux in each interval
was used. The DKR code(g) was used to calculate the radioactivity parameters
-- activity, afterheat, and biological hazard potential (BHP).

The activities were calculated for an operating time of two years. The
activity at times after shutdown of much less than two years is relatively
independent of operating time while the activity at times very much longer
than two years after shutdown is approximately proportional to operating time.

The total activity per unit of thermal power is shown in Fig. 5.3-8. The
level at shutdown is 0.62 Ci/W¢,. The activity falls off rather sTowly with
time after shutdown requiring approximately three weeks to be reduced by a
factor of 10 and two years to be reduced by a factor of 100. The initial
activity is dominated by the contributions of 56Mn and 203Pb. 56Mn (T1/2 =
2.58 hr) decays away first followed by 203py, (Tyyp = 52 hr). Note that unless
flow were maintained, the 203pp, activity would not be present in the reactor
itself but would be associated with the coolant storage facility. The next
major decrease in activity is due to the decay of °lcr (Tl/z = 27.7 days). It
is followed by the decay of 55Fe (T1/2 = 2.7 yr) which produces the large
activity drop between 1 and 100 years. The long term activity is due to 93M0
and 23Nb originating in the small amount of Mo in the steel (HT-9).
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The afterheat is shown in Fig. 5.3-9. The value at shutdown is 0.66% of
the operating power. Since the decay energies of the various isotopes are
different the afterheat curve has a shape which differs from that of the
activity. It falls off much more rapidly, by a factor of 10 in about two days
and a factor of 100 in two weeks. At shutdown °OMn is the dominating isotope.
The decay of this isotope plus the relatively rapid decay of 203py, account for
the order of magnitude drop in two days. 51Cr, which contributes significant-
ly to the activity in the one week to one month period, contributes very
little to the afterheat. Thus, the afterheat in this period is governed pri-
marily by the decay of 203Pb. The decay energy of 55Fe is also low as is the
decay energy of the remaining isotopes which leads to the rather low residual
afterheat subsequent to about 100 years.

The Biological Hazard Potential (BHP) is shown in Fig. 5.3-10. BHP is
defined as the ratio of the activity present in the system per unit of power
to the level of activity allowed per unit volume of air in the U.S. Nuclear
Regulatory Commission Regulations (10 CFR 20). Thus it is a measure of the
potential hazard of a radiocactive material. The shape of the curve is similar
to the shape of the activity curve being 26.0 at shutdown and requiring almost
one month to be down by a factor of ten and with a long term reduction of only
three orders of magnitude.

The activity in the shield is 6.3 x 10'3 Cilwth after shutdown which is
significantly Tower than the activity in the reflector. The time behavior of
the activity is dominated after the first day by the activity of 55Fe which
continues to be the major contributor until times greater than 100 years. The
afterheat at shutdown is 7.7 x 10-2% of the operating power which while rela-
tively small, will still require some residual heat removal capacity. The
afterheat drops off faster with time than does the activity primarily because
of the low decay energy of 55Fe. The BHP is also relatively low and falls off
slowly, again because of the hazard characteristics of nuclei involved. To
get a somewhat different appreciation of the magnitude of the activities in
the shield the above values at shutdown correspond to an average activity of
3.4 x 1073 Ci/cmS, an afterheat of 4.1 x 1075 W/cm3, and a BHP of 6.7 x 107
km3/cm>.

The dose due to activation products was calculated using the activities
calculated above along with a one-dimensional gamma transport program. The
results of this calculation indicated that the dose outside the shield from
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activation of the reflector and materials in the shield is quite low, ~ 1074

mrem/hr at shutdown.
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5.4 Behavior of LiPb Vapor

A unique engineering problem for ICF reactors is the design of a first
surface which can carry away the steady state average surface heat and at the
same time survive the transient temperature increase generated by x-ray and
jon debris from the target explosion. In HIBALL, the INPORT tubes serve this
function. The INPORT tubes, filled with flowing Li;Pbgy coolant, protect the
first structural wall from excessive neutron damage. The SiC tubes themselves
are protected from the short range x-ray and ion debris by a thin layer of
LiPb that flows down the outside of the porous tube.

After a target explosion, the x-ray energy is deposited within 10'3 cm of
the first surface. The temperature of a thin layer of Li{;Pbgs is raised
above its boiling temperature, and is vaporized. This ablated material flows
toward the center of the cavity and intercepts the ions generated by the
explosion. The energy associated with the ions is absorbed by the Lij4Pbgs
vapor and does not directly impinge on the first surface. The vapor is super-
heated to a high temperature and starts to release its energy by thermal radi-
ation toward the cool first surface. The liquid surface temperature increases
upon receiving energy from this thermal radiation and condensation of the
vapor. The higher surface temperature increases the vapor pressure and conse-
quently increases the vaporization rate. The cavity pressure is very high
after the initial x-ray deposition, and varies from the combined effects of
evaporation and condensation. It is of critical importance to beam transport
and, to a lesser degree, vacuum pumping to calculate the pressure history
after an explosion.

There are a number of factors that determine the time required for the
LiPb vapor to clear from the cavity. The density required for ballistic ion
propagation has an obvious effect and it is not a particularly well known
quantity. No experimental measurements are known of the relevant ion-ion col-
lision cross sections so the value used is based on theoretical calculations.
Others have argued(l)‘that the rate of heat transfer across the condensing
surface limits the rate of condensation and this has been found to be true in
HIBALL. A final point is that the choice of the liquid metal undergoing the
vaporization and condensation has an effect on the condensation rate due to
the thermal speed of the condensing material. This is most important late in
the condensation phase when the condensation heat flux is low, meaning that
the heat conduction across the condensing surface is less important.
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In this section, the behavior of the LiPb vapor is discussed. In Section
5.4.1 the deposition of target generated x-rays and the subsequent vapori-
zation of the LiPb is described. Section 5.4.2 deals with the stopping of
target generated ions in the vapor, the flow of LiPb into the reactor chamber
and the radiation of photon energy from the vapor back onto the tubes.

Section 5.4.3 contains a description of the vaporization and condensation of
the LiPb vapor. The pressure history of the cavity is thus established. Work
that is in progress and conclusions are discussed in 5.4.4.

5.4.1 X-Ray Energy Deposition and the Resulting Evaporation

The deposition of target x-rays in the film, the heat transfer in the
film and the vaporization of LiPb have been calculated. The x-ray energy
spectrum obtained from the target ca]cu]ations(z) discussed in Section 2.1.2
is peaked around 3 keV and extends up to 300 keV. Since most of the photons

have energies well below 100 keV, we have used the Biggs data.(3’4)

Figure
5.4-1 shows the volumetric energy deposition in Pb using the spectrum given in
Fig. 2.1-5. The A*THERMAL(S) code was used in this calculation. Note that 88
MJ or 22% of the target yield is in the form of x-rays. The amount of mass
vaporized due to the x-ray energy deposition is computed using a simple adi-
abatic model. It is assumed that all mass with a deposited energy greater
than the vaporization energy, 8.7 x 10° J/cm3, will be vaporized. This adi-
abatic model becomes more accurate for very short x-ray deposition times, i.e.
instantaneous. From the x-ray energy deposition curve (Fig. 5.4-1) this
corresponds to a thickness of approximately 2.5 microns. To account for the
mass that has been raised to saturated liquid conditions, we have assumed that
there is some additional vaporization. This additional vaporization accounts

for the energy content above C (T, - T,) as is shown schematically in Fig.

5.4-2. This gives an additiongl thickness of the vaporized layer of about 1.8
microns. Therefore, the total thickness of material vaporized = 4.3 microns.
This is equivalent to 13 kg of vaporized material per shot.

5.4.2 LiPb Gas Dynamics and Radiation

As discussed in the preceding section, target generated x-rays vaporize

several kilograms of LiPb from the INPORT tubes. The resulting vapor absorbs
the target generated ions, reaches a temperature of about 1.4 eV and becomes
partially jonized. As this gas spreads from the tubes into the center of the
reactor cavities, it radiates a heat flux back onto the tubes. Eventually,

the gas uniformly fills the cavity and cools enough that the heat flux on the
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tubes is insignificant. Before this happens, though, there may be some addi-
tional vaporization of LiPb due to the heat flux. As the gas radiates, it
also cools, affecting the rate of recondensation. For these reasons, it is
important to consider the behavior of this gas between the time of vapori-
zation and recondensation.

We have modeled the behavior of the LiPb gas with the 1-D Lagrangian
radiation-hydrodynamics computer code, FIRE.(G) This code has explicit hydro-
dynamics and implicit energy transport where heat is conducted through two
fluids -- the gas at a local temperature of T and the radiation fluid at a

gas

temperature of T In these calculations, conduction through the

radiation*
radiation field dominates the thermal transport. Transport coefficients and
equation of state information is obtained from a table of data provided by a
calculation with MIXER.(7)

FIRE cannot accurately model the behavior of a fluid which is as dense as
a liquid. Thus, analytical calculations of the dynamics must be performed
from the time when the LiPb is at liquid density until the time that the
density is low enough for FIRE calculations to be appropriate. It is assumed
that the gas obeys an isothermal blowoff formalism where the temperature of
the gas is that due to the deposited target generated x-ray energy minus the
energy of vaporization and the energy of ionization. It is arbitrarily as-
sumed that the energy from target generated ions is uniformly deposited in the
gas at 1.5 x 104 seconds after vaporization and that FIRE can be used any
time after this. Thus, at this time the computer calculations are started
with the gas density profile being the Gaussian shape predicted by the blowoff
model and the total energy in the gas being the target generated x-ray and ion
energy minus the vaporization and ionization energy.

The FIRE calculation simulates the gas dynamics until the time the gas
reaches the center of the cavities. Fiqure 5.4-3 shows the positions of the
Lagrangian zone boundaries for a typical calculation during this period. Upon
reaching the center, the gas begins to convert its bulk kinetic energy into
heat, but FIRE, being a one-dimensional code, predicts that the gas will re-
flect off the center and propagate back toward the tubes. This is not physi-
cally realistic because the system does not have the symmetry needed for such
reflections. For this reason this first simulation calculation is stopped at
the time when the gas reaches the center, typically about 1 millisecond after
vaporization.
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To simulate the behavior past this time it is assumed that the gas has a
uniform temperature and density and has no bulk kinetic energy immediately
after the gas collapses in the center. It is found that the temperature that
will lead to the proper amount of energy in the gas,

- E

E =t

gas x-ray T Ejon ~ E

on vaporization ~ E

jonization radiation °

where E is the energy radiated back into the tubes by this time. We

radiation
then use FIRE again with this new initial condition and with the gas con-
strained not to move. By combining both uses of FIRE, the heat flux on the
tubes due to radiation and the average temperature of the gas versus time are
calculated.

The results consist of the heat flux on the first row of tubes and the
average gas temperature as a function of time, which are shown in Figs. 5.4-4
and 5.4-5. Notice that there is in each case a large pulse of heat reaching
the surface immediately after the gas collapses in the center. This is an
effect of the conversion of bulk kinetic energy into heat. There is also a
pulse in the average temperature of the gas which is due to this conversion of
kinetic energy into heat and which causes the increase in heat flux. The same
process has been seen in imploding wire experiments.

5.4.3 Evaporation and Condensation Calculation

The rates that LiPb evaporate and condense are governed by the density
and temperature of vapor and the temperature of the surface of the film. For
HIBALL, the surface temperature of the film is calculated using a simple
temperature diffusion method where the heat flux on the surface is due to
radiation and mass flow between the reactor cavity gas and the film. The mass
flow rates due to condensation and evaporization are

. _ 1/2 -

Meond = 3.64 Pg(M/RTg) (5.4-1)

. M \1/2

= — 5.4-
and mvap PS (RT ) ( 2)
s

respectively. In these equations, ﬁcond and ﬁvap are mass flow rates in units
of g/s—cmz, P_. is the pressure of the vapor in torr and M is the molecular

g9

weight of the vapor. Tg and Ts are vapor and film surface temperatures in K,
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Ps
constant.

is the saturation pressure at the film surface temperature and R is the gas

This model is the basis of a finite difference computer code that was
written to calculate the time-dependent film temperature profile and the mass
flow. Using this code, one can show how the temperature profile just before
the next target microexplosion approaches a cyclic steady state. This is
shown for HIBALL in Fig. 5.4-6. It is seen that the temperature almost con-
verges after 3 cycles. The surface heat loads are shown in Fig. 5.4-7 as
functions of time after a microexplosion for the case when the film has
reached cyclic steady state. One should note that the radiation heat flux is
dominant over the early part of the cycle but that when most of the conden-
sation is occurring the condensation heat flux dominates. The average nhumber
density of the reactor cavity gas is shown in Fig. 5.4-8. The gas reaches
4 x 1010 atoms/cm3 in about 0.2 s, allowing a 5 Hz repetition rate.

5.4.4 Work in Progress and Conclusions

The model described above predicts that HIBALL-II may operate at a 5 Hz
repetition rate. In this model, the radiation heat flux on the first row of
INPORT tubes is assumed to be unaffected by the condensation process -- a
significant assumption since the radiation heat flux dominates the total
surface heat flux shortly after the target microexplosion. Among other
things, it is also known that calculations of the mass flow rates are possible
which include the effects of non-Maxwellian velocity distributions and the
presence of noncondensable gases.

A considerable amount of work has taken place since the HIBALL-I report
was published on improving the models and calculational tools for studying
condensation and evaporation phenomena in ICF reactor cavities. A major part
of this is the development of the CONRAD computer code. This code simultane-
ously simulates the dynamics of the reactor cavity gas, the radiation spectrum
and surface heat load, heat transfer in the film and mass transfer between the
gas and the film. A separate effort has been ongoing to study the effect of
noncondensable gases on the condensation with a kinetic theory forma]ism(g)
that has shown the condensation rate to be lowered by such noncondensables. A
third independent effort has uncovered better expressions for the mass trans-
fer rates as functions of gas density and temperature and surface tempera-
ture.(9) In the near future, these will be all combined to allow more accu-
rate calculation of the repetition rate.
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Since these new tools are in a developmental stage, they have not been

applied directly to the HIBALL-II case. The present best estimate of the
repetition rate remains at 5 Hz.
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5.5 Vacuum System

5.5.1 General Description

The previous section described the behavior of the LiPb vapor in the
cavity after each shot. The present section will deal with the noncondensable
fraction of the gas load within the cavity, namely Dy, To and He. An attempt
to assess the effect of the LiPb vapor on the vacuum systems for the cavity
and the beam lines will be made.

The equilibrium pressure of the noncondensable fraction has to be main-
tained reasonably low, although its effect on beam propagation is not as great
as LiPb at the same number density. Furthermore, the noncondensable partial
pressure has to be kept low because it provides a continuous source of mole-
cules migrating into the beam lines where the pressure must be kept at ~ 1077
torr.

Most of the recent fusion reactor design studies have utilized compound
cryopumps for pumping hydrogen and helium. In these pumps, hydrogen species
are condensed on chevrons cooled to ~ 15 K while the helium is cryotrapped on
molecular sieves attached to panels which are at 4.2 K. Typically these pumps

have speeds of ~ 5 /s cm2 2

for Dy, T, and ~ 2 &/s cm® for He. A major dis-
advantage of any cryopump is the need for periodic regeneration. This is done
by valving the pump off and warming up the cryosurfaces. Although regener-
ation may only take ~ 20-30 min, during this time the pump is not available
for operation. Some designs have resorted to providing twice as many pumps as
needed, such that only half are online at any one time. This is not space
efficient, particularly where there are space limitations. In several past
designs the University of Wisconsin group has proposed the use of back to back
cryopumps where two sets of cryopanels, with integral baffles and chevron
shields are provided. While the front panel is in use, the rear panel is
being regenerated and the pump body itself constitutes the shutoff valve.
Although some development work will be needed to perfect the seals for such a
pump, we feel that it holds the promise for substantially increasing the
pumping capacity in systems which are space limited. Such pumps are proposed
for the present study.

In the HIBALL design, vacuum ports have been provided at the junction
between the upper blanket modules and the top of the INPORT tubes. There are
30 ports 65 cm high and 120 cm wide, connected to rectangular ducts of the

same dimensions, leading to cryopumps located in the upper corners of the
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cavity as shown in Fig. 5.1-4. These pumps are well out of the radiation
field and Monte Carlo analysis has shown that the effect of neutron streaming
on them is negligible.

5.5.2 Pumping of Noncondensable Species

Table 5.5-1 gives the source and species of the noncondensable gas
Toad. The vacuum ducts are assumed to be about 400°C in order to condense any
LiPb vapor that they admit. At this temperature the throughput is:

Do = 108 torre4/s
T, = 89 torr+2/s
He = 110 torre%/s

The conductance of a short duct (L < 25 r) for molecular flow is given by the
re]ationship:(3)

1 . 3 W, .1 //ZEE._E_
Cduct 16 ,2 A RT3
where Cq,-t¢ 1S the conductance of the duct in cm3/s, L the length in cm, A the
cross-sectional area in cm2, U the perimeter in cm, M the molecular weight in
g, R the gas constant (8.3 x 10’ ergs/mole) and T the temperature in degrees
Kelvin.

For the given duct area of 65 x 120 cm2, L =450 cm, M = 5 for DoT, and
taking T = 673 K we get for the 30 ducts:

6

CD 7= 2 x 107 %/s

22

6

C e = 2.2 x 107 &/s .

H

The area available for locating the cryopumps is ~ 85 m? and the utili-
zation factor for back to back pumps is ~ 85%. The total pumping speeds
(using 5 2/s cm? for Dy, Ty and 2 2/s cm? for He) are then:

S = 3.6 x 10° #/s

D, Ty

_ 6
SHe = 1.44 x 10" &/s .



125

Table 5.5-1. Gas Load on Cryopumps

Source Species Atoms/Shot Total (atoms/shot)
Target Injector D 2.83 x 1020

Unburned Fuel D 3.4 x 1020 6.23 x 1020
Unburned Fuel T 3.4 x 1020

Newly Bred T 1.76 x 1020 5.16 x 1020

DT Reaction He 1.4 x 1020

T, Breeding He 1.76 x 1020

T, Decay He 1.9 x 10l! 3.16 x 1020

The effective pumping speed is obtained from:

1 _ 1 1
= g_.+

eff p Cduct

S

where Sp is the pump speed and Cqy,~t the conductance of the ducts. The
effective pumping speed is then:

- 6

= 1.3 x 10" #&/s

S T

eff D2 T2

S .. He = 8.7 x 10° #/s .

eff

Using the throughputs obtained earlier, the equilibrium pressures of the
noncondensable species in the cavity at 400°C are:

_ (108+89) torr &/s _ | ¢, 107

P torr
D, Ty 1.3 x 10° #/s
Pre = 110 torrsl/s = 1.3 x 1074 torr .

8.7 x 10° /s

The equivalent pressure rise/shot at 400°C consistent with a cavity
volume of 900 m3 is 4.4 x 107> torr for D,T, and 2.5 x 107° torr for He. The
time needed to evacuate the chamber to the equilibrium pressure is given by:
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eff

where t is the time, V the cavity volume, Seff the effective pumping speed, Py
the pressure in the cavity after a shot and P, the equilibrium pressure. For
both D,, T, and He, it is found that the time needed to reach equilibrium
pressure is less than 200 ms. Thus, from the standpoint of reconditioning the
chamber with respect to the noncondensable species, a repetition rate of 5 Hz
is reasonable.
5.5.3 Effect of LiPb Vapor on the Vacuum Ducts

It was mentioned earlier that the walls of the vacuum ducts will be main-

tained at 400°C. At this temperature, the surfaces are essentially black to
LiPb vapor, and will condense it immediately upon contact. There will not be
a boundary layer developed and the vapor will obey molecular flow conditions.
For this reason all the LiPb vapor which enters the vacuum ducts will be con-
densed before it reaches the cryopumps. Since it will be maintained molten,
the LiPb will be returned to the cavity and will rejoin the bulk of the breed-
ing material. The chevrons in front of the cryopumps are cooled to ~ 70 K
with liquid N, and will certainly cryotrap any itinerant LiPb molecules before
they can contaminate the hydrogen and helium pumping surfaces.

5.5.4 Effect of Cavity Atmosphere on the Beam Lines

The beam Tines' interface with the reactor cavity presents some unique
problems to the beam line vacuum system. Because the pressure in the cavity
during operation never gets below 10'4 torr, it represents a continuous gas
load which is admitted into the beam lines. Beam stripping and charge
exchange problems require that the beam line pressure be on the order of 1077
torr. The storage rings themselves operate at vacuum on the order of 10'lO
torr.

In the early stages of the study rotating shutters in the beam ports were
proposed in order to minimize the influx of LiPb vapor into the beam lines.
The chief concerns were the accumulation of LiPb on the beam ducts amounting
to ~ 3 tonnes/day for the 20 beams, and the migration of the vapor deep into
the beam line system due to viscous effects. A reassessment of this problem
has lead to the conclusion that shutters may not be needed. There are two
complementary developments which have led to this conclusion; they are:
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1. If the beam duct wall temperature can be carefully controlled such that
the condensed vapor runs off in liquid form and is returned to the cavity,
then accumulation ceases to be a problem.

2. With a sticking coefficient of unity on the beam duct walls, the vapor
does not develop a boundary layer and there are no viscous effects from
the walls. Using molecular flow theory, it is evident that the expanding
vapor which enters the beam port is immediately condensed on the walls.

It can be shown that the pressure can fall two orders of magnitude per

meter of beam line if the narrow dimension of the 1ine is < 40 cm.

ATthough the problem of LiPb vapor in the beam line needs a more rigorous
analysis before it can be put to rest, for the present it is assumed that the
rotating shutters will not be needed.

The noncondensable species, however, will not condense on the beam line
walls but will proceed further into the beam lines. The conductance of a beam
line for D2, T2 and He at 673 K is estimated at ~ 125 %&/s which gives rise to
a throughput of ~ 1.25 x 1072 torr %/s. For this gas load to be pumped at
1070 torr requires a cryopump system with a capacity of 1.25 x 104 /s, namely
~ 0.25 m2 of cryosurface for each beam line. Differential pumping downstream
from the main beam line pumping station will quickly reduce the pressure to
the prescribed value of 10'7 torr and lower.

References for Section 5.5
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5.6 Steady-State Thermal-Hydraulic Analysis

The original design of HIBALL (designated HIBALL-I) was reviewed in this

design study. The purpose of our work was to optimize the original design for
HIBALL-II so that the repetition rate could be more easily achieved while

minimizing the thermal hot spots on the INPORT tubes.

For this work we used

the original neutronic analysis in HIBALL-I and the same governing equations

for mass and energy balances. The initial and boundary conditions used in the

original analysis are presented in Table 5.6-1, with a conceptual picture of

the cavity and INPORT tubes given in Fig. 5.6-1.

The first thing to notice is that there are actually two hot spot lo-

cations, one at the midplane of the front row of INPORT tubes and one at the

outlet of the back row of INPORT tubes. This occurs because the 1ithium-lead

breeder/coolant flow is split at the entrance to provide extra cooling of the

front INPORT tubes. This extra cooling is needed to offset the high surface

energy deposited on these tubes. To minimize this hot spot we have performed

a simple optimization study where the flow split to the front tubes is reduced

until the outlet temperature, T3, at the back tube is reduced to a value below

Table 5.6-1. Initial Results for Steady State HIBALL Design

Repetition rate (Np - Hz)

Total energy deposited per pulse (Qioy ~ MJ)
Volumetric energy deposited per pulse (Q, - MJ)
Surface energy deposited per pulse (QS - MJ)

Mass flowrate of LiPb (ﬁtot - kg/hr)

Original flowrate to front INPORT tubes (ﬁFO - kg/hr)
Inlet temperature of LiPb to cavity (T, - K)

Inlet temperature for back tubes (T, - K)

Qutlet temperature for back tubes (T3 - K)

InTet temperature for front tubes (Tin - K)

Outlet temperature for front tubes (Tg - K)

Mean inlet for LiPb pool (T aap = K)

Outlet temperature of LiPb from cavity (T,,; - K)
Bulk LiPb temperature at hot spot location (T4 - K)

Average hot spot temperature for front tubes (T, .4 spot ~ K)

5
509.5 MJ
399.0 MJ
110.5 MJ
3.38 (108)
2.21 (108)
330°
398.6°
579.3°
330°

410°
468.3°
486.2°
370°
522.1°
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Table 5.6-2. Summary of Optimization Study

me/meg 100% 85% 83% 80%
Tin (°C) 330 330 330 330

T, 398.64 383.82 382.27 380.11
T3 579.27 525.5 519.8 512.1
Ty 370.05 376.36 377.5 379.26
Ts 410.1 422.72 424.96 428.52
Tnean 468.27 468.27 468.77 468.27
Thot spot 522.1 529.86 530.98 532.76
Tout 486.22 486.22 486.22 486.22
Thot spot = T3 -57.17 4.36 11.14 20.75

that of the front tube midplane hot spot value, Thot spot- In HIBALL-II, to
satisfy this requirement (Table 5.6-2), the front tube flow rate is altered to
about 83% of the original value. This causes the hot spot at the front tube
to rise only 8 degrees above its original value and assures that the back tube
outlet temperature remains below it. The back tube outlet temperature T3 is
kept beTow Ty, ¢ spot in the HIBALL-II design because vapor condensation is as-
sumed to occur only in the front tubes. This assumption is conservative be-
cause it actually increases the hot spot temperature. In reality some vapor
condensation will occur on the back tubes, which will raise T3 and lower

Thot spot- This will tend to even out the small temperature differences be-

tween the two locations.



Figure 5.6.1
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5.7 Support Mechanism and Static Stress Considerations

5.7.1 General Description

The SiC tubes are designed to be suspended from the top on a support
plate which also is the coolant distribution manifold. Restraint against
lateral motion is provided by a support plate on the bottom which also con-
tains the flow control nozzles. Several schemes for attaching the INPORTs to
the support structure were considered. One is shown in Fig. 5.2-1.

The cylindrical blanket zone is divided into 30 modules, each subtending
12° of cavity circumference. Each module consists of the upper distribution
manifold and tube support plate, the tubes themselves and the bottom support
plate.

The first two rows of tubes are 4 cm apart and consist of 3 cm diameter
tubes spaced at ~ 5.1 cm center to center. The remaining tubes are 10 cm in
diameter, follow behind and are arranged on a 12.5 cm triangular pitch in be-
tween support struts.

The upper tube support plate is welded to struts which are anchored into
the 40 cm thick reflector wall. The sections at the end of each strut slide
into milled slots in the reflector. Pulling up on the upper manifold, which
is part of the tube support plate, disengages the module from the reflector.
Figure 5.7-1 shows a top and side view of a single module support structure
(holes in the plate have been omitted for clarity).

5.7.2 Tube Support

The tube distribution between two struts is shown in Fig. 5.7-2(a) and
the loading on the plate in Fig. 5.7-2(b). The upper support plate was
modeled as a statically indeterminate beam of varying cross sections and con-
centrated loads. Using a maximum design stress of 70 MPa (10 ksi) for HT-9, a
plate thickness of 3 cm was calculated.

Similarly, the struts were analyzed as cantilevered beams of varying
cross section and a distributed loading as shown in Fig. 5.7-3. The weight of
the tubes is reacted by a moment on the tee sections and an upward force
exerted by the reflector. For a design stress of 70 MPa and a strut thickness
of 3 cm, we calculate h equal to 70 cm.

5.7.3 INPORT Tube Static Stresses
The static stresses in the SiC tubes can be divided into two parts,

longitudinal and circumferential. Circumferential stresses are from the
pressure of the coolant and vary linearly from the top to the bottom. The
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TUBE SUPPORT STRUCTURE

top view

side view

Fig. 5.7-1. Top and side views of upper support plate and strut.
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longitudinal stresses are due to the dead weight (weight of the coolant) and
are maximum at the top, falling off linearly to zero at the bottom.

A reliable value for allowable stress is not known for braided SiC tube
construction; however, estimates can be made based on experience with other
composite materials. Various sources give SiC fiber strength of 2450-3720 MPa
(355-540 ksi). Experience with graphite material systems indicates that the
strength for orthogonal layup could be ~ 276 MPa (40 ksi) considering each
principal stress individually. Ceramic materials have a wide variation in
strength due to their extreme sensitivity to minute flaws, consequently a
safety factor of two was taken giving an allowable stress of 139 MPa (20 ksi).

In this design the wall thickness is 2.25 mm for the 10 cm diameter tubes
and 0.9 mm for the 3 cm diameter tubes. This means that there will be 5 plies
and 2 plies in the 10 cm and 3 cm diameter tubes respectively (the thickness
per ply is 0.45 mm). The fibers in the orthogonal layup are at 45° and cover
50% of the surface area. The fibers themselves have a density factor of 75%.

In calculating the stresses, it was assumed that the incoming coolant had
an initial pressure of 0.1 MPa (~ 15 psi). At the bottom of the tubes the
added head produces a pressure of 1.04 MPa (150 psi). The masses supported by
the tubes are 700 kg and 61 kg for the 10 cm and 3 cm diameter tubes, respec-
tively. Stress distribution as a function of tube distance from the top is
shown in Fig. 5.7-4 and Fig. 5.7-5.



135
140 [ RECOMMENDED DESIGN MAX. ___ ___

x 120 }
=
0 100
0
o (TOTAL)
~ 80 |
n
@ N
x 60
@
L i ~ ® (CIRCUMF. PRESS)
40 // N
(LONGIT. DEAD WT) _—" =T
20 |- ——
//%>, __ \(LoNGIT. PRESS)
”——’ —
0 -7 1 ] ! 1 ! LT B e
0 I 2 3 4 5 6 7 8 9 10

DISTANCE FROM THE TOP (m)

Fig. 5.7-4. Stresses in 10 cm diameter INPORT tubes.

140 | RECOMMENDED DESIGN MAX.
c 120 F
=
g)) 100 | R (TOTAL)
w
[vd
- 80 /////A
n //
@ 60 ~
s /\(CIRCUMF. PRESS.)
— (LONGIT DEAD WT.) X
></ —
//\
- (LONGIT. PRESS.)
0 57——’1 L 1 1 | 1 1 :\\\7“ ~J
0 i 2 3 4 5 3] 7 8 9 {0

DISTANCE FROM THE TOP (m)

Fig. 5.7-5. Stresses in 3 cm diameter INPORT tubes.



136

5.8 Upper Blanket
5.8.1 Overall Design Description

The design of the upper part of the cylindrical chamber has to conform to
several basic requirements which are:

1. The provision of a wetted surface similar to the INPORT units.
2. A design which gives easy access to the inside of the chamber.
3. Incorporation of removable modules for maintenance.

To this end, the upper part of the blanket is divided into 30 identical
modules which is equal to the number of modules in the radial blanket. The
modules are wedge shaped as shown in Fig. 5.8-1, 680 cm long and 140 cm wide
at the rear. The radial and the upper modules coincide vertically, such that
when an upper module is removed, the radial module immediately below it can be
taken out through the empty space thus provided.

In this design, the upper module consists of several frames of rigidized
SiC covered by porous SiC cloth and bolted together. The coolant enters in at
the back of the module, flows radially toward the center of the cavity through
the upper channels shown in Fig. 5.8-1, then passes through holes into the
lower part of the module and flows radially outward. Some of the coolant
permeates the porous SiC cloth and provided the needed wetted surface. The
bulk of the coolant, however, remains within the module finally exiting it at
the back and merging with coolant flowing through the rear tubes of the radial
modules.

Section 5.8.2 describes the procedure for selecting four lobes of SiC
cloth for each upper module. The maximum radius of curvature of each lobe at
the rear is 16.3 cm. Each segment is connected to a single support plate
which in turn is used to attach the module to the roof structure. The module
frames have thin perforated semicircular lower membranes which prevent the SiC
fabric from excessive deflection and also provide damping of shock waves
transmitted through the coolant. The four segments terminate in a single rear
exit which funnels the coolant into the back tubes of the radial module.

Support of the upper modules is difficult for several reasons. The 50 cm
column of LiPb in the modules is quite heavy; furthermore, the maintenance
scheme assumes that the upper reflector/shield can be rotated during routine
replacement of cavity components. In this design, the inner end of the sup-
port plate to which the blanket modules are attached rests on a hub which can
be rotated with respect to the reflector/shield assembly. Thus, when the
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reflector/shield assembly is rotated for maintenance, the hub remains station-
ary. The rear end of the support plate rests on a ledge which is an extension
of the cylindrical reflector. Along the length of the module, the support
plate is attached to the upper reflector at several appropriate radial lo-
cations. These support studs are mechanically latched to the upper reflector
during reactor operation. During reactor maintenance, when the coolant is
drained out of the whole cavity, the mechanical latches are decoupled, such
that the upper reflector/shield assembly can be rotated, while the upper
blanket modules remain stationary. Table 5.8-1 gives the parameters of the
upper blanket modules.

5.8.2 Stress Analysis of Upper Blanket Covering

The original shape of the upper blanket fabric covering was a partial
conical shell with an internal pressure which varied linearly from 2 psi
(0.0138 MPa) at the vertex to 20.18 psi (0.139 MPa) at the base as indicated
in Fig. 5.8-2. The inclined length along the frame is 610 cm and the hori-
zontal base width (chord) is 130 cm.

The most highly stressed area is at the bottom center (base) of the
conical shell. The circumferential and axial stresses are denoted by % and
oy, the former being the larger of these two principal values. The magnitude
of 9y is strongly influenced by the local radius of curvature at the point
under examination. For example a relatively shallow conical section with a

Table 5.8-1 Upper Blanket Design Parameters

Module Structural Material SiC
Number of Modules 30
Length of Module (cm) 680
Length of Porous Cloth (cm) 610
Maximum Width of Module (cm) 140
Width of Porous Cloth Termination (cm) 130
Maximum Radius of Lobe (cm) 16.3
Number of Lobes/Module 4
Effective Thickness of Porous Fabric (cm) 0.1
Maximum Pressure on Fabric (MPa) 0.139

Maximum Hoop Stress on Fabric (MPa) 22.7
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drop of 25 cm has a radius of curvature of 97.1 cm and corresponding stress of
135.1 MPa. While the geometry is acceptable, the stress is too high for this
application. The stress can be lowered by reducing the radius of curvature
with the best configuration being semicircular. However, since the drop
equals the radius of curvature for semicircular lobes (65 cm), this does not
produce a practical design. A compromise to 1imit both stresses and the drop
distance is a multilobe design. Results are shown in Fig. 5.8-3 for a fixed
chord (130 cm), pressure (0.139 MPa) and material thickness (1 mm). From this
data the four lobe configuration was selected and the mechanical design is
based upon this geometric configuration.
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6. TRITIUM
6.1 Introduction and Overview

This section describes the tritium systems of HIBALL -- the tritium path-
ways are summarized in Fig. 6.1-1 and the inventories in the various reactor
components are given in Table 6.1-1. The four reactor chambers are fueled
with multilayer targets containing 4.0 mg DT, which are fired at a rate of 5
s'1 per chamber. A one day fuel supply consists of 2.76 kg D and 4.15 kg T.
The fraction of fuel burned is 0.29; thus, the unburned fuel, 1.97 kg/d of
deuterium and 2.95 kg/d of tritium, must be handled by the exhaust system. In
addition, 2.8 kg/d of D,, the target injector propellant gas leaking into the
cavity, and 1.5 kg/d of tritium bred by the Li;sPbgz will enter the exhaust
processing system. The details of the target fabrication are unspecified.
Some recommendations on possible techniques and the need to minimize the
tritium inventory during target manufacture are discussed in Section 6.2.6.

The reactor chambers are evacuated by compound cryopumps with on-1line
times of 2 hours and a subsequent tritium inventory of 0.37 kg. The pumps are
regenerated so that helium is released first, then the hydrogen isotopes are
released and sent to the fuel cleanup unit. The purpose of the fuel cleanup
unit (Tyyy = 0.031 kg) is to remove impurities from the hydrogen isotopes be-
fore sending them to the cryogenic distillation unit. The distillation system
consists of 4 columns (Tpyy = 0.083 kg) which separate the isotopes into an H
stream which is vented, a pure D, stream for the target injector, and a pure
DT stream for the target factory and storage.

In the total blanket systems the low solubility of tritium in the
L117Pb83 alloy results in an inventory of 2.5 g T in the coolant (1.9 x 107
kg). Tritium is bred at a rate of 4.4 x 1076 kg/s in each blanket and ex-
tracted from the reactor chamber by vacuum pumps operating with sufficient
speed to maintain the vapor pressure of tritium above the eutectic at 1074
torr. The tritium inventory in the silicon carbide tubes (1.6 x 104 kg) at
500°C is unknown, but has been estimated as 0.008 kg. The liquid metal pro-
tects the silicon carbide from interacting with the energetic hydrogen species
in the debris from the imploded target; however, it is in intimate contact
with tritium dissolved in the liquid metal which may result in chemical re-
actions.

The liquid metal coolant is circulated to the steam generator. Although
the tritium pressure above the eutectic is only 10_4 torr, the permeation of
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Table 6.1-1.

HIBALL Tritium Inventory

Fuel cycle (kg):
Cryopumps
Fuel cleanup
Isotopic separation
Subtotal
Blanket {(kg):
Li17Pbgs (cavity and reflector)
SiC tubes
Subtotal
Target manufacture (kg):
Storage (kg):
Targets
Uranium beds
Subtotal
TOTAL INVENTORY (kg)
TOTAL ACTIVE INVENTORY (kg)

0.37
0.031
0.083

0.003
0.008

4

Figure 6.1-1
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tritium through clean HT-9 could result in a loss of 33.3 g Tz/day to the
steam cycle. Oxide coatings or other tritium barriers have been proposed to
reduce the permeation by factors of 10 to 100. Additionally, a steam gene-
rator is proposed with double walled tubes in which the inner space is purged
with an oxygen atmosphere. This could provide a very effective barrier limit-
ing losses to less than 1 Ci/d. The tritiated water from the sweep gas is con-
densed and eventually merged with the reactor exhaust for reprocessing.

6.2 Fuel Cycle

Each reaction chamber is equipped with a target injection system and
vacuum cryopumps. The exhaust streams from regeneration of the cryopumps of
the four chambers are combined and sent into the fuel cleanup and processing
system.

6.2.1 Fueling
The HIBALL reactor is fueled by injection of a cryogenic DT target. The

target consists of three shells: the equimolar DT fuel, a Li-Pb ablator
(Li:Pb mole ratio 18.1:1), and a lead outer shell as the high-Z component.

The target composition is given in Fig. 6.2-1. The targets are injected at a
velocity of 200 m/s with a target injection gun that also releases 1.6 mg of
D, propulsion gas into the chamber per shot. The target is loaded into a
plastic 2-piece carrier called a sabot. During injection, the sabot is shed
into a buffer cavity and does not enter the reactor. Deuterium propulsion gas
in the buffer cavity which does not reach the reaction chamber (139.4 mg/shot)
will be recycled periodically with the hydrogen isotopes.

The choice of lithium and lead for target materials is favorable because
they are compatible with the Li ;Pbg3 liquid wall. Debris from the target
shells will dissolve in the liquid wall. 1In Table 6.2-1 the change in blanket
composition with time is shown. Since the ratio of Li:Pb in the target is
greater than in the eutectic (17:83 atom%), the ratio of Li:Pb in the blanket
slowly increases with time. As a result of these additions, according to the
phase diagram,(l) the melting point of the alloy increases ~ 14°C/yr; there-
fore, quantities of lead will have to be added and properly mixed to maintain
the eutectic composition.

The fractional burnup (fy) of the target is given by fy = Ty/(Ty + Tp),
where T, is the amount of tritium burned per day and Tp is the unburned triti-
um fuel that must be pumped out of the chamber per day. In the HIBALL reactor
the fractional burnup is 29% which is comparable to other ICF reactor systems
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‘ Weight | Atoms | Density | Thickness
Layer | Materials (mg) | x 1020 9/cm3 nm
3 Pb 288 8.34 1.3 0.245
Li 26 22
2 Pb a 1.2 .26 0.739
D 1.6 48
| T 24 48 0.21 0.477
Fig. 6.2-1 HIBALL pellet composition.
Flow Rates in g/d
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Table 6.2~1. Change in Liy;7Pbg, Composition with Time

Mass Changes

TARGET Reactions Li
Pb Li Li(n,o)T (Net)™
(kg) (kg) (kqg) (kg)
1 shot 3.29 x 107%  2.65 x 107° 2.03 x 107 2.45 x 1075
1 day 142 11.4 0.877 10.5
1 year 5.18 x 10% 4.16 x 103 320 3.84 x 103

*Li (net) = Li (target) - Li (reactions)

Composition Changes

Original 1 year

blanket operation % change
Mass Li (kg) 3.26 x 104 3.64 x 10% 11.8
Mass Pb (kg) 4.74 x 100 4.79 x 106 1.09
Ratio Li:Pb 0.205 0.228
Formula Lij7Pbg3 (Li;g ¢Pbgy.4)

(20—40%).(2) At this point there has been no consideration of the possibility
of misfirings. The fusion power desired requires the consumption of 1.2
kg T/d and 0.8 kg D/d.

The target injection rate of 5 s - per chamber requires 1.73 x 106
targets/day, which deliver 4.1 kg T/d and 2.8 kg D/d. In addition, 2.8
kg D2/d enter the chamber if pneumatic pellet injection is used (Section

1

2.3.2). The details of the target fabrication have not been developed at this
time; however, the effects of target manufacture on the tritium inventory are
discussed in Section 6.2.6.

6.2.2 Exhaust

Each fusion event will cause a pressure rise in the chamber as Li-Pb is

evaporated from the walls and gases from the D-T reaction and unburned fuel
are released. The major components present in the exhaust are given in Table
6.2-2. Between fusion events, the chamber must be evacuated to at least 10'4
torr, as higher pressures will cause interference and scattering of the ion
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Table 6.2-2. Exhaust Gas Composition

mg/shot kg/d(a)
Deuterium target (unburned) 1.13 1.95
Tritium target (unburned) 1.70 2.92
Helium (DT fusion) 0.93 1.61
Helium (breeder) 1.17 2.01
Tritium (breeder) 0.87 1.51
Li-Pb vapor(b) 0 0
D, target injection 1.6 2.
TOTAL GASES 7.40 12.
TOTAL TRITIUM 2.57 4.44

(@)A1 four cavities.
(b)Lithium and lead vapor will condense on cold surfaces before reaching

cryopumps.
Table 6.2-3. Vapor Pressure of LijsPbgq at 500°C
Li Pb
Activity 1.3 x 1074 0.81
Pressure (pure), torr 2.86 x 1073 1.69 x 107°
Pressure (above eutectic), torr 3.7 x 10'7 1.4 x 10-5

(3)

beams. The equilibrium vapor pressures of lithium and lead above Li;;Pbgs
are given in Table 6.2-3 and are less than the 10'4 torr pressure in the
chambers; therefore, most of the vaporized Tiquid metal will recondense on the
INPORT units. Any Li-Pb vapor that enters the vacuum or beam ports will con-
dense on the cold duct surfaces and will not contaminate the cryopumps.

The bismuth from the ion beam is chemically similar to lead and will dis-
solve completely in the wetted wall with very little vaporization. After 20
years of operation the bismuth concentration in the liquid metal is still less
than 1 wppm, much less than the typical natural Bi impurity in the lead used
in the liquid alloy.
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6.2.3 Cryopumps

The reactor chambers are evacuated with compound cryopumps, capable of
pumping both the hydrogen isotopes and helium at the high volumetric flow
rates required. For each chamber, this requires pump speeds of 2.7 x 106 L/s
for the hydrogen isotopes and 1.3 x 10° 2/s for He in order to maintain the
cavity at 1074 torr. The separation of hydrogen isotopes from helium on the
cryosorption panels is extremely sharp.(4) By controlled heating, the helium
panel is regenerated first, then the hydrogen isotopes are removed and sent to
the fuel cleanup unit. The on-line time for the pumps is two hours and the
tritium inventory in the pumps is 0.37 kg.

6.2.4 Fuel Cleanup
The exhaust from the cryopumps enters the fuel cleanup unit where hydro-

gen isotopes are separated from other gas impurities, chiefly hydrocarbons and
silanes from reactions with the SiC. The fuel cleanup unit is patterned after

(5)

adsorbed onto molecular sieve beds at 75°K while hydrogen isotopes flow into

the Tritium Systems Test Assembly (TSTA) designs. Impurities are first

the distillation unit. These impurities are then recovered from the sieves
and catalytically oxidized to form tritiated water and tritium free compounds.
The tritiated water is condensed and electrolyzed to recover the tritium. For
a flow rate of 360 mole/d of hydrogen isotopes TSTA has estimated an inventory
in the fuel cleanup unit of 2.5 moles of hydrogen isotopes. In HIBALL the ex-
haust contains 734 moles T2/d and 1175 moles D2/d giving an inventory of 31 g
of tritium.

6.2.5 Isotopic Separation Unit

Hydrogen isotopes from the fuel cleanup unit enter the cryogenic distil-
lation system in the atomic ratio 12 H:2350 D:1467 T. The goals of the sepa-
ration system are to separate and vent hydrogen, to form a purified D-T stream
for the target manufacturing system and storage, and to form a pure D, stream
for the target injection system. The separation scheme, patterned from the

(6,7) is shown in Fig. 6.2-2. The tritium inventory in the sepa-

Titerature,
ration system is estimated as 83.4 gq.

6.2.6 Tritium Considerations in Target Manufacture

The details of the target manufacturing system have not been addressed at
this time; thus the tritium inventory in the target manufacturing process and
the inventory that must be kept in storage as targets to insure production in
case of a malfunction are unknown. This inventory will be dependent on:
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(1) the number of targets produced per day;

(2) the time required to make a day's quantity of targets;
(3) the process used - batch or continuous; and

(4) the amount of tritium that must enter the recycling system due to re-

Jjection of targets that do not conform to specifications.

The fusion targets for HIBALL must be produced economically at a rate of
1.73 x 106/d. Three possible pathways for target production are outlined in
Fig. 6.2-3. After selected steps in the manufacturing process, the product is
examined to insure it meets certain specifications,(s) and at this point a
number of targets may be rejected. If the rejected targets contain D-T, the
fuel must be recovered and reprocessed. To minimize the tritium handling, the
filling of the targets with DT fuel should come as late in the manufacturing
process as possible or at least following steps with large rejection rates.

To minimize the tritium storage for the target manufacturing system, the
time required to fill the targets with DT should be as short as possible. For
instance, if the DT fuel is diffused into a hollow shell, the targets will be
produced in a batch process and the fill-time will be dependent on the per-
meation rate of DT through the shell at temperatures below the shell melting
point. In SOLASE(g) two target designs were examined. Plastic targets
required a 1 day fill-time resulting in a one day fuel storage, while glass
targets required a five day fill-time with a five day fuel inventory in
storage. The technique of preforming the Li-Pb shell followed by diffusion of
the D-T, as given in Path I and Path III in Fig. 6.2-3 is probably unreason-
able because all of the Li in the shell would form a deuteride/tritide before
any gas would penetrate the shell. The hydride formation from 11thium(10)
sults in nearly a 30% volume decrease. Such a large volume change would most
Tikely strain the shell so that it would crack and disintegrate.

While microdrilling of laser targets and parts has been achieved,

re-

(11)

the filling and sealing process as proposed in Path I has not been demon-
strated. A]fhough the drill-and-fill process is continuous, requiring less
tritium storage than batch processes, the high symmetry requirements of the
target would probably result in a high rejection rate of improperly sealed
shells and a significant amount of tritium recycle and recovery. Therefore,
this option remains unproven.

Hollow hydrogen shells have been prepared by introducing a stream of gas

(12)

bubbles into a controlled jet producing uniform hydrogen spheres. Pre-
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Figure 6.2-3

POSSIBLE PELLET MANUFACTURING SCHEMES

STEP PROCESS TRITIUM RECYCLE?
1 FORMATION OF Li-Pb SHELL NO
2 DT FILL
(a) BATCH GAS DIFFUSION YES PATH I
(b) CONTINUOUS DRILL, FILL & SEAL YES
3 Pb COATING YES

4 CRYOGENIC PROCESS

1 FORMATION OF CRYO. DT SHELL YES

2 LI — Pb COATING YES PATH Il

3 Pb COATING YES

1 FORMATION OF Li-Pb SHELL NO

2 Pb COATING NO

3 DT FILL PATH I
(a) BATCH GAS DIFEUSION YES

4 CRYOGENIC PROCESS
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sumably DT shells could be produced by the same technique, then coated with
the Li-Pb shell followed by the lead overlayer. There are four major pro-
cesses that have been developed for producing metallic coatings onto micro-

(13): magnetic sputtering, electroplating, electroless plating, and

spheres
chemical vapor pyrolysis. At present the sputtering technique seems to have
the most general applicability. After the coatings are applied initial cool-
ing of the target freezes the DT nonuniformly. By vaporizing the inner coat-
ing of fuel with a laser or heat pulse and quickly refreezing the DT, a uni-
form layer can be produced.(l4’15)

Hendricks et al. proposed a process in which cryogenic spheres are trans-
ported past sputtering guns which apply consecutive layers onto the sphere.(8)
A cold helium gas jet(l6) could be used to keep the targets frozen and levi-
tated as they pass the sputtering guns and quality control apparatus. This
process is outlined in Path II. This method has the disadvantage of handling
tritium throughout the process; however, there is no batch diffusion step re-
quiring a large storage inventory. While the tritium reprocessing of imper-
fect D-T spheres would be minimal, the processing after the coatings are
applied would require more sophistication. From a comparative standpoint,
Path II is probably the superior method from tritium considerations, assuming
the coatings can be applied to high standards requiring minimal tritium re-
cycling.

Until the details of the target manufacturing system are known it will be
assumed that one day's fueling supply (4.1 kg T) will be involved in the
target manufacturing system.

6.2.7 Storage

The storage requirements for HIBALL include a one day supply of targets
to fuel the reactor (4.1 kg T) and a one day supply kept on uranium beds to
feed into the target manufacturing system. (This storage inventory will
depend on the target manufacturing process as discussed in the preceding
section.) The storage inventory of 8.2 kg T represents a large fraction of

the total inventory.
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6.3 Blanket System

6.3.1 Solubility of Tritium in Liy4Pbg~
In order to determine the tritium inventory in the breeding material and

the method of extraction, the solubility of tritium in Li;7Pbgs at the reactor
temperatures (300-500°C) must be known. Ihle et a1.{1) has determined the
deuterium solubility in Li-Pb alloys at 677 and 767°C, much higher tempera-
tures than the reactor conditions.

Recent experiments conducted by Chan and Ve]eckis(Z) at Argonne National
Laboratory indicate hydrogen solubilities that are fairly temperature indepen-
dent and lower than both the data found by Ihle et al. The Sievert's constant
used in this study for tritium solubility in Li;,Pbg3 at 500°C (based on the
Argonne results) is 3.8 appm H/kPa1/2 or 1.4 x 1072 wppm T/‘cor‘rl/2 which at
1074 torr gives a tritium concentration of 1.4 x 1074 wppm in Liy;Pbgy. The
mass of Li;sPbgy in the four chambers and the reflectors is 1.78 x 107 kg,
resulting in a low tritium inventory of 0.0025 kg.

6.3.2 Tritium Breeding and Recovery

The breeding ratio of LijyPbgy is 1.25 resulting in a breeding rate of
4.4 x 107° kg T/s in each chamber. The Liy{jPbgy alloy (4.5 x 10° kg/ chamber)
serves both as breeder and coolant and is circulated through the power cycle
at a rate of 3.38 x 108 kg/hr, so that the average residence time of the cool-
ant in the chamber is 48 s. At a T, partial pressure in the chamber of 1074
torr, the concentration of tritium in the alloy is 1.4 x 1074 wppm.

The pressure that must be maintained in the reactor to allow the tritium
to be released from the liquid metal is less than or equal to 1074 torr.(3)
The quantity of bred tritium that must be extracted is 7.4 x 1074
This is a volumetric flow rate of 3.7 x 10° /s at 700°K and 10™% torr. The

high pumping rate necessary to remove the exhaust between shots (~ 4 x 100 /s

mole Ty/s.
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Table 6.3-1. Breeder and Coolant Characteristics Per Chamber

Blanket temperature (°C)

Inlet 330

Outlet 500
Tritium concentration (wppm) 1.4 x 1074
Inventory (kg)

Tritium 6.24 x 1074

Li{7Pbg3 4.46 x 109
Tritium Breeding

Ratio 1.25

Rate (kg/s) 4.4 x 1070
Flow Rate (kg/s)

Li;7Pbg3 9.4 x 10%

at 107 torr and 700°K), is sufficient to remove the tritium at the breeding
rate and a separate extraction unit will not be needed. The breeder and cool-
ant characteristics are summarized in Table 6.3-1. Although the diffusion of
tritium in Li;4Pbgs is unknown, the high surface area of the flowing liquid
metal in the chamber should allow easy release of tritium from the eutectic
into the chamber.

6.3.3 Silicon Carbide Interactions with Hydrogen Isotopes

The silicon carbide tubes are surrounded with the alloy containing 1.4 x
1074 wppm tritium in equilibrium with 1074 torr T, pressure in the gas phase
and 500°C, resulting in some solution of the tritium in the silicon carbide.
Experiments on deuterium solubility in SiC at 1000 to 1400°C(4) are shown in
Fig. 6.3-1. The solubility is very temperature dependent, decreasing as the
temperature increases. A 0.61 power pressure dependence on the solubility was
determined, indicating that the hydrogen dissolves monatomically. It also can
be observed that the temperature dependence differs substantially for vapor
deposited B-SiC and powdered o-SiC. The solubility is apparently due to
chemical bond formation between hydrogen atoms and the lattice atoms. The
presence of Si-H and C-H bonds have been observed(s) in reactions of SiC with
hydrogen ions.



154

Table 6.3-2. Thermodynamics for Hydrogen-Silicon Carbide Interactions

Free Energy

(kcal/mole)

H, Interactions 600°K 700°K 800°K
a-SiC(s) + 2 Hy(g) » Si(s) + CHy(g) 10.45 12.70 15.03
a-SiC(s) + 1/2 H2(g) + Si(s) + 1/2 C2H2(g) 38.85 37.98 37.13
a-SiC(s) + 2 Hy(g) > SiHg(g) + C(s) 35.41  37.51  39.65
H Interactions

a~SiC(s) + 4H(g) » Si(s) + CH4(9) -168.9 -161.5 -153.9
a-SiC(s) + 1 H(g) > Si(s) + 1/2 C,oH,(g) - 6.00 - 5.58 - 5.11
a-SiC(s) + 4 H(g) » SiHy(g) + C(s) -144,.0 -136.7 -129.3

Fig. 6.3-1. Hydrogen solubility in SiC compared to metals.
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Due to the large exothermicity of the dissolving process, extrapolations
to the lower temperatures of the INPORT tubes result in high tritium inven-
tories. Because of the potential for chemical bond formation, such an extrap-
olation may not be valid, however, because other chemical equilibria may pre-
dominate at the lower temperatures. Also, it is impossible to predict that
the fibrous B-SiC will behave similarly to the vapor deposited B-SiC. As an
initial estimate, therefore, the hydrogen solubility at the lowest temperature
measured, 1000°C in Fig. 6.3-1, was assumed to be representative of the solu-
bility at the lower temperatures. At 1000°C and 10'4 torr T, pressure, the
tritium solubility is calculated to be 0.5 wppm (T/SiC), resulting in an in-
ventory of 0.008 k% ;n 1.6 x 104 kg of the SiC INPORT tubes.

6

to produce hydrocarbons and silanes are given in Table 6.3-2. Hydrogen

Thermodynamic calculations for silicon carbide reactions with hydrogen
molecular reactions are unfavorable, while hydrogen atomic reactions have
negative free energies. The SiC fibers are coated with a layer of liquid
metal which should protect them from gaseous hydrogenic reactions; however,
hydrogenic atoms dissolved in the liquid metal may lead to the formation of
gaseous hydrocarbons and silanes. The magnitude of these potential reactions
requires further experimental investigation.
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6.4 Tritium Containment Systems

The active tritium inventory in the HIBALL facility is 4.6 kg or 4.6 x
107 Ci, with an additional inventory of 8.2 kg or 8.2 x 107 Ci in storage and
target manufacture. Tritium is being processed at a rate of 4.4 x 107 Ci/d in
the fuel cycle and 4.1 x 107 Ci/d in the target fabrication facility. Losses
of tritium to the environment must be limited to 10-100 Ci/d. By the use of
containment schemes similar to those found in the TSTA(l) design and in a
previous reactor design,(z) Tow tritium losses are predicted, as discussed in
Chapter 9.
6.4.1 Permeability of Tritium into Steam Cycle

The complete power system has not been designed in the HIBALL-II study;
however, it will be conceptually similar to the liquid metal/steam cycle
system considered for MARS.(Z) The most difficult tritium loss pathway to
control is the permeation of tritium from the Li;,Pbgs breeder/coolant through
the walls of the steam generator. Once in the steam cycle the tritium is
generally considered lost to the environment because the tritium exchanges
with protium forming HTO. Separation of HTO from the bulk of the steam 1is
technically difficult and expensive.(3)

Hydrogen permeation data for HT-9, the alloy in the steam generator
tubing, and chromium ferritic steels has been reviewed.(4) The tritium perme-
ation through clean HT-9 can be expressed by the relationship,

3 mole T2 mm

p = 1.8 x 10 exp (- é%loo) . .
Y3 d m atm
For HIBALL:
Tube thickness = 1 mm Pressure above coolant = 10'4 torr
Area = 5.2 x 10% m@ Temperature range = 315-490°C

In order to calculate the total tritium loss to the steam cycle, the area of
the tubing is assumed to have a linear relationship with temperature, and the
permeation in each temperature range is plotted against area (mz), Fig. 6.4-1.
The area under the curve represents the total loss of tritium, 33 g T2/day.
Losses of this magnitude are unacceptable and must be minimized.
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6.4.2 Reduction of Tritium Permeation

One factor which reduces the permeation is an oxide layer on the steam
side of the heat exchanger. In situ formed oxide coatings are effective in

(5)_

ties are reduced by factors of 100 or more due to the oxide coating. At lower

reducing tritium permeability For ferritic steels at 660°C, permeabili-
temperatures (315-490°C) the ability to maintain an effective oxide coating
decreases.(G) For HIBALL the permeability through HT-9 is assumed to be de-
creased by about a factor of 10 due to the oxide layer on the steam generator
side of the tubing.

Another method of achieving lower losses of tritium to the steam cycle

7) on the

includes formation of a permeation resistant nickel-aluminide 1ayer(
liquid metal side of the tubing. This is accomplished by addition of aluminum
to the liquid-metal coolant, which forms an aluminum layer on nickel alloy
surfaces, reducing the permeation by a factor greater than 100 for 304 SS at
550°C. The HT-9 alloy, however, is low in nickel and thus would not be adap-
table to this scheme. The use of a metal in the steam generator different
from that in the reactor may cause enhanced corrosion through mass transfer
mechanisms.

Work has been done on the development of multilayered metal composites

(8)

factor of 50 have been demonstrated for stainless steel structures containing

and impurity coated refractory metals as tritium barriers. Reductions of a
an intermediate layer of Cu-Al-Fe alloy at 600°C. Metallic coatings with low
hydrogen permeability coefficients would also present a barrier to the triti-
um.

An assumed a factor of 10 reduction in permeation due to the oxide coat-
ing results in 3.3 g T2/day lost to the steam cycle. In order to further re-
duce this quantity, the tubes in the steam generator will have a double-walled
construction, with a purge gas containing a low partial pressure of 0, sweep-
ing the tubing gap(g) as discussed in Chapter 8. Although double-walled
tubing is expensive and difficult to produce,(3) this concept provides an ef-
fective tritium containment scheme. The oxygen in the purge gas maintains an
oxide layer which converts tritium to HTO by combining it with the hydrogen
that diffuses through the steam side. The permeating tritium appears to com-
bine with the oxide on the metal and does not depend upon a gas phase re-

(10)

action. This significantly reduces the free tritium partial pressure, and
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Table 6.4-1. Parameters in Steam System

Tritium diffusion from the LiPb side 3.3 g/d
Steam generator surface area 5.2 x 10% m2
Tritium diffusion rate 1.5 x 1010 atoms T/cm2.s
0, pressure in purge gas 1 torr
Maximum HTO pressure 0.1 torr
Temperature range 315-490°C
Required purge gas flow rate 5.3 ¢/s
HT partial pressure in gap 1 x 10716 torr
Total tritium loss to water 0.02 Ci/d
Fig. 6.4-1
15 ! I ' I T
PERMEATION OF To THROUGH HT-9 490
14 - IN STEAM GENERATOR

450

TEMPERATURE (°C)

PERMEATION gTp+d?+m?2 x10™4

(o] [ 2 3 4 5
AREA (m)zx 04
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thus reduces the diffusion driving force to the steam side, as discussed in
Section 8.3.

If the oxygen partial pressure in the purge gas is assumed to be 1 torr
and the maximum HTO pressure allowed in the gap is 0.1 torr, then the volu-
metric flow rate of the purge gas is 5.3 &/s. The HT pressure in the gap is
about 1071° torr, resulting in ~ 1072 Ci/d loss to the steam generator. The
parameters for the steam cycle are given in Table 6.4-1. If the steel forming
the gap oxidizes too rapidly, the oxygen pressure can be reduced to 10"2 torr,
which increases the tritium permeation to only 1071 ci/d.

The HTO that is formed in the purge flow is condensed and sent to a fuel
cleanup unit where tritiated water is electrolyzed and hydrogen isotopes are
then sent to the cryogenic distillation system for separation.

Secondary and tertiary containment schemes have not been addressed in de-
tail. However, the designs for containment in the TSTA faci]ity(l) will be
tested in the near future, providing essential information to the fusion com-

munity on the aspects of tritium handling and containment.
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7. MATERIALS
7.1 Introduction

The materials problems in HIBALL-II can be categorized according to where
the materials are located, for example:
A. Inside Reactor Cavity

i) SiC tubes
ii) HT-9 support structure
‘B. Reflector Region
i) HT-9 structure
C. Reactor Vessel Shield
i) HT-9 structure
ii) Pb gamma shield
iii) B4C neutron absorber
Since the most severe problems are associated with those components inside the
vessel and in the reflector region we will concentrate on those areas.

A great deal of detail about the irradiation environment was given in
HIBALL-I and that will not change in HIBALL-II. However, two more nuclear
materials issues have arisen during the design of HIBALL-II. They are:

1. Compatibility of SiC with high temperature LiPb alloys.
2. Corrosion rate of HT-9 in Li ;Pbgs.

It has also been discovered that since HIBALL-I was published in 1981,
new information on the radiation damage resistance of SiC and HT-9 has become
available. We will briefly review the new non-nuclear and nuclear materials
issues in the remainder of this chapter.

7.2 Compatibility of SiC at High Temperature

There have been three independent but rather qualitative experiments on

(1-3) A17 of the experiments indi-

the compatibility of SiC in Li-Pb alloys.
cate that above 600°C, there seems to be little corrosion of SiC by Li-Pb

alloys. A summary of the experimental information is given below.

SiC Material Corrosive Fluid Temp.-°C Time-hr Ref.
Not stated Static Li 815 100 1
Static Pb 815 100 1
Beta SiC Fibers Static Li;4Pbgs 600 4500 2
Alpha SiC-Sintered Static Lij4Pbgg 300-700 100 3
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(1)

The first experiment was performed in 1960 and showed that in pure Li,
more than a 3 mill (or 6% wt change) or a 3% dimensional change occurred at
815°C for 100 hours. However, the same material showed essentially no pene-
tration, weight change or dimensional change after 100 hours in pure lead at
the same temperature. Since the activity of Li in L117Pb83 is about 10'4, the
potential for corrosion of Lil7Pb83 would be significantly less than for pure
Li and probably more 1ike the case for pure lead.

The second experiment(Z) involved beta SiC fibers, marketed under the
trade name of Nicalon®, inserted in Liy;Pbgy for 4500 hours at 600°C. It was
found that the L117Pb83 completely wet the fibers and no dimensional changes
were observed. This behavior may have been unique to the fibers because the
pyrolytic treatment used to prepare the fibers introduces excess carbon and
oxygen into the matrix. Consequently, the stoichiometry of the fibers is
approximately 5101_300_4. The excess C and O may increase the resistance of
the fibers to corrosion by lead-lithium alloys and further work is required to
quantify the information.
(3)
subjected large pieces of sintered alpha SiC to a static Lij4sPbgy corrosion
test at 300, 400, 500, 600 and 700°C. They found significant interaction
between the alpha SiC and the LiPb alloy between 300 and 500°C, very little
attack at 600°C and almost no attack at 700°C after 100 hours. It is not
clear whether there is a difference in the behavior of alpha and beta SiC and

The third experiment was performed by scientists at Interatom. They

future studies should examine this possibility.

In summary, the meager data which is available indicates that at 600°C
and above, there should be no problem with corrosion on beta SiC fibers. How-
ever, there is some concern for the abnormal behavior of alpha SiC at lower
temperatures and this needs to be investigated further.

References for Section 7.2

1. Oak Ridge National Lab Report, ORNL-2391, June, 1960, p. 14.

2. D.K. Sze and V. Coen, Abstract in the Third Topical Meeting on Fusion
Technology, Albuquerque, NM, Sept. 19-22, 1983.

3. H. Runge, "Tritium-Bilanz und Vertrdglichkeit von SiC mit Li 7Pbgs flir
Fusionsreaktorsystem Hiball", Interatom Report INTAT 55.0677%.6, eb.,
1984,
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7.3 Corrosion of HT-9 with Li;4Pbgs
Since the HIBALL-I report a few data points have been generated with

respect to HT-9 and flowing (3 cm/s) L117Pb83.(1) The two data points are
shown in Fig. 7.3-1 and a straight line has been drawn through the data points
to extrapolate to other temperatures. The corrosion rate, 5, can be
approximated by the following equation;

In ¢ = 17.95 - 11475 (mg m2 _1)

hr
T( %)

The maximum corrosion rate at 500°C is approximately 20 microns/y per m2.

This is obviously not a thinning problem in the outlet tubes because after 21
FPY's, this would only amount to a loss of 0.4 mm and the tube is expected to
be several cm thick. However, there is some concern about the plugging of
heat exchanger tubes with the corrosion products generated. A detailed
analysis of a similar HT-9/LiPb system in MARS(Z) showed that even with far
more HT-9 surface area, the plating out of the corrosion product was not
severe. Furthermore, inhibitors such as Al or Mg can be used to lower the
corrosion rate further.

In summary, excessive corrosion of the HT-9 heat transfer tubes is not
found to be a problem. Future experiments at higher temperatures and with
inhibitors or impurity cleanup systems need to be performed to develop more

quantitative information.

References for Section 7.3

1. "Blanket Comparison and Selection Study, Final Report," Argonne National

Laboratory Report ANL/FPP-84-1, September 1984,

2. "MARS - Mirror Advanced Reactor Study," Lawrence Livermore Report UCRL-
53480, July 1984,

7.4 Irradiation Effects to SiC
The effects of irradiation on swelling of SiC were reviewed in HIBALL-I.

No new information was found up to the publication of HIBALL-II. However,
there is some new data on the effect of neutron irradiation on the thermal
conductivity of SiC and that is included below.



164

Temperature (°C)

600 550 500 450 400 380

1000 — T T T T T

T
P

10.0

5.0

T

P A |

20~ -

Dissolution rate (mg/mZ2 - hr)

100

05—

P RO |

2

0.1 ! ! ! 1 J L
14 1 13 14 15 18 17 18

1000/T (K)

Fig. 7.3-1 Extrapolation of ANL corrosion data for the HT-9/Li;;Pbgs system.
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It is well known that irradiation tends to reduce the thermal conduc-
tivity of ceramic materials like SiC and it is important to factor this into
any heat transfer calculations within the INPORT units. A further compli-
cation is the fact that the thermal conductivity of SiC is reduced as the
temperature is raised. Figure 7.4-1 illustrates the temperature effect on
pyrolytic and self-bonded SiC.(l)
90 W m k7! at s00°C.

When either the high or lower conductivity material is irradiated to
2 the thermal conductivity drops to 10-20 W m k"L, This Tevel of
irradiation corresponds to roughly 10 dpa or 1 Mw-y/mz. Hence, a value of

15 W m YKk™L will be used for the HIBALL-II study.

The unirradiated values can vary from 40 to

1026 m”

References for Section 7.4

1. "INTOR - International Tokamak Reactor", Phase 2A, Part 1, IAEA, Vienna,
1983, p. 251.

7.5 Radiation Effects to HT-9 Structure

There has been a considerable body of data reported on irradiated HT-9
since the analysis for HIBALL-I in 1981. The most recent summary of that data
appears in Reference 1. In general, the favorable properties of HT-9 have
been substantiated and the original choice of this alloy is still valid. The
purpose of this section is to briefly quote information which has become

available since the HIBALL-I report.

The anticipated damage environment for the HT-9 structural material in
the chamber reflector region is given in Fig. 7.5-1 as a function of the
effective tube thickness. Since the HIBALL-II designs calls for a gross tube
thickness of 2 meters at a 33% packing density, there is 66 cm of effective
material (LiPb/SiC) between the target and the structural material. The
maximum damage rate at the HT-9 wall behind the INPORT units is then:

Per FPY Per 21 FPY's
dpa 2.7 56.7
appm He 0.4 8.4
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The HT-9 wall is expected to operate in the 350 to 520°C range. It is there-
fore reasonable to examine the expected performance of HT-9 under such
conditions with respect to swelling or the shift in the ductile to brittle
transition temperature (DBTT). The conversion of 5 dpa per 1022 fission
neutrons will be used in the following analysis.

7.5.1 Void Swelling

Considerable data on swelling of HT-9 has been reported in the past few
years. Generally, the overall swelling is reported as

N
v "5 0D
0

where So is the void induced swelling

D is the densification due to phase transformations.

The swelling due to void formation in HT-9 can be expressed as(z)

_ 1 1 + expla(c-d)]
5 - R d + Z 1" [1 + exp(at) I}
where R = swelling rate in 0.0625% per dpa
d = dpa
a = curvature parameter, 0.014 per dpa
T = incubation parameter

2
t=2¢, exp {C, [T-C,] }

Cq1 = 72 dpa
Cr =3 x 1074 per °?
Cy = 673 °K

The volume due to phase changes is

D =D* [1 - exp (-d)]

where D¥*
A

densification saturation parameter = - 0.15%
densification time constant = 0.0625 per dpa.

i
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The maximum swelling will occur at the 520°C, 57 dpa level. Since this
is still below the incubation dose for swelling in HT-9 (75 dpa at 520°C) no
void induced swelling is expected. However, there will be some densification
due to precipitate formation and that is predicted to be ~ 0.15%.

A note in added proof of the superior resistance of HT-9 to void induced
swelling is shown in Fig. 7.5-2. The swelling of simple and commercial
austenitic alloys reveals that greater than 10% volume change is observed by
damage levels of 20 or 60 dpa respectively. Simple ferritics extend the
incubation dose to 50 dpa or more and no significant swelling is observed
between 30 and 60 dpa, depending on the particular heat treatment. Even more
advanced alloys such as PCA (not shown in Fig. 7.5-2) are expected to reach
the 1% per dpa value at damage levels exceeding 70 to 100 dpa. In contrast,
commercial ferritic steels have not exhibited more than 1% swelling in experi-
ments conducted up to 100 dpa. When ferritics do pass beyond the transition
fluence, they are not expected to swell faster than 0.1% per dpa. Based on
breeder reactor experience, it appears that the reflector components exposed
to the highest neutron flux for the lifetime of HIBALL-II would swell about 10
to 20% if made of 20% CW type 316 stainless steel. Although the reflector
designs contemplated for HIBALL-II could accommodate a linear expansion of a
few percent due to swelling, it is doubted that a significantly larger expan-
sion could be accommodated in a power-producing fusion reactor. Therefore,
the ferritic stainless steels were chosen for HIBALL-II.

The conclusion to be drawn from this analysis is that there should be no
problem from dimensional changes in the HT-9 wall behind the INPORT units
during the full reactor lifetime.

7.5.2 Irradiation Induced Shift in the Ductile to Brittle Transition
Temperature

The ductile to brittle transition temperature (DBTT) can be defined as
the intersection of the fracture and yield stresses when each is plotted as a
function of temperature. At temperatures lower than the DBTT, the material

will fracture in a brittle fashion before it reaches its yield point.
Irradiation tends to raise the DBTT by introducing vacancy and interstitial
dislocation loops as well as precipitates which may harden the alloy. An
example of the upward shift in the DBTT with neutron irradiation is shown in
Fig. 7.5-3.(3) After irradiation at 427°C to approximately 5 dpa the DBTT is
increased from 0°C to 100°C.
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Another recent study by Laurtzen and Vaidyanathan(4) showed that at 13

dpa, the shift in the DBTT ranges from 140°C (at 390°C) to 50°C (at 450 and
500°C) (see Fig. 7.5-4). Above 500°C the ADBTT increases again to about 75°C.
These results suggest that irradiation in the 350 to 500°C temperature range
to 57 dpa might raise the DBTT to 150 to 200°C at the cold end (350°C) of the
blanket and to 50 or 100°C in the hot end (520°C).

In either case severe consequences are not expected because the melting
point of the Lij4Pbgg is 235°C and the blanket temperature never reaches this
point. If the Li-Pb alloy was drained out of the blanket for some reason hot
He gas (~ 500°C) could be circulated in order to anneal out much of the damage
which caused the upward shift in the DBTT.

References for Section 7.5

1. J.W. Davis and D.J. Michel, eds., "Proceedings of Topical Conference on
Ferritic Alloys for Use in Nuclear Energy Technologies", AIME,
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3. F.A. Smidt, J.R. Hawthorne and V. Provenzano, ASTM Special Technical
Publication No. 725, 1981, p. 269.

4. T. Laurtzen, W.L. Bell and S. Vaidyanathan, p. 623 in "Proceedings of
Topical Conference on Ferritic Alloys for Use in Nuclear Energy
Technologies", Ed. J.W. Davis and D.J. Michel, AIME, 1984,
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8. HEAT TRANSFER CONCEPTS
8.1 Double Walled Steam Generator Concept

8.1.1 Heat Exchanger Arrangement and Power Cycle

The power cycle for the LiPb blanket is presented in Fig. 8.1-1. The M 4
heat input is split in two places to increase the effectiveness of heat trans-
fer. The steam system is 16.6 MPa/482°C reheat. The heat transfer tempera-

ture diagram, Fig. 8.1-2, illustrates the effectiveness of the cycle over a
system where the first stage reheat and economizer do not share the blanket
heat. The evaporator pinch point is moved from 23.5 to 30% of the total heat
transferred and the AT is raised from 15 to 25°C. This causes a larger log
mean temperature difference (LMTD) in the evaporator, first stage reheater and
the economizer which reduces heating surface requirements and LiPb inventory.
A larger pinch point AT also encourages investigation of a higher steam cycle
pressure with potential improvements in steam cycle efficiency over that which
can be achieved at 16.6 MPa.
8.1.2 Double Walled Steam Generator

Heat exchange equipment for the HIBALL power cycle must fulfill exacting

requirements while at the same time retain design features acceptable to the

utility industry. The design requirements of liquid metal to water heat

exchangers are complicated by:

* The component must provide a tritium diffusion barrier between blanket
coolant and steam cycle.

* The component design must permit practical inspection and maintenance pro-
cedures in spite of radiation levels produced by activated corrosion pro-
ducts present in the blanket coolant.

The design described in Figs. 8.1-3 through 8.1-6(1) was created to meet the

above requirements. It provides the following features:

1. Provision of an adequate tritium diffusion barrier.

2. Detection of potential tube defects that could lead to metal/water
reactions.

3. Avoidance of size limitation problems typical of double walled heat
exchangers.

4, Detection, location and repair of leaks by conventional methods (eddy
current).

5. Compact construction.

6. Conventional component assembly.
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The space between inner and outer shells and between inner and outer walls of
each tube assembly is filled with helium at 1 atm containing oxygen at a
partial pressure of one torr. A pumping system (not shown) is used to circu-
late this gas Tongitudinally through each tube wall gap as a sweep (or
monitor) gas to detect water vapor.

The hemispherical heads shown in Fig. 8.1-3 are similar in configuration
to those used for "once through" PWR steam generators. Thus the tube inspec-
tion and repair equipment developed for this equipment is applicable to the
design shown in the above figure. This equipment has been used satisfactorily
to perform inspection and maintenance work in radiation levels up to about 15
rem at the hemispherical head tube face.

To cope with higher radiation levels, the manways can be replaced by full
opening closures, which in turn will permit use of rotating plugs and other
equipment developed in the past for hot maintenance. The effect of activated
corrosion product radiation on inspection and maintenance tends to be mini-
mized by the following:

1. Vertical (instead of horizontal) tube sheet faces which reduce collection
of corrosion particles on the surfaces.

2. Inner and outer tube sheets with a space in between which attenuates
streaming of gamma rays through tube ID's.

3. Corrosion products will tend to coliect at the top of the inner shell.
Radiation from this location will not be in line with tube sheet holes.

8.1.3 Tritium Isolation
One of the most difficult problems associated with using Lij;Pbgy 1is

tritium confinement. The very low tritium solubility in Li17Pbgy results in a
very high tritium partial pressure. The most vulnerable region in the primary
loop for tritium leakage is the primary heat exchanger. To improve heat
transfer, the surface of the heat exchanger is large and with thin-walled tube
construction. Therefore, an effective tritium diffusion barrier is required
between the primary loop and the steam cycle to reduce the tritium leakage to
an acceptable level.

The tritium permeation through a single surface steam generator has been
discussed in Section 6.4.1 and was shown to result in a release of 33 g/day,
i.e. 3.3 x 10° curies per day. To reduce this release to an acceptable level,
a tritium diffusion barrier of 10° is needed.
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In the HIBALL design, a double walled heat exchanger is used to provide
the required tritium diffusion barrier. The construction, with two tubes in
close contact, was shown in Fig. 8.1-5. A helium purge with 1 torr of oxygen
pressure passes through the channels to provide an oxidizing atmosphere be-
tween the two tubes. The oxide films formed between the two tubes, as well as
the oxide film on the water side, provide an effective diffusion barrier.

Figure 8.1-7 shows two tritium diffusion paths through the double-walled
steam generator. This is an enlarged figure around one contact point between
the tubes.

Path 1: Through wall 1, across the gap and through wall 2.
Path 2: Through the contact point.
Path 1

The resistance to diffusion across the gap is the product of the resis-
tance due to the oxide films and resistance due to the gap. The resistance of
the gap was calculated using diffusion theory with the removal of tritium
represented by an effective mean free path based on simple kinetic theory.
Thus, each collision of a tritium molecule results in its removal. Figure
8.1-8 shows the attenuation factor due to the gap as a function of the gap
width while Fig. 8.1-9 shows the attenuation factor due to the combined effect
of three oxide coatings as a function of the single oxide coating layer
factor. If the gap width is 1073 cm, the attenuation factor due to the gap is
3 x 1073, To obtain a total attenuation factor of 107>, an attenuation factor
of 3 x 1073 is needed from the oxide coatings, which corresponds to a single
layer factor of 20. Experiments have indicated that a single layer factor of
a few hundred is available for ferritic steel. It can be concluded, there-
fore, that the attenuation factor of << 107° is available for tritium leakage
across the gap.

Path 2

A two-dimensional, finite difference tritium diffusion calculation was
performed for tritium leakage along path 2. The result shows that an attenu-
ation of 107° is also available along this path. The total attenuation is the
sum of the attenuation along those two paths and is, therefore, < 1075,

Numerous questions and uncertainties remain to be investigated with re-
spect to these double-walled heat exchangers. In the previous calculations it
was assumed that the tritium oxygen reactions occurred essentially instantane-
ously. Whether this actually is the case remains to be seen. However, recent
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experiments being performed at INEL(Z) indicate even if that is not the case
the tritium is still converted. These experiments appear to show that the re-
action takes place not in the gap but with the oxygen in the surface oxide
layer of the tubes. If this is so, then the oxygen in the gap need only be
present at a level to maintain the oxide layer on the tubes. If the tritium
penetrated the first walls of the steam generators at the previously mentioned
rate, i.e. 3.3 x 105 Ci/day, in the form HT, only 176 grams of oxygen per day
would have to be introduced into the system to maintain the oxide layer.

Since the oxide layer need not be thick and can be controlled, concerns re-
garding the growth of the oxide layer to the point where it fills the gap may
be alleviated. Only an experimental program can answer these concerns satis-
factorily. The presence of the gap - any gap - is going to have a deleterious
effect on heat transfer. A very preliminary estimate is that this effect may
increase the steam generator surface area by about 25%. As above, an experi-
mental program with systems with spacing satisfactory for tritium retention is
required to assess this question fully.

8.2 Sodium Intermediate Loop Concept
8.2.1 Introduction

The double-walled steam generator presented in Section 8.1 is a very at-
tractive concept, and it has been chosen as the reference concept from the

considerations of plant power flow, cost, etc., for this report. Since, how-
ever, its feasibility is not fully established we briefly discuss an alter-
native, more conventional system(3) of the kind used in present-day liquid
metal fast breeder reactors.
8.2.2 Design

For reasons of component size, it is considered to use two Lij7Pbgj pri-

mary circuits, intermediate heat exchangers (IHX) and sodium secondary cir-
cuits per reactor chamber and three steam generators (SG) per secondary cir-
cuit. Some parameters are given in Table 8.2-1.

8.2.3 Tritium Isolation

Apart from tritium permeation barriers in the form of oxide layers, the
mechanism for reducing tritium losses to the water/steam side differs from the
one used in the double-walled SG concept. There, the tritium is oxidized into
HTO by the purge gas; in the sodium secondary circuit, tritium would accumu-
late as NaT in the cold trap of the sodium purification bypass. The tritium
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Total no. of primary circuits

No. of IHX & secondary circuits per primary circuit

Per secondary circuit:

Power (MWyp)

IHX surface area (m?)

IHX material

Na inventory (tonnes)

Na flow rate (m3/s)

IHX sodium temperature, inlet (°C)
IHX sodium temperature, outlet (°C)
Cold trap temperature (°C)

No. of SG

Per SG:

Power (MW.p)

SG surface area (m?)

SG material

Water inlet temperature (°C)
Steam temperature (°C)

1279
4430

austenitic
130
6
290
480
115
3

426
1894
austenitic
190
460

concentration in the sodium is determined by the total hydrogen solubility by

the cold trap temperature and by the isotopic ratio of the hydrogen.

Corro-

sion on the water/steam side of the SG produces protium which permeates into
the sodium, thus limiting the tritium concentration to about 6 x 1074 wppm.
Tritium losses to the water/steam side were found(3) to be 1 Ci/d for the
HIBALL plant. It should be noted that austenitic steel was assumed for the
IHX and SG which has advantages with respect to oxide barrier formation but
may cause corrosion (mass transfer) problems with the ferritic steel used in

the primary circuit.
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9. ENVIRONMENTAL AND SAFETY ASPECTS
9.1 Introduction

Potential releases to the environment of radioactive materials contained
in the HIBALL plant must be prevented by safety design measures similar to
those that are applied at present to fission converter (e.g. LWR's) and
breeder reactors (e.g. LMFBR's). This means that a HIBALL type reactor plant
must have safety components incorporated as plant protection systems.
Examples are:

* plant shutdown system,

* control system,

* emergency cooling,

* decay heat removal system,

* multiple containment barriers between the radioactive materials and the
environment.

Safety regulations and siting criteria for commercial fusion power plants will

probably be very similar to those for present fission reactors.

Before addressing the nuclear environmental and safety issues of any
fission or fusion power plant it is necessary to list its inventory of
radioactive materials.

9.2. Radioactive Inventory

Radioactive materials as they exist or are generated in the different
parts of the HIBALL reactor plant are:

s tritium in the entire fuel cycle of the plant (target fabrication facility,
breeding blanket, reactor cavity, vacuum pumps, cleanup and isotope sepa-
ration systems),

* activated debris material from burned pellets within the reactor cavity and
in the vacuum system,

* activated structural and shielding material around the reactor cavity
(blanket, reflector and radiation shield),

* activated coolant,

» activated structural and shielding material in the beam channels and at the
focusing magnets.

In the following subsections the quantities of the different radiocactive
materials are discussed and listed. For tritium we assume a closed cycle with
constant inventory (see Chapter 6). For the other species, activities at
shutdown after two years operation are given (see Section 5.3.5).



184

9.2.1 Tritium Inventory

Table 9.2-1 summarizes the tritium inventories per GWe at different
places within the power plant. By far the highest tritium inventory will
occur in the target factory, where a one day supply of cryogenic targets to
fuel the reactor and a one day tritium supply in uranium beds (prior to target
filling) have been assumed (Chapter 6).

As explained in Chapter 6 the tritium inventory within the coolant and
breeder material L117Pb83 will be very small, only about 1 g/GWe. A similar
small inventory of 3 g/GWe was originally assumed for the INPORT structures in
HIBALL. However, the tritium solubility in SiC at 500°C and below is un-
certain (Section 6.3.3), and the corresponding inventory might be as high as
250 g/Gie . (1)

9.2.2 Radioactivity in Coolant and Breeder Material

Neutron induced activation of the coolant and breeding material leads to
the buildup of radioactive nuclides. The coolant and breeder material
Lij;Pbgz will be activated and the activation of lead will result in a con-
siderable inventory as shown by Table 9.2-2. The highest activity of 0.6 x
108 ci/GWe is due to 293pb having a half-life of 52 h.

No data are listed for the activity arising from corrosion products in
the coolant and from impurities, with the exception of bismuth, a common
natural impurity in lead. Additional bismuth is brought in by the Bi ion
beams. This amounts, however, to only 1 ppm in 30 full power years.

In addition, 6He and 8Li are produced from lithium. They contribute to
the radioactive inventory of the operating plant but not to the "releasable"
inventory because of their short half-lives of 0.8 s.

9.2.3 Radioactivity Built Up in the Burning Target

The HIBALL target contains, besides DT, only materials that are also
present in the coolant (Li and Pb) and thus produces the same radioactive
nuclides. Quantitatively, the target radiocactivity adds a negligible amount
to the coolant radioactivity.

9.2.4 Radioactive Inventory in the Chamber Structures, Reflector and Shield

Radioactivity will be induced by neutron capture in the structural ma-
terial of the blanket, the first steel wall, the reflector and the shield of
the reactor cavity. The total radioactive inventory built up in the blanket
structures, steel wall and reflector was estimated to be about 1.6 x 109
Ci/GWe (Section 5.3.5). The bulk of this activity is due to neutron activa-
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Table 9.2-1. Tritium Inventory per GWe in HIBALL Reactor Plant
(1 kg has an activity of 0.96 x 107 Ci)

Plant component Tritium inventory, kg/GWe
Blanket
LiPbgy (coolant and breeder material) 0.001
Coolant guide tubes (INPORT, SiC) 0.003-0.25

Tritium Cycle

Cryopumps 0.1
Cleanup unit 0.01
Isotope separation 0.02

Target Fabrication Facility

Targets {(one full power day supply)

Storage in uranium beds
a

[ T G WY

Targets in fabrication

a Depends on target filling process; 1 kg/GWe per day of diffusion filling
duration is required.

Table 9.2-2. Radiocactive Inventory per GWe in
HIBALL Li;4Pbos Coolant After Two-Year Operation

Nuclide Half Life Activity (Ci/GWe)
203y4 47 d 1.2 x 10°
20544 5.2 min 1.1 x 10°
204+ 3.78 y 0.4 x 10°
203pp, 52 h 0.6 x 108
205p, 1.5 x 107 y 0.5 x 102
210p, 138 d 1.6 x 102

(from 40 atom-ppm Bi impurity)
Total 6.2 x 108
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tion of steel. The radioactivity in the outer concrete shield is much lower,
1.6 x 107 Ci/GWe, but still significant (Section 5.3.5).
9.2.5 Radioactivity Built Up in the Beam Lines

The final focusing layout for HIBALL-II with its smaller beam ports and a
final neutron dump about 40 m from the chamber wall constitutes an important
improvement over the HIBALL-I design also with respect to activation. The
total activity per beam line of the new design was estimated in Section 4.3.6
at 66 Ci which corresponds to 1.4 x 103 Ci/GWe. While these activity levels
are low compared with those of a reactor chamber they may be high enough to
produce an unacceptable biological dose rate for certain manual maintenance
operations.

9.3 Releases of Radiocactivity Into the Environment During Normal Operation
9.3.1 Introduction

The permeation of tritium through the walls of steam generators, fuel
cycle or target factory components represents the most important and most dif-
ficult environmental problem of the HIBALL plant. Gaseous O4e has such a
short half Tife that it does not play a role for radioactive release during
normal operation. All other radioactive materials present in the plant are in
either 1iquid or solid form. Their release to the environment under normal
operation can therefore be excluded.

An assessment of the total releases of tritium from the power plant
during normal operation requires estimates of release and permeability rates
for each plant component containing tritium.

9.3.2 Permeability of Tritium Into the Steam Cycle
The permeation of tritium from the coolant through the walls of the steam

generators causes a difficult technical problem, as the permeability of triti-
um through steel is relatively high and the heat transfer areas of steam gene-
rators are large so that considerable quantities of tritium may reach the
steam cycle and the environment. As described in Chapter 6, simple steam
generators would imply a leakage rate of 3 x 10° Ci/d, at least 104 times
higher than can be allowed. Therefore, a diffusion barrier of 1074-1073 for
tritium is needed, which can be achieved either by double walled steam gene-
rators as they are developed presently for LMFBR applications or by an inter-
mediate liquid metal loop.
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Estimates have shown that a duplex tube steam generator diffusion barrier
concept as described in Sections 6.4.2 and 8.1.3 may be sufficient to keep the
permeation of tritium into the steam cycle below about 1 Ci/GWe/d.

If an intermediate liquid sodium loop (Section 8.2) is used instead of
the duplex steam generator, diffusion barriers of 1072 to 1073 for leakage of
tritium into the intermediate loop are required. The total losses of tritium
from the intermediate circuits would be only about 2 Ci/d, only 1 Ci/d being
released through the water path of the steam generators.(l) The total tritium
inventory of the intermediate coolant circuits would be less than 1 g.

However, the primary coolant circuits consisting of pumps, valves,
pipings, flow meters, storage or holdup tanks, purification systems etc. will
probably have to be designed with aluminum sleeving or jacketing and in some
cases with glove boxes to provide a secondary containment barrier against
tritium permeation and to keep leakages low.

Table 9.3-1 summarizes the tritium losses from the HIBALL reactor plant.
The total losses are estimated to be 20 Ci/GWe/d. Out of these total losses
80% are expected to go into the atmosphere and 20% into water.

9.3.3 Cumulative Doses from Normal Operation

With a given release rate as estimated in Table 9.3-1 radiation doses due
to normal operation can be calculated for a given distance from the reactor
plant. Assumptions must be made for the exhaust stack height, the atmospheric
dispersion of the radioactivity and the population density around the plant.
On the basis of a 100 or 200 m high exhaust stack, average meteorological con-
ditions as measured at Hannover, FRG, and a population density of 250 persons/
km? the cumulative doses were calculated following the international guide-
Tines of ICRF 26 (1976) and ICRF 30 (1979), as well as the German guidelines
GMBI-21.(2) Figure 9.3-1 shows the local effective dose equivalent commitment
due to gaseous and liquid effluents. The figure compares the doses on a 1
GWeey basis for a pressurized water reactor (PWR) and its respective reproces-
sing plant with HIBALL. The higher stack of 200 m of the latter strongly
influences the doses in the immediate vicinity of the plant. Whereas HIBALL
will release only tritium, additional radioactive nuclides, e.g., radioactive
noble gases (krypton, xenon) and B- or a-emitting aerosols (fission products
and actinides) must be accounted for(3) in the case of the PWR and its re-
processing plant. All dose data decrease strongly with distance and are in
the range of 0.1 uSv/GWe/y (0.01 mrem/GWe/y) at a distance of 10 km from the
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Table 9.3-1. Tritium Released from HIBALL Reactor
(1 GWe basis)

Ci/GWe/d
Intermediate coolant circuits, steam generators
Double walled steam generators ’ !
Water coolant circuits of shield
Cryopump system
Fuel cleanup unit
Isotope separation unit

Target factory

N O RN W

Buildings and tritium recovery system

plant. This is well below the present limits imposed by radiation protection
ordinances.

When considering these data is should be recalled that the results for a
PHR and its associated reprocessing plant are based on realistic data whereas
the estimates for HIBALL depend upon the above assumptions made for the dif-
fusion barrier in the steam generator tubes and other permeation rates of
tritium in different parts of the plant.

A comparison with tritium release rates from fission reactors and their
fuel cycle shows that, under the present assumptions, heavy ion beam or mag-
netic fusion reactors would have similar release rates on a GWeey basis as re-
processing plants and heavy water reactors (Table 9.3-2). Again it must be
emphasized that the releases of tritium from fusion reactor plants are only
preliminary estimates which can give an indication for confinement measures to
be designed into such future plants. In this sense the difference in release
rates between HIBALL and STARFIRE(B) stems only from differences in assump-
tions.

9.4 Accident Analysis
9.4.1 Introduction
In many respects an accident analysis for the HIBALL plant can only be

very preliminary. As guidelines for the safety design and analysis of fusion
reactors do not presently exist, one can only draw on the experience gained in
fission reactor safety analysis and follow guidelines developed there.
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Table 9.3-2. Tritium Release Rates from Fission and

Fusion Reactor Plants on a GWe-y basis(7’8)

Gaseous Ci/GWe/y Liquid Ci/GWe/y
Pressurized Light Water Reactor (PWR) 45 400
Reprocessing for PWR 1100 3300
Heavy Water Reactor (HWR) 15000 7500
HIBALL 5800 1500
STARFIRE (Tokamak) 3200 800

The focus of the safety analysis must be on system or component failures
which may lead to a major release of radioactivity to the environment. Fol-
lowing these lines, one has to distinguish between
* external events and
* internal accident sequences
leading either to containment failure or to failure of beam channels with
large enough leaks for the release of radioactivity.

9.4.2 External Events
The reactor containment, the target factory and the beam channels must be

designed according to safety standards usually determined by licensing
authorities for a specific site to withstand:

*» earthquakes,

* tornados and floods,

* airplane crash and gas cloud explosions.

These design requirements can be accommodated by a containment with an inner
steel shell with high leak tightness and an outer 1.5 m thick concrete shell.
9.4.3 Internal Incidents

Plant internal incidents which may lead to accident sequences (listed
without regard to probability of occurrence or possible countermeasures) are:
* power-cooling mismatch conditions, when the reactor plant is operating at

full or partial load. Possible initiators are, e.qg.
- loss of off-site power
- pump fajlures, leaks in coolant piping.



191

+ failure to remove the decay heat after reactor shutdown due to loss of heat
sinks (earthquake, loss of emergency power supply, component failure). The
decay heat power of radioactive isotopes right at shutdown is about 1% of
the full plant power.

* overpressurization of the containment as a consequence of chemical re-
actions, e.g., coolant-water reactions, coolant-concrete reactions generat-
ing hydrogen, coolant fires (1ithium), combustion of hydrogen isotopes,

* power-cooling mismatch in the final focusing magnet or vacuum pumping
systems, e.g., magnet quench or loss of cryogenic heat sinks,

* ion beams damaging the chamber wall, initiated by failure of pellet
injection,

* stress induced failure of the vacuum system integrity leading to large
leaks in beam channels or their connections to the reactor containment,

« failure of cryogenic cooling in the pellet manufacture and transport
system, overpressurization of T2 and D2 containers.

This list of incidents potentially leading to severe accident sequences
is certainly not complete. However, a conceptual plant design at this early
stage does not warrant a detailed, quantitative safety and risk analysis. In
addition, some of the physical processes, e.g. reactions of L117Pb83 with air,
water and concrete, are not yet fully understood. Only the results of small-
scale experiments are available at present.(4’5) Although these experiments
show rather mild chemical reactions of L117Pb83 with water and air, much more
information must become available on, e.g., the thermal interaction of hot
coolant with water (vapor explosions) or aerosol generation during coolant-air
reactions.

9.4.4 Accidental Releases of Radioactivity

Licensing regulations will require a consequence analysis of radiocactivi-

ty releases from the reactor plant to the environment. This analysis will

have to be performed following through all possible accident sequences which

can lead to major radioactivity releases from the plant. As an example two
such accident sequences are briefly described:

* As a consequence of an earthquake a stress induced leak in one or several
beam channels close to the reactor could develop. Air could flow into the
cavity and through chemical reaction of oxygen with L117Pb83 a certain
amount of aerosol would be generated. The cryopumps may heat up and re-
lease their tritium inventory. Both lead-1ithium oxide aerosols and triti-
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um would flow into the outer containment of the reactor or directly into
the environment, depending upon where the leak develops.

* Loss of cryogenic heat sinks in the target manufacturing and storage fa-
cility may occur as a consequence of fire which also may damage the con-
tainment. Tritium may be released and penetrate through leaks to the en-
vironment.

As a detailed follow-up of a whole spectrum of accidents is not possible
at the present stage of conceptual plant design, we consider a single example
case instead. We assume that 0.5 kg of tritium (5 x 108 Ci) and 1% of the
coolant activity in aerosol form would be suddenly released during an unde-
fined severe accident. This assumption is not based on a deterministic analy-
sis but rather represents a postulated conservative upper bound source term
for radioactivity entering the environment. More realistic analysis may lead
to substantially Tower releases.

This puff release of radioactivity is assumed to occur from one of the
four reactor containments of HIBALL each having about 1 GWe net output.

9.4.5 Cumulative Doses from Accidental Radioactivity Releases

The cumulative radiation dose a person receives at a certain distance
from the reactor plant from a puff release of radioactivity depends on the
release height and on the meteorological conditions, e.g., wind speed, wind
direction and atmospheric dispersion rate. Cumulative dose equivalents were
ca]cu]ated(6) for the above activity released at a height of 100 m in two dif-
ferent weather situations. The exposure pathways considered were external
exposure from the plume, external exposure from the ground, internal exposure
via inhalation and internal exposure via ingestion of agricultural products
harvested and consumed immediately after the accident. For dispersion cate-
gory C (slightly unstable atmospheric conditions, v = 3 m/s at H = 10 m, no
rain) the maximum dose is received at a distance of 500 m downwind from the
exhaust stack and amounts to 105 mSv (10.5 rem). For dispersion category F
(inversion, v = 2 m/s at H = 10 m, no rain) the maximum is found 8 km from the
plant and amounts to 2.1 mSv.

Calculations for this 0.5 kg tritium release were also made assuming zero
release height, i.e. direct leakage from a building. In this case, the maxi-
mum dose is received very close to the plant. The dose equivalent at a dis-
tance of 1 km is 360 mSv in inversion-type weather but only 40 mSv with a
slightly unstable atmosphere.
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It can be concluded that for these releases the dose equivalent would
remain below 250 mSv (25 rem) at a distance of 2 km from the plant even in
unfavorable weather conditions. A 2 km exclusion area boundary is roughly
consistent with the extension of the HIBALL plant including the driver. The
assumed releases thus stay below the 25 rem limit of Chapter 10 Part 100 of
the U.S. Code of Federal Regulations and below the TFTR dose criterion for an
accident with a probability of occurrence of 1077 per year which is also
defined as 25 rem at the plant exclusion area boundary.
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10. COSTS
10.1 Capital Costs

The difference in the costs of the HIBALL-I and HIBALL-II power reactor
systems is only in the driver. The cost of the new driver scenario utilizing

B*! jons has been determined by the GSI group. These costs include all the
beam line elements leading all the way to the reactor chamber, including the
final focusing magnets. Since the reactor chambers and the balance of plant
have remained essentially unchanged, the original costs for those systems are
used. These costs, however, were inflated to 1984 values at 3.6% which is the
average annual inflation rate as given by the U.S. producer price index for
special industry, machinery and equipment. An exchange rate of 2.897 DM per
US$ is used to obtain the driver cost in dollars.

The costing methodology adopted is that provided in the U.S. DOE "Fusion
Reactor Design Studies - Standard Accounts for Cost Estimates," PNL 2648.

Most of the unit costs were taken from the US-INTOR study. The costs given
are in constant dollars, that is no escalation due to inflation is used.
Finally, the cost of the target factory is amortized over 30 years and is
accounted for in the target costs. For a breakdown of chamber and balance of
plant costs, the reader is referred to the HIBALL-I report.

Table 10.1-1 gives the new linac costs in DM and Table 10.1-2 the costs
of the rings and beam transport. Table 10.1-3 gives the breakdown of the
direct costs and Table 10.1-4, the indirect costs, interest during con-
struction and the total costs in 1984 dollars. Since the analysis is in
constant dollars, the interest during construction is based on a 5% annual
deflated cost of capital. An 8 year construction period is used on the assump-
tion that the driver, reactor plant and balance of plant construction can pro-
ceed in paraliel. The interest during construction factor of 0.17 is taken
from PNL 2648 for this set of conditions.

As is customary in conceptual design studies, costs of plant decommis-

sioning have not been considered.
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Table 10.1-1. Linac Cost (in MDM)

Source and injection 2 MDM X 8
RFQ Linac 0.1 MDM/m x 320 m

20 MHz Widerde 0.15 MDM/m x 240 m

40 MHz Widerde 0.15 MDM/m x 416 m

80 MHz Alvarez 0.1 MDM/m x 640 m
320 MHz Alvarez 0.06 MDM/m x 5000 m
Funnel section 2 MDM X 7

Debuncher, energy + emit.
meas., beam dump

RF < 80 MHz
RF 80 MHz
RF 320 MHz

Controls
Software

Cooling

Air condition

Electric power distribution
Safety + communications

Injection building

Linac - low energy
- high energy

Equipment building
Operation building
Horkshop and stores

o

.75 MDM/MW x ( 40 + 52)
.75 MDM/MW x ( 26 + 144)
.53 MDM/MW x (500 + 1300)

o O

200 DM/m3 x 60 x 60 x 20 m

9 kDM/m x 1200 m
13 kDM/m x 5000 m

130 DM/m3 x 15 x 15 x 6000 m

16
32
36
62
64

300
14

IC\

69
128
954

30
25

150
50
70
10
14

11
66

176
28
40

530

1149

55

280

335
2,349
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Table 10.1-2. Rings and Beam Transport Cost (in MDM)

Transfer rings, normal conducting 7.5 km
0.1% MDM/m, incl. magnets, power 750
suppl. vacuum, diagnostics, controls

Storage and buncher rings, super cond. 15 km
0.1 MDM/m, incl. magnets, refrigerator 1,500
vacuum, diagnostics, controls

Beam Lines, super cond. 24 km
0.05 MDM/m, incl. magnets, refrigerator 1,200
vacuum, diagnostics, controls

Kickers and septa 5 MDM x 35 175
Switching magnets I MDM x 20 20
Beam combiner 1.5 MDM x 5 7.5
RF system in storage rings 5 MDM x 10 50
Timing and controls 35
Correction dipoles 0.7 MDM x 80 56
Final focusing 3.5 MDM x 80 280
Remote handling equipment 10
Cooling plant + distribution 130
4,214
Ring tunnels 10 kDM/m x 15 km 150
Transport tunnels 8 kDM/m x 24 km 192
Utility buildings for rings 10 MDM  x 4 40
Refrigerator + power supply buildings 3 MDM  x 20 40
482
4,696

*Unit prices taken from recent GSI and CERN research accelerator projects
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Table 10.1-3. Breakdown of Direct Costs

Reactor Plant

Reactor cavities (4)
Pellet injectors (4)

Main heat transfer system
RF Tinac

Rings and beam transport

Balance of Plant

Land and land rights

Structures and site facilities
Turbine plant and heat rejection
Electric plant equipment
Miscellaneous plant equipment

$ x 10° (1984)

873
13
623
811
1621

311
478
306

56

3941

1157
5098

Table 10.1-4. Indirect Costs and Interest During Construction

Total Direct Costs

Indirect Costs
Construction Facilities (15% of TDC)
Engineering & Cost Management (15% of TDC)
Owners' Costs (5% of TDC)

Interest During Construction

5%/yr Deflated Interest, 8 year Construction Period

Grand Total Cost

765
765
255

$ x 10° (1984)

5098

1785
1170

8053
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The net electrical power output of HIBALL is 3784 MWle. Thus the capital cost
is:

8053 x 10°

3784 x 105 KW

Capital Cost = = $2128/kWe .

This can be compared with other recent fusion designs (adjusted at 3.6% per year
to 1984%):

STARFIRE 2304 $/kWe
NUWMAK 2410
WITAMIR 2454
UWTOR-M 2183
MARS 2558

10.2 Busbar Costs

The busbar costs are given in Table 10.2-2. The breakdown is as follows.
10.2.1 Target Costs

The cost of the target factory was amortized in the target costs and thus

does not appear as a direct cost. We assumed a $222 x 106 target factory cost
which, after the indirect costs and interest during construction were added,
became $350 x 10°. The target cost breakdown is given in Table 10.2-1. At a
70% availability, the number of targets needed for all four cavities is

4.4 x 108/yr. The annual target cost is thus $74 x 106,

10.2.2 Operation and Maintenance

As provided in PNL 2648, the operation and maintenance was taken as 2%
per year of the total capital cost, or $161 x 10°.
10.2.3 Component Replacement

A two year lifetime was taken for the INPORT tubes and the upper blanket

modules. The annual component replacement cost is thus $71 x 105,
10.2.4 Fixed Charge Rate on Capital
A straight 10% annual fixed charge rate on capital was used.
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Table 10.2-1. Target Costs

cents/target
30 year amortization of target factory 2.7
Operation and maintenance (2% p.a. of capital cost) 1.6
Fixed charge rate (10% annual) 8.0
Material (D,, plastic, etc.) 2.2
Profit 2.2
16.7

Table 10.2-2. HIBALL-II Busbar Costs

Assumptions: 70% availability
10% fixed charge rate
3784 Mile net power output = 2.32 x 1010 kuh per year

6
10

+ 805 x 106)

kih

1000 mills/$

5 (74 x 10° + 161 x 10% + 71 x 10
2.32 x 10

Busbar costs =

47.9 mills/kWh .

Some of the other recently designed fusion power systems have the following
busbar costs (adjusted at 3.6% annual inflation rate to $1984):

STARFIRE 40.4 mills/kWh
NUWMAK 40.9
WITAMIR 41.6
UWTOR-M 38.6

MARS 47.9
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10.3 Comparison of HIBALL-I and HIBALL-II Costs

The only difference in the costs of HIBALL-I and HIBALL-II is in the
driver. The unit costs used in HIBALL-II are more recent, better verified and
therefore more reliable. The cost of the HIBALL-I driver was 4718 MDM (1981)
and the HIBALL-II driver 7045 MDM (1984) or 49% higher. When HIBALL-I is
escalated at 3.6% to 1984, the difference is only 34%.

To gain a perspective on the different driver scenarios, two cost com-

parisons have been made. In the first case, the original cost of the HIBALL-I
driver was escalated at 3.6% to 1984 using the 1984 rate of exchange. Table
10.3-1 shows that in this case, the capital cost for HIBALL-II was 14% and the
busbar cost, 11% higher than in HIBALL-I. In the second case, shown in Table
10.3-2, the new HIBALL-II driver unit costs were applied to the HIBALL-I
driver. It is interesting to note that the difference in the driver cost is
only 4.8% higher for HIBALL-II. Further, the capital cost and busbar cost is
higher by 1.7% and 1.3%, respectively.

Of the two comparisons the second one is more realistic. Table 10.3-2
shows that the more credible HIBALL-II driver scenario, evaluated using cur-
rent unit costs does not increase the total capital and busbar costs over the
HIBALL-I case when the same unit costs are applied to both systems.

Table 10.3-1. Comparison of HIBALL-I and HIBALL-II Costs (Case 1)
(Original unit costs applied to HIBALL-I driver)

HIBALL-I HIBALL-II
$ x 106 (1984)  $ x 10° (1984) % Difference

Driver 1981 MDM 4718

Driver 1984 MDM 5244 7045

Driver 1984 US$ 1810.3 2432 34
Reactor Plant Incl. Driver 3319 3941 19
Balance of Plant 1157 1157 0
Indirect Costs 1567 1785 14
Interest Dur. Const. 1027 1170 14
Total Capital Costs 7070 8053 14
Unit Cap. Cost $/kWe 1868 2128 14

Busbar Cost mi1ls/kWh 43.7 47.9 11
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Table 10.3-2. Comparison of HIBALL-I and HIBALL-II Costs (Case 2)
(HIBALL-II unit costs applied to both drivers)

HIBALL-I HIBALL-II
$ x 10° (1984)  $ x 10° (1984) % Difference

Driver MDM 6725 7045

Driver US$ 2321 2432 4.7
Reactor Plant Incl. Driver 3834 3941 2.8
Balance of Plant 1157 1157 0
Indirect Costs 1748 1785 2.1
Interest During Const. 1149 1170 1.8
Total Capital Costs 7888 8053 2.1
Unit Capital Costs $/kWe 2093 2128 1.7
Busbar Cost, mills/kWh 47.3 47.9 1.3
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I. GENERAL PARAMETERS

HIBALL-1 HIBALL-TI
Average DT power - 17.6 MeV/fusion (MW)........ 8000 8000
Target power (MW)....... oo, 7920 7920
Target multiplication......ccviiiiiininnnnnnnnn. 0.99 0.99
Target yield (MJ)..ovririnenrn i iiiieenn.. 396 396
Driver pulse energy (MJ)..vvverivenenrnnnnnnnn. 5.0 5.0
Target energy requirement (MJ)................. 4.8 4.6
Overall driver efficiency (%) ..eieieviunnnn... 26.5 26.5
Target Gain. . ..ot inrntiiitetnennnenanneeacens 83 87
Fusion gain mG.....eeiiiiiriiiinineeeneneeonnan 22 23
Blanket multiplication...........ccivuerrinnan. 1.274 1.274
Total nuclear thermal power (MW)............... 10193 10193
GroSS POWBT . Lttt ittt itiencaereeenennennennnn 10272 10272
Gross thermal efficiency (%)...eeeeiienennnnnn. 42 42
Gross electrical output (MW)................... 4278 4314
Recirculating power fraction.............c...v.. 0.12 0.12
Net electrical output (MW)...... ..., 3768 3784
# of chambers.....oviieiiiiiiiienrnineiennnnnns 4 4
Chamber repetition rate (Hz)................... 5 5
Chamber geometry. ..o ie e iiniienececsnerosanas cylindrical cylindrical
Chamber diameter (m)..........ccvivvvenenenennn. 14 14
Chamber height (m) (at vacuum wall)............ 10 10
Chamber alloy...... . cveiiiin i iiinanennnn HT-9 HT-9
# of beam ports per chamber..............ccvv.. 20 20
Breeding material. . ......coviinireennnnnnannns L117Pb83 Li,7Pbg3
Breeding ratio. ... e ieeeeereneseeencsnacsncnns 1.25 1.25

IT. TARGET PARAMETERS

HIBALL-1 HIBALL-II
Composition
VI 1T+ SR 1.6 1.6
LI € 1T 1t 2.4 2.4



A-3

II. TARGET PARAMETERS (continued)

HIBALL-1

DT T10ad (MG) e erinenneeenneenneennennnnnnnns 4.0

Material #1 (mg)....covvninin i, LiPb 67.1

Material #2 (Mg) .. iiinniienenenennnennens Pb 288

BUrnup (%) e i i e 30

Total Mass (MG)euuviienee e eneeeeenenenennnns 359
Configuration (# of layers)..........co.iveunn. 3
Target diameter (CM)....uuvtvenneennneanenenns 0.6
Absorbed ion energy (MJ).....covvvinviinnnovn.. 4.8
No burn ignition temperature (keV)............. 5
Fuel pR at dgnition (g/cm®)...uuenenenenenen... 2
Hot spot pR at ignition (g/cm2) ................ 0.4
Pusher pR at ignition (g/cmz) .................. 1
DT yield (MI)euiniriiriiniiiiieieenenennennnens 400
Target yield (MI) .o venniiniin i iiiiiennnns 396
Target energy multiplication.........ccovvvinn. 0.99
Average DT power (MW).......vviienivniernnnnn, 8000
Target power (MH)..veuvieininininnnnnnnnnnnnn 7920
Target gain.. .o . ittt iirnanennenaneennns 83
Neutron yield (MJ). . eeeriniieiinennnnnnennnnn 284.8
Neutron spectrum, E (MeV) ..o oiiiiiennnnnnnnn 11.98
Neutron multiplication.......... ... .cvniinn.. 1.046
Gamma yield (MJ)euuee e niiieenenennnnnnnnnnns 0.6
Gamma spectrum, E (MeV)...oeunn v ininnnnn.. 1.53
X-ray yield (MJ).v.vr it ininennns 89.5
X-ray spectrum - blackbody (keV)............... see histogram
Debris yield (MJ).uvieeieiniin it iienennnn 21.0
Debris spectrum (keV/amu)........coveieeeennnn. 0.6
Radioactivity production (Ci/target @ t =0)... 1.2 x 100
Target injection velocity (m/s)...cviivnennnnn. 200
Target injector type.....cvvven e iiienennens gas gun
Target tracking.....veeernernnnnennneeennennnnn optical

Target COST. .. ittt ittt ittt iianeannans 15¢

HIBALL-II

4.0

Li 54.5
Pb 330
30
388.5

.796
.56

4
.7
400
396
0.99
8000
7920
87
284.8
11.98
1.046
0.6
1.53
89.5

N ©O NN = B O ;m

see histogram

21.0

0.6

1.2 x 106
200

gas gun
optical
16.7¢
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ITI. TARGET DELIVERY PARAMETERS

HIBALL-I HIBALL-TI
Target delivery
Longitudinal positioning tolerance (mm)...... 0.5 0.5
Lateral positioning tolerance (mm)........... 0.7 0.7
Target velocity (M/s)..evuenne e, 200 200
Repetition Frequency (Hz)......cviveuennnn... 5 5
Injection:
Type..... e et ear e, gas gun gas gun
Projectile (sabot+target) mass (g)........... 2 2
Propellant gas amount (torr liters/shot)..... 608 608
Propellant gasS.....eeeeeernneocacecnoarnnans Do D,
Total prop. gas handled (mg/shot)............ 141 141
Buffer cavity pressure, min, (torr).......... 1 1
max, (torr).......... 2 2
Buffer cavity volume (m3)..........ccuunnnn.. 0.88 0.88
Injection channel diameter (mm).............. 10 10
Prop. gas entering reactor cavity (mg/shot).. 1.6 1.6
Gas gun total efficiency......cvevuviennnnnn 0.5 0.5
Gun barrel diameter (Mm).........ccevveuerunns 10 10
Pressure of prop. gas reservoir (Bar)........ 5 5
Acceleration distance (m).........covvvnnnnn. 2 2
Acceleration (M/s2)......couevuniiuneennnnn.. 104 104
Acceleration time (MS)....ocvvevvunreennnnn.. 20 20
Total target travel time (ms)................ 80 80
Tolerance on total travel time (ms).......... +5 £5
Distance muzzle to focus (m)................. 12 12
Tracking:
Lateral tracking......cciieeiiieininnnnennns none none
Longitudinal tracking, type....cceeeveereennn light-beam light-beam
interception interception
Tracking position 1, distance from focus (m) 5.5 5.5
Tracking position 2, distance from focus (m) 3.0 3.0
Light beam diameter (mm)........ccvviveennnnnn 0.2 0.2
Precision of arrival time prediction (us).... =l £]

Duration of processing tracking results (ms) 1 1
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IV. DRIVER PARAMETERS

HIBALL-I HIBALL-II
Ion
72 0 Bi Bi
Charge State...uieieeiieeeiereerenracaaneannns 12 +1
Energy (GeV)...oveiiiii i i e . 10 10
Vel0CTtY V (M/S)eunnnnreiieiniinnineeenens 9.25 x 10’ 9.25 x 10’
Beta, B = V/C..iuiiiineneineevennennnnnnnnns 0.30875 0.30875
Gamma, v = (1 - 82)71/2 ... 1.051 1.051
Magnetic stiffness (tesla * meters).......... 107.7 210.7
Mass number......iiiiiii ittt iinnn 209 209
Driver System
Ion pulse energy (MJ)..vevieieinniennnnnn. 5.0 5.0
Repetition rate (Hz)...ovveerevinnnenernnnnnn 20 20
Effective main pulse width (ns).............. 20 20
Number of final beams......ccevvieriinrinennnn 20 20
Electric current per final beam (kA)......... 2.5 1.25
Driver efficiency (%)...ccvviiviriniininnnnns 26.5 26 .5
Max. storage time (MS).......covvrrvrnennnnnn 40 4
Ion source
N2 L "Elsire" "HORDIS"
Ion electric current per source (mA)......... 20 21
Number of sourCesS.......iviieiinnininineennn 8 8
Normalized source emittance (m).............. 2 x 107/ 2 x 1077
Accelerator
7 = RF Linac RF Linac
Efficiency (4)e.eeeeeneenenneeenoneneoneannns 33.3 33.5
Length (Km).ueueeir e iiieeneineenennnnnennns 3.0 5
Effective voltage drop, Uy (GV).............. 5 10
Beam current during single pulse (mA)........ 160 165
Average beam current in pulse train (mA)..... 144 132
Single pulse length (us)...cvivevnvinnnnennn. 15 1.6
Length of pulse train (ms)................... 7.5 3.84
Pulses per train.......coiiiiiiiennnnrronnnans 450 1920

Repetition rate of pulse trains (Hz)......... 20 20
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IV. DRIVER PARAMETERS (continued)

HIBALL-I HIBALL-II
RF duty cyc]e ................................ 0.16 0.08
Momentum width, Ap/p.....oiveunnnnnn i vun.. 15 x 1070 +1 x 1074
Linac emittance, normalized (m).............. 6 x 10_7 3 x 10_7
Beam power (GW)......ovuviiniinien i nnnnen 0.8 1.32
RFE power (GW).ueeveiiieeenirinnrenneennnennns 2.6
RF power/length (MW/m)................c...... 0.52
Mains power (MH)...ieeeerereneeneroenenennnans 300 300
First section
I8 £ RFQ RFQ
No. of branches.......cviiiiiiiierinneinnss 8 8
Frequency (MHZ)...evverivrie i, 13.5 10
Type of amplifier....iiiiiiiiininnnnnennnes Tetrode
Last section
Y P e et ittt ittt tensarssnnaonnnanansnsns Alvarez Alvarez
Frequency (MHZ).uuiiveiievrinneeneennenennnns 324 320
Type of amplifier. ... ... ..coeviiiiiin.. Klystron Klystron
Debuncher frequency (MHz).......ccvevveeenn... 108 80
Chopper between linac and TR................... no yes
Transfer rings
Number of rings......c. ittt innnnanens 1 5
Average radius (M) ... . veeeeieenenrnennenannns 663 236
Average dipole field (T)..........cvviuinnnn. 0.16 0.89
Revolution time (US)..iieiiereernnennrnnnenns 45 16
Injection, radial stacking
R 71 o 1 1R 3 3 (first 2 rings)
1 (other rings)
Maximum dilution factor.........c.cvevvvvunn. 2 2.7
Maximum beam current (A)............ .o ... 0.46 0.5 (first ring)

3.2 (last ring)
Tune depression
Horizontal.....ooviiiininiinninnennnnennnns 0.36 0.09 ... 0.41
Vertical. i iiiiiiiiinenrnionnsonnncnsanans 0.87 0.26 ... 0.32
Momentum width, Ap/p......ccvieiinirinnnennnns +5 x 107° £1 x 1074
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IV. DRIVER PARAMETERS (continued)

HIBALL-I

Beam emittance

Horizontal (m)....vviierininnineininnnnnn. 12 x 1076

Vertical (mm-mrad)........ccoveeinnnnnnennn. 2 x 1070
Betatron oscillations per turn

Vg« e e et et 59.85 (?)

Py g e e e e 59.85 (?)
Vacuum pressure (torr)......c.cvevevinnnennnnn 1079
Ejection kicker

Flat top time (uS).ue v iinnenrnnnnn, 45

Rise time (BS)uuueeeivenerenneenenrneennnns <1

Reset time (MS)...vuvreiniinninennnnnnn. <15

Kicking angle (mrad)....ceeeeeevennnnennnnn 2.5

Stored energy per shot (kd).........c...... 0.05

# kicks per shot.....veiiiiiieinnnecenanans 50

Power (kW) (n = 0.2)...iiiiriiiiinnninnnnnnen 50
Beam rotator.. ... ittt ittt ertcrrnnananas yes

Condenser rings

F 0T PINgS. .t et iiiitieiennarreneneeeenannans 5
Injection radial stacking

#oof tUPNS. .ot i i i i i e e 3

Maximum dilution factor........cceenevvnenn. 1.67
Beam emittance

Horizontal (M).....eeruneeerrnaneeeannnnns. 10 x 1070

Vertical (M).ueeeeeeveeeeeeerennnonnnnnnnns 12 x 107°
Average dipole field, B (tesla).............. 0.477
Average radius (M) ......evenvnveenernennnnns 221.1
Revolution time (MS).uieeiviieniennnrnnannnns 15
Coasting beam current (A)........covveeiinnn. 1.38
Vacuum pressure (torr)....eeeeeeeeenennneeenns < 10710

Ejection kickers (1 per ring)
Flat top time (uS).uiiiineriiininnneann, > 15
Rise time (BS).vueeiiieiriieininernennnans <1

HIBALL-II

7.5 x 107°
12.5 x 1078

9.85

45

<2
< 15
2.5
0.05

80 (first)
10 (last)

50
no

none

1.67

10 x 1076
12 x 107°
0.477
221.1

15

1.38
< 10-10

> 15
<1



IV. DRIVER PARAMETERS (continued)

HIBALL-I HIBALL-II
Reset time (HS).uvveeriiieeenniennnnannnn. < 100 < 100
Kicking angle (mrad).............c.couva... 2.5 2.5
Stored energy per shot (Kd)......coveuvnnn. 0.1 0.1
Average frequency of shots (s™1)........... 40 40
Power per CR, n = 0.2 (kW).eovvuerrvennnnn. 20 20
Storage rings
0 R N o 1 T - 10 10
Injection, radial stacking
#oof TUPNS. . i e e e e e 3
Maximum dilution factor.........ccovuvvunn 1.5 2
Beam emittance
Horizontal (m).....ovviiiniennnnenennnnnns 4.5 x 107° 3.0 x 107°
Vertical (M)..uusevieeereeeeeeeeennennnnnns 9.0 x 107° 3.0 x 107°
Average dipole field, B (tesla).............. 1.431 1.78
Average radius (m)......oovnivnnvninnnn.n. eee. 13.7 118
Tune depression
Horizontal. . ... oottt iniieannennn 0.3 ... 3.3 0.24
Vertical. vt iiniieenienrenronenronennnns 0.2 ... 2.3 0.24
Momentum width, AP/P..eeeverenenrenennrennnns +8 x 107° +1 x 1074
Revolution time (HS)..ieiieerrnierenennnnnnns 5 8
Maximum beam current (A)..........c.ovvunnnn. 21 12.5
Betatron oscillations per turn............... 40 (?) 40 (?)
Vi et et 9.85 (?) 9.85 (?)
TR R L R R RPN < Wy < VH,
Vacuum pressure (torr).......cccvviiiiinnn. 10710-10711 1071030711
RE 1 (MHZ)eeuereeieienoeooesonoaneaanonnannns 0.4 0.25
RE 2 (MHZ) ettt it i it eee i eanaanas -—- 0.75
RF 3 (MHZ) et ieeeeinneereoenonoeeonnoannnannns --— 1.0
Power for ferrite RF cavities (kW/ring)...... 10
Adiabatic compression........cceeeveveecnannan yes no
Harmonic number........coiiiiiiieiennnnnn 2 2
Initial volts per turn (kV).....ovvveuennn. 2 2

Final volts per turn (kV)...........covuln. 200 200
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IV. DRIVER PARAMETERS (continued)

HIBALL-I

Rise time (ms)........... Cereerteraeeeeaaan 10

InTtial ApP/P.e v iiiie i iieeeeenns +3 x 107°

FiNaTl AP/ Peeeeeieinineieeerenerenennnnnnes 5 x 107

Final A0, .. viuiiiiei e iiiiineeaennrnonnns £]15°

Final At (NS)eieiiiiiieenerrennnnnnneannns 100

SePAratriX AP/ e e e eieeneeennaeennnnenns +3 x 1073

Synchrotron freg/revolution freq........... 1/350
Ejection kickers

# of kickers per ring......ccoovivievennnnn 1

Kicking angle (mrad).......ccovuiernennnnnns 6"

Rise time (BS).veuiveiriinienrinnenennnn. 1.5

Flat top time (NS).v.veeieneeneenenennnnns > 500

Stored energy per shot (kd)................ 2

Average frequency of shots (s'l) ........... 20

Power per kicker, n = 0.2 (kW)............. 40
Fast compression induction linacs (space

charge effects included)

# Of COMPressSorsS. ... vttt rierronncnsanns 20

Length per compressor (m)......cieeeueenns. 200

Voltage (MV) euviveriieenivneeneenennnnanans 300

Pulse shape...cviiiiiiiiiiiiiiieeeronnannnns sawtooth

Pulse length (ns)...ivevieinriiiinninnnnn. 200

Focal Tength (Km)....eveerieenenernonananas 0.8

Y 0 3 £5 x 1073
Buncher rings

#of rings...coeeii i iiiietenannnnas none

Ave. radius, dipole field, rev. time,

betatron 0SC......iviiiiiieiniiiiennnnnnns
Injection, # tUrNS...cviiiiinneennnnnnnnas

Beam emittances
Hordizontal (M) .eeeeinnineiennennneennns
Vertical (M).ueeereeneeeeeeneronenoennens

*
For 4 cm hor. beam width (space charge).

HIBALL-TI

10

£3 x 107°
5 x 1074
+15°

+100

£3 x 1073
1/350

6*
< 2
1200

20
40

none

10

as storage
rings

3 x 107°
3 x 107°
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IV. DRIVER PARAMETERS (continued)

Tune depression at ejection.....vvveuuunnes
Momentum width, Ap/p at ejection...........
# of bunches per ring.....ccieiiveiivenenans
Beam current at ejection (A)........ovvunn.
Bunch length

Injection (US).euuiiiiiiiiin i innnennnnn

Ejection (HS)uueiiuiiiiiienennnnennnnnnns
LA 0N e A K
RF

Ejection kickers
Foper ring. ... .ttt ie it i iiiiienaaann
Rise time (MS)uuurevvoveeernrneeonnannnns
Vacuum pressure (torr).......c.cvviiinnann.
Beam Tines
Total number.. . ... .. ittt iierrennacnnss
Length (km) per long beam line.............
# into each chamber (short)................
Length (KM).ueueuueueeroeenonnenrnnoanonnnns
Total length of all beam lines (km)........
Lattice period (m)....civiviiiiiinnnnnnnnnn
Phase advance. ......civiiiiiiiinninenonnnss
Beam tube inner diameter (cm)..............
Beam chamber entry
Final focusing magnets......oeeeevvvvaneens
Maximum field at beam envelope (T).........
Distance from FFM to target (m)............

Clearance for cavity-beam line vacuum pump

) S

Cavity pump down time between shots (ms)...

HIBALL-I

5.4

HIBALL-II

~3
£1.3 x 1072
2

~ 165

?

0.15

12.5
0.5
-1.3

<3
10—10

20

20

< 5.6
/3

Q's + dipoles
1.8
8.5

150
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IV. DRIVER PARAMETERS (continued)

Beam port dimensions (cm)

L =T o o - T

Horizontal..oeee i enererennennconnenns

Distance from beam port to target (m)......

Final Beams

Eff. width of main pulse (ns)..............

Momentum width, Ap/p.....

oooooooooooooooooo

Electric peak current per beam (A).........

Pulse energy (MJ)

Maximum power (TH)....ovveenirenneennennnnn
Pulse repetition rate (Hz).......ccvevnnn..
Focused spot diameter (mm)............uu...
Fraction of ions within spot (%)...........
Unnormalized emittance per beam (m)
Vertical.....iiiiiinniiiiiieiinernennanns
Horizontal....oeeieiiniieenrenennnennenans

V.

HIBALL-I

CHAMBER PARAMETERS

Coolant and breeding material

Li-6 enrichment, %
INPORT tube Region

Inport tube structural material and v/o......

Inport tube coolant v/o....

oooooooooooooooooo

Tube region support structure v/o............

First surface radius (m)...

Region thickness (m)

Region density factor......

------------------

Effective coolant thickness (m)..............

Mass of coolant in tubes/cavity (tonnes).....

Tubes

HIBALL-I

L1'17Pb83
natural

HIBALL-II

21.6
16.6
1.21

20
£ x 1072
1250

5.0

250

20

8

79

3 x 107°
3 x 107°

HIBALL-II

L117Pb83
hatural

SiC-2
97.3
HT-9-0.7
5

2

0.33
0.66
2295
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V. CHAMBER PARAMETERS (continued)

HIBALL-1I
Length (M) .eeeieieenenennenennenennns e 10
Diameter (cm)
First two rows. ...coieniniininncnnennnnnns 3
Wall thickness (mm) [100% density factor] 0.8
Remaining rows. .. ..couviienereeennnnennns 10
Wall thickness (mm).......cevivunnnnnnnn. 2
Number
First two rows. ...oieiiiiiiiienrnnnnanns 1230
Remainder. .ooueeieeeerennronsennnsonnons 3060
Number of penetrations in region............. 20
Total area 05 beam penetrations at first
surface (M%) ... ieeninieiennnnennnennennn. 3.6
Pb at. density - (atom/cm ) ...... e eeeeeean 4 x 1010
Noncondensable at. density @ 500°C
 ATOMS/CIM .« et e e et et 0.13 x 1010
PrEesSSUre = TOr .. e eereeerrearennnnnenns <107%
Chamber top
Structural material (v/o)....ovuuuinenvnnnnnn. HT-9 (1)
Tube material (V/0)...ceieiiieeriinnnnennnnnnn Sic  (2)
Co0Tant V/0. . ueiiiiiiiiiernneenneneenanananns 97
Height at chamber centerline (m)............. 6.5
Region thickness (m)......cvevreneennnennnnnn 0.5
Mass of coolant in top region (tonnes)....... 717
Number of penetrations in top................ 1
ToFa] area of pene%rat1ons at chamber -4
inner surface (M“).......ooiiiniiinniennnn. 3.1 x 10
Chamber bottom pool
Structural material and v/o.......cvvvuvenn.. ---
Co0TaNT V/0.ieu i ineeninnoeenroconncnannsnnnss 100
Minimum distance from pool to target (m)..... 5
Region thickness (m)......ccivveieeennnennnn. 1.0

*Just before shot.

HIBA
10

0.8
10

1230
3060
20

0.37
4 x

0.13

LL-II

1010

x 1010

< 1074

HT-9
SiC
97
6.5
0.5
717

(1)
(2)

x 1074



V. CHAMBER PARAMETERS (continued)

HIBALL-I HIBALL-II
Mass of coolant in bottom pool per chamber
o111 7= 1448 1448

Maximum 1lst surf§ce neutron egergy current

- at chamber midplane (MW/m“)................ 4.54 4.54
Neutrons passing through each beam line

penetration per shot...........ccceviiervnnnn 8.14 x 1016 1.63 x 1016
Maximum total lst surface X-ray and debris

heat Flux (3/6m2) . uuueie i enann, 34.5 34.5
DT power per cavity (MW)....covveiiveeinnnnnnnnn 2000 2000
Total n & vy power in cavity (MW)............... 1667.4 1667.4

TUDE FegioN. . e.iiieeeeennsonasnossnnscennans 1097.1 1097.1

Cavity oD . ittt ittt ieeeseneerenoannanonnnn 293.1 293.1

Cavity bottom. .. viiiiiineii it iiiieeennnennn 277 .2 277.2
Total power in cavity, including X-rays and

debris (MW)..ivuiierinineinnrneeeoneaacnnnns 2208.7 2208.7
Energy multiplication(). ... .. ... .. ... ..., 1.1 1.1
n & y energy multiplication(@). ... ........... 1.17 1.17
Average power density (H/Cm3) e e, 3.44 3.44

TUDE region. . et eesnnrensonossessonasscens 4.41]1 4.41

TOp region. . viiie i iiinn it it itesennseennnnns 3.51 3.51

BOLLOM region.iveeeeerenscnsesssesnosascanans 1.80 1.80
Peak/averagg spatial power density in tube

FEOTON. ettt ierevosesosossossnvesessasssssons 4.87 4.87
Impulse on first row of tubes (dyne-s/cm?)..... 600 600
Amount of coolant blown off per shot (kg)...... 13 13
Maximum DPA/FPY 1in SiC

Tube region. .. iiiiiiiieereteteiereennnaneanas 118 118

TOp regioN. ciieeeieeecnnososensssnssscsssonnss 70 70
Maximum He production in SiC (appm/FPY)

Tube region....c.veeeieeeeeeeceanceronanennnnn 3705 3705

TOp region. it i ieereeeeeessneannnannns 2192 2192

Bottom region...e.ieeeeecececscnsncencsssnnns - ---
(1)

Total energy deposited in region/DT yield
(Z)Total n & y energy deposited in region/n & vy energy incident on lst surface.
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V. CHAMBER PARAMETERS (continued)

HIBALL-I
Tritium breeding ratio.......... Cietencisanann 1.216

T U 1.190

Tube region....viieieeiieeesennseoncsananns 0.729

TOp region. ..ot i e it ierenenennnnanans 0.226

Bottom region....ccieieeieenecenes feeseenen 0.235
L U 0.026

Tube region....eieereeeeoneoecssennssecnnans 0.081

TOp PeGiON. . it it irereeenennenenansons 0.004

Bottom region....cciiiiiiiniiinciennnanna 0.004

Coolant

Inlet temperature (°C) first row & other

TUDES . vi it titesteestresncnnsscsscnnsnans 330
Outlet temperature (°C) first row & other

BUDES. et iiiiiee it ietsercenseeracntanan 500
Flow rate/cavity (kg/hr).....ovvivevniian... 2.94 x 108
Maximum velocity within tubes in first two

FOWS (M/S) iur i riin e iei it iiiineenennanns 5
Maximum velocity within tubes not in the

first two rows (m/s)....ccvvvvvevnnennnnnn. 1.3
Pressure @ rear INPORT tube entrance (MPa)... 0.2
AP for entire loop (MPa)....cveuerenennennnn. 2.0
Pumping power delivered to coolant per

CAVItY (MH) i iiiiii ittt enenennnncnnnans 17.9

HIBALL-II
.216
.190
729
.226
.235
.026
.081
.004
.004

O O O O O O O + =

330

500
2.94 x 108

1.3
0.139
2.0

17.9

VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS

HIBALL-I
A. Vacuum Boundary Wall
Structural material.....coivivnreerervnnnnnnnns HT-9
Side wall
Inside diameter (m)......covvvriineninnnennns 14
Thickness (m)........... e etereteete e 0.01

Height (M) .euenennn i iiienrerenenencnannens 12.0

HIBALL-1T
HT-9
14

0.01
12.0
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VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS (continued)

HIBALL-I
Average power density (W/em3) e 1.65
Side wall. ... ittt iiiiinnienernencennncanns 1.22

Power deposited in vacuum wall per cavity (MW). 11.0
Maximum DPA/FPY

Side wall. . .iieiiiiiiiiineneeesonscenaananns 2.69
Peak instantaneous dpa rate (dpa/s) - side

wall at midplane. ..c.eiiiiiiiieereneeanennnns 0.009
Maximum He production (appm/FPY)

Side Wwall.. .ot iitiiiiinereennensnnonannnns 0.364
Peak instantaneous He production rate (appm/s)

- side wall at midplane......ccvviirnevnnnane. 0.11
Maximum temperature (°C)....ceeveecennnn. ereeee 520
Expected lifetime (FPY)..vvuvviineiennnnennnnn. 24
B. Reflector
Structural material.......ccviiiiiiinniinnnnn HT-9
Coolant..ieiererenerencnanncnnas Ceereseeriaeeas Li;,Pbgs
Side reflector

Inside diameter (m).......ccivuiiennrnnennnn. 14.02

Thickness (M) ..eeeeeiineeeeennnresononnasnans 0.4

Mass of structure (tonnes)..........eeeeeeee. 1530

Mass of coolant (tonnes).......ceevuvvunnnnsn 205

v/o Of structure...c..vviiiiiiiiiennennnennns 90

v/o of coolant.......... Cheteresessateteannne 10

Top reflector

Thickness (M) ...eeeernnieiieneerernneonenaens 0.4
Mass of structure (tonnes).......eoveeeeeenns 432
Mass of coolant (tonnes).........cccvvvunnnn. 58
V/0 Of STruCtUre....iiriiiineennrnsraannnnnns 90
v/o of coolant.....eiiiiiiniiieiiennnenannann 10
Bottom reflector (splash plate)
Thickness (M) ..eiieireneineineeennnneeannnnns 0.4
Mass of structure (tonnes)........ceeeveneennn 484
Mass of coolant (tonnes).........ccivvunennnn. 65

V/0 Of StrUCTUIe, s veeereeveeeeernensnonaannns 90

HIBALL-II

1.65
1.22
11.0

2.69

0.009

0.364

0.11
520
24

HT-9
Li,4Pbg3

14.02
0.4
1530
205
90

10

0.4
432
58
90
10

0.4
484
65
90
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VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS (continued)

V/0 of CO0Tant. . vueeenineieiieeereenennnnnnns
Total mass of structural material in

reflector per chamber (tonnes)...............
Total mass of coolant in reflector per

chamber (tonnes).......eeviiiiieinnnnnnnnnnnn
Average power density (W/Cm3)...uvueevuvunnnen.

Side reflector....iveiiieieiiiineenccnnannann

Top reflector..iiiiierisiecerincesncnnannnss

Bottom reflector (splash plate).......ccuvv...

Radial + axial peak/average spatial power

density - in side reflector.......ccvvvuven..
Power deposited in reflector per chamber (MW)..

Maximum DPA/FPY

Side refleCtor.. e et ieeeeeeeeonnnenenns
Top reflector.uiie e iiieieeeiereeoncnanenenes
Bottom reflector...cvieeeiiieerinnenoneenenns

Maximum He production in structural material
(appm/FPY)

Side refleCtor. i it iiieeeeneeeensocanennoens
Top refleCtor. i iiierecerecssonscnssanansanas
Bottom reflector.. i innoneenennens

T D

HIBALL-I

10

2.43
4.50
1.36

0.300
0.715
0.006
0.034
0.034
0.022
0.010
0.002
4 x 1070
2 x 1070
2 x 1070

HIBALL-II

10
2446

328

0.941
0.939
1.465
0.257

4.577
318.3
211.1
91.4
15.8

2.43
4.50
1.36

.300
.715
.006
.034
.034
.022
.010
.002
x 1076
x 1076
x 1076

S NN NPk O O O O O O O O
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VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS (continued)

HIBALL-I HIBALL~-II
Coolant
Mass of coolant within reflector per chamber
(tONNeS) eieiiiiiiereieernnnscnnceneanns ... 328 328
Flow rate/chamber (KGQ/RP).......vvevvvnnnnsen 4.4 x 107 4.4 x 107
Inlet temperature (°C)..veiveririneneeneennn. 330 330
Outlet temperature (°C)......ccvvueeninnnnnnns 500 500
Maximum coolant velocity (m/s)....evevennnnn. 1
Pressure (MPa)..voviiiiiniiiienennnennnennnnn 2
AP for entire loop (MPa)..vvieieenrnennnnnnn. 0.7 0.7
Pumping power delivered to coolant per chamber
€ 1
Maximum structure temperature (°C)............. 550 550
RAAT0aCTIVItY (C1)uuuuuurnnneernnnereeennnenns. 1.2 x 10° 1.2 x 10°
C. Shield
Material (V/0).uueeeeinneneeriinnenneeranennnas concrete reinforced
(95) concrete (95)
CO0TANt (V/0)euuuuueeereeeeeeasnnnnnnessaeanans Hy0  (5) Ho0  (5)
Side shield
Inside diameter (m).....cccvieunivennnennens 14.82 14.82
Thickness (M) .uuieiniininiieneienecnansnans 3.5 2.9
Top shield
Height above midplane at centerline (m)...... .41 7.41
Thickness (M)..uieeiiieinneueneenerennsnnnnns .5 2.9
Bottom shield
Height below midplane (m).......ovvvuvvvunnne .40 6.40
Thickness (M) ...ceeeeeiieneerunonesonsoncnans .5 2.9
Maximum power density at midplane (W/em3)...... .045 0.045
Average power density (w/cm3) .................. .0018 0.0022
Power deposited in shield/chamber (MW)......... .82 6.82
Dose rate at outer surface of shield at
midplane (Mrem/Nr) . ... eeeeeeririnenennnnnnnns .64 2.2
NEULION . 4ttt et eeesenncnneseoncncoonnnoasenne 4 x 1070 1074
GAMMA . ¢ v vvrnonssoeresssssssssesassaasasenne .64 2.2
Peak DPA rate in F.F. magnet stabilizer
(DPA/FPY ) e e teeee e eiiee et ieeeeeennaeeennn .48 x 1070 1.8 x 107°
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VI. CHAMBER, REFLECTOR AND SHIELD REGION PARAMETERS (continued)

HIBALL-1I

Peak radiation dose rate in F.F. magnet

insulator (Rad/FPY)....cviieininnnennnnnnnn. 7.2 x 10°
Peak power density in F.F. magnets (W/emd)..... 5.35 x 107/
Coolant

Inlet temperature (°C)...iveeennereninennnnn. 45

Outlet temperature (°Cl............. Cereeaeas 60

Flow rate per cavity (kg/hr).....coevvnaa... 3.6 x 10°

Maximum velocity (m/s)..eueeieeienrnnnn. ceeeen 1

Pressure (MPa).....coviiinrrninrennennennennns 0.5

AP in entire Toop (MPa)....vviiiiennenninnn. 0.2
Pumping power delivered to coolant/chamber

(MH) ittt ittt i teeereeenennsacanenanananns 1.4
Peak structure temperature (°C)................ 60

VII. BALANCE OF PLANT
HIBALL-I

Steam temperature (°C).....cveeirenvenenneennnn 482
Steam pressure (MPa)......ccoviieiinnnnnnennnnns 15.5
Steam flow rate (Kg/hr)....eeeeieienenennnnenns 1.8 x 107
Feedwater temperature (°C)......covvvvvennrnnnn 300
Reheat temperature (°C)...ieeeveerenrennnnnnnnnn 482
Steam generator surface area (mz) .............. 5.2 x 104
Steam generator

Material composition....c.iivieneevnnnnccnans HT-9

Wall thickness (MM)....eeuvierenennenennnnnns 1.0

Primary inlet temperature (°C)............... 330

Primary outlet temperature (°C).............. 500

Tritium permeation rate to H,0 (Ci/d)........ 0.38

HIBALL-II

3 x 107
7.6 x 1070

45
60
3.6 x 10

0.5
0.2

1.4
60

HIBALL-11I

482
15.5
1.8 x 10’
248
482
5.2 x 10%

HT-9
1.0
330
500
0.02
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VIII. SYSTEM POWER FLOW PARAMETERS

HIBALL-I

Average DT power per cavity (MW)......covevnnn. 2000
Total power recoverable per cavity (MW)........ 2548
Blanket & reflector energy multiplication...... 1.274
Total pumping power delivered to coolant per

CaVity (MH) . evevreniineeernnneneoneenennennns 20
Gross power per cavity (MH)......cevevenvenenn.. 2568
Gross power per 4 cavities (MW)......... cercane 10272
Gross thermal efficiency (%)....c.vveennnennnn. 42
Gross plant output (MWe)...covevvirernennennnnn 4298
Recirculating power (MWe).....ccveiveeeennnnnn. 530

Driver SYSteM...eveeeeereeeeeceonsesscannnnns 375

0 1 o 300
Rings, beam handling & transport, final
FOCUS. ittt ittt ittt tetenerasncesenesns 75

Target manufacture and delivery (MW)......... ?

CoOTaNt PUMPS. civiveerenrenrsneesansrasnannns 110

VaCUUM PUMPS. . eeessoesssssssssrosososesnsasns 5

Plant auxiliaries. .o v inrinnnerennennerens 40

Net plant output (MHWe)....vvvveveinenenannnns 3768

Net plant efficiency (%)..ccvcienirnniennnne, 36.7

IX. MATERIAL BALANCE IN CHAMBER GAS

HIBALL-I
Material inserted per shot

D = target (Mg)eeeeeeeeeeneeieenneeneonennens 1.6
(# OF QTOMS)suurrnerreeerernnnn. .. 4.8 x 109

T = target (Mg) eeeeeeeereneeeneennecnenennnns 2.4
(# OF QTOMS) evrurnerernererennnnnn 4.8 x 1020

Li = target (Mg).ueeeeeeerinnnneneneneeennnns 26.5
(# OF QLOMS) e . unrnnnneeeneenss 2.37 x 10%1

Pb = target (mg)..eeeeeeerivennreneenenncanns 329
20

(# Of AtOMS) e eeeeereeenennnnnnnns 9.56 x 10

HIBALL-II

2000
2548
1.274

20
2568
10272
42
4314
530
375
300

75

110

40

3784
36.8

HIBALL-II

1.6
4.8 x 1020
2.4
4.8 x 1020
26.5
2.30 x 1021
329
9.85 x 10°°
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IX. MATERIAL BALANCE IN CHAMBER GAS (continued)

Bi - don beam (Mg).veeeenenrnenennnnnnnnnnns

(# of atoms).vueeenunennnnnnnnn

Li - INPORT bTowoff (g)eeeeeureneneenenenennn

(# of atoms) eeevvennnernnnnnnnnn.

Pb - INPORT blowoff (g).ceeeeeeenrivennennnn.

(# of atomsS) eevvervnneennneennnn.

Nonvolatiles (g)eeevereneniniinenenennnonnnss

(# of atoms)..veerninennnnnnnnn

D, (target injector) mg/shot.................

# of atoms.......eevnens

Total D, T, Dy (Mg)eueenrnenenininnnennnnnnns

(# of atoms) ......ovvvvnnnnn..

Fractional burnup, f, = Ty/(Ty + Tp) ...........
Material evacuated per shot

D - target, unburned (mg)......cvvivuuennnn.

(# of atoms)..eevunnnnn.

T - target, unburned (mg).....c.evvvveenenn..

(# of atoms).veeeuunnn..

T - lost from coolant (Mg)....covvvenenenn...
(# of atoms)...........

He-DT fusion reaction (mg)........ceeuvvnnnn.
(# of atoms)...........

He-breeder production (Mg)...c.vvevnnennnnnn.
(# of atomMS).vveenirennnnnnns

He = total (Mg)..eeereieerinennennenenannnns
(# of AtOMS) vueeenrenenennnsannans

Total (D, T, He, Dy/Target inj.) (mg)........
Total # of ALOMS. . evieernrerennronrnnesnsnnns

# of shots per chamber per second..............
# of chambers......vieieeiivrvrenoccnsancncanes
Total condensables pump rate/chamber (g/s).....

HIBALL-I
1.0 x 1073
3.0 x 101°
6.85 x 1024
13 x 10°
8 x 102°
4 x 10%
.52 x 102°
.6
.8 x 1020
.6
a4 x 1021
.29
.1
4 x 1020
.7
4 x 1020
.6
.8 x 1020
.88
.76 x 1020
.94
4 x 1020
17
.76 x 1020
.11
.17 x 1020
39
.65 x 1021

HIBALL-II
1.0 x 1073
3.0 x 10!
79

7.1 x 1024
13 x 103
3.9 x 102°
1.3 x 10
4.6 x 102°
1.6

4.8 x 1020
5.6

1.44 x 1021
0.29

1.14

3.53 x 1020
1.7

3.52 x 1020
1.6

4.8 x 1020
0.87

1.8 x 1020
0.90

1.4 x 1020
1.13

1.75 x 1029
2.03

3.15 x 1020
7.36

1.68 x 102!
5

4

0
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IX. MATERIAL BALANCE IN CHAMBER GAS (continued)

HIBALL-I HIBALL-II
Total noncondensables pump rate/chamber (g/s).. 0.037 0.037
Cavity pressure (torr @ 0°C).veeeiernneennnnnn. 1074 1074

X. BREEDING PARAMETERS

HIBALL-I HIBALL-II

Coolant breeding region

Breeding material.....vviiiiiiiinenennnnnnans Li;,Pbgs Li,4Pbgs

Flow rate for one chamber (kg/hr)............ 3.38 x 10° 3.38 x 108

Breeder mass within one chamber (kg)......... 4.46 x 108 4.46 x 10°

Total breeder mass for all chambers (kg)..... 1.78 x 10/ 1.78 x 10/

InTet temperature (°C).v.vernenerneennennnns 330 330

Outlet temperature (°Cl.veeeiieereeecneennnnn 500 500

Breeding ratio...... Ceeeteieeas et cnnanas 1.25 1.25

Steady state tritium concentration (wppm).... 6.1 x 1074 1.4 x 1074

Tritium pressure (torr @ 0°C)....evueeeennn.. 1074 1074

Tritium extraction method............cccvvunnn In situ In situ vacuum

extraction degassing

Tritium inventory - steady state - 4 chambers

Reactor chamber (SiC + LiPb) (kg).vev.vvvnennn 0.026 0.015

Pipes/steam generator (Kg)...vveeerieeennnnnns 0.033 0.007

Cryopumps (2 hr on-1ine) = Kg...vevvuvavunens 0.37 0.37

Cryogenic distillation columns (kg).......... 0.16 0.083

Fuel cleanup (Kg)eeeoveieeeneeneeneennaenonans 0.042 0.031

Target fabrication....cvivenveeennnnes cereean 4.1 4.1

Storage - 2 days fuel supply (kg)..eevevennnn. 8.4 8.2

TOLAT (KG) e oo vneoueesnsasonsenonesnensnnnnns 13.1 12.8

Total active inventory (kg)....ccvvvevnvnnn.. 4.7 4.6

Total vulnerable inventory (Ci)....cevvnenn.. 4.7 x 107 4.6 x 107



B-1

APPENDIX B. COST OPTIMIZATION FOR HIBALL
B.1 Introduction

The HIBALL-I heavy ion beam fusion reactor design(l) completed in July
1981 is a self-consistent detailed point design. Upon completion of a point
design such as HIBALL, the next step is to determine whether the specific
parameters chosen for the point design represent an optimum set.

The optimization criterion used for this analysis is the true "bottom

line,” the busbar cost. However, to vary every major parameter in HIBALL-I to
test its cost sensitivity is a task requiring a "systems analysis" computer
model. Such an effort is beyond the scope of this project. Instead, only a
single parameter was varied, the ion energy between three specific values,

5 GeV, 10 GeV and 20 GeV. The 10 GeV value represents the base case and all
parameters for this case are taken from the HIBALL-I study. The 5 GeV and 20
GeV cases clearly represént an attempt to determine the economic penalties or
payoffs associated with lower and higher ion energies. The variation in ion
energy cannot be made while holding everything else fixed. For instance, the
target gain will change with changing ion energy, hence the yield will change,
leading to a change in the cavity size. Therefore it was tried to construct a
self-consistent set of parameters for the 5 and 20 GeV cases by scaling from
the 10 GeV HIBALL-I values. In this way systems can be compared at three dif-
ferent ion energies without repeating a complete conceptual design for each.

B.2 Accelerator, Storage Rings and Beam Lines

Varying the ion energy has a great effect on the design and cost of the
accelerator, storage rings, and beam lines (i.e., the driver). Higher ener-
gies increase the accelerator length and its cost. However, space charge
limits are reduced, hence the storage rings and beam lines are modified. The
opposite is true for lower energies. A1l relevant driver costs are reproduced
in Table B-1,

B.3 Target

The target does not figure directly into the cost but it plays a very im-
portant role in this analysis because different ion energies produce different
target gains and hence different yields. Therefore we must have a general
model of target performance that will include these effects. For this we used
the target design analysis of J. Meyer-ter-Vehn and N. Metz]er(l) and the gain
model of Bodner.(Z) The coupling efficiency versus ion energy taken from the
Meyer-ter-Vehn/Metzler work is plotted in Fig. B-1.
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Table B-1. Driver Parameters and Relative Costs for 5, 10 and 20 GeV Ions
Eion 5 GeV 10 GeV 20 GeV
Qpuse 2.5 MJ 5 MJ 10 MJ
Tfull 15 ns 15 ns 15 ns
Teff* 10 ns 10 ns 10 ns
Pnax 250 TW 500 TH 1000 TW
Ion Bi2*t  Bil* Bil* Bi%*

No. of Storage Rings 20 10 5
No. of Beam Lines per SR 4 4 2 1 2™
No. of Beam Lines 80 20 20 5 10™*
Size of Final Lenses (1in)™" " | 0.7 1.4 oL 1.4
Size of Final Buncher 0.5 1 "1t 2
Length of Beam Lines 0.7 0.7 " 1.4
Period Length in Beam Lines 0.7 1.4 "1 1.4
Space Charge Param. in BL's 0.5 0.5 1" 2 > 1
Rep. Rate 1.8 1.1 "t 0.55

Height

Factor

for Cost Relative Costs
Linac "1 0.5 1 "1t 2
TR 0.05 0.7 1. " 1.4
CR's 0.1 0.7 1. "t 1.4
SR's 0.7 1.4 0. " 0.7
Ext. Bunchers 0.6 2 1 "1t 0.5
Beam Lines 0.4 2.8 0.7 " 0.7
Final Lenses, Ports 0.2 2 2 "1 1
Site ? 1 1 "1t > 1 (Left Out)
Buildings 0.25 1 1 1" 1.5
Cost Factor Relative 1.38 0.98 “1" 1.17

to HIBALL-I

* A parabolic pulse shape is assumed, corresponding to a 10 ns rectangular

pulse.

* % N . . . .
From longitudinal emittance considerations.

*

** Costs of final lenses are roughly estimated to be the square of this number.
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Bodner's target performance model is not reproduced here. It is de-
scribed in Refs. 1 and 2. It is based on seven parameters: coupling effi-
ciency, cold fuel isentrope, implosion symmetry, compression, shell aspect
ratio, ignitor temperature, and hot spot pR value. This, of course, is the
quantity plotted in Fig. B-1. We fix the other parameters in the Bodner model
to produce a gain of 80 with 5 MJ of input energy at 10 GeV. A summary of
this analysis is given in Table B-2. For the 10 GeV case the given set of
parameters produces a gain of 80 for 5 MJ of input energy. The final density
is varied until an optimum is found. This density variation is done for each
of the other two cases as well. The coupling efficiency of 6.5% is taken from
Fig. B-1. The symmetry, aspect ratio, ignitor temperature, and hot spot pR
value are chosen to be representative of typical successful implosions.

The 5 and 20 GeV cases require some further explanation. The driver
analysis assumes pulse energies of 2.5 MJ at 5 GeV, 5 MJ at 10 GeV and 10 MJ
at 20 GeV. These input energies at 5 and 20 GeV do not correspond to a gain
of 80. Therefore two separate analyses were done each for the 5 and 20 GeV
cases. First, these values of input energy were used to compute the gain.

This gives values of G = 130 at 5 GeV and G = 15 at 20 GeV. Next is asked,
using the Bodner model, what input energy will give a gain of 802 At 5 GeV
the answer is 1 MJ. At 20 GeV the input energy is in excess of 100 MJ because
the coupling efficiency is so low (1.5%). This absurd value is not used. In-
stead, it's postulated that a gain of 80 can be achieved with 10 MJ of 20 GeV
ions using an alternative target design. These five values of input energy
and yield are used to determine the driver and chamber costs.

B.4 Reactor Chamber

The cost of the chamber is determined by its size and the size is deter-
mined by the yield of the target. The required chamber radius as a function
of yield has been established for two 1imiting parameters, the temperature
rise limit on the first row of INPORT tubes and the condensation time limit.
It is required that the surface temperature not exceed 500°C so that the vapor
pressure of the Li;,Pbgq does not exceed 1074 torr. The "free parameters" in
this analysis are the coolant velocity and the radius to the first surface of
INPORT tubes (and hence the heat flux upon them).

The assumptions that go into this analysis are the following:



B-4

15 | T T T T | T
e
Ak 1500
Er
10—/ +[kJ]
/
- N 300
| N
~
5t | / \\
| T]Fuel
i | ~100
| N
|
: P
.\ payload mass fraction
MO-" \ P ,y 11w
|\—11-5-‘=* \
6°§___\ | power at S0kA 7200
: N
\ wnd
O ] | L \l\“l_—'l_~-r-——o
0 5 10 15 20
EION [GeV]

Fig. B-1. Coupling efficiency vs. ion energy for constant current (50 kA).
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Table B-2, Results of Bodner Target Gain Model for 5, 10 and 20 GeV Ions

Parameters 5 GeV 10 GeV 20 GeV
Input Energy 1M 2.5 M 5 MJ 10 M 10 MJ
Target Gain 80 130 80 15 80
Yield (MJ) 80 325 400 150 800
Coupling Eff. (MtV calcs.) 0.11 0.11 0.065 0.015 0.015
Isentrope/Fermi 7.5 7.5 7.5 7.5 7.5
Symmetry 0.03 0.03 0.03 0.03 0.03
Final Density (g/cm’) 75 75 50 85 85
Aspect Ratio 10 10 10 10 10
Ignitor Temp. (keV) 5 5 5 5 5

Hot Spot eR (g/cm?) 0.5 0.5 0.5 0.5 0.5

1. The fraction of energy in the form of surface heating and volumetric heat-
ing of the first row of INPORT tubes are the same as in HIBALL (i.e.,
independent of yield).

2. The repetition rate is held fixed at 5 Hz.

3. As mentioned above, the calculations are based only on heat transfer
through the Lij;Pbgy film and SiC wall.

4. The layer through which heat must be transferred is 1.5 mm thick and con-
sists of 20% SiC and 80% Lij;Pbgs.

Given a chamber size we compute:

1. the coolant velocity required to keep the maximum surface temperature
below 500°,

2. the coolant temperature rise, and

3. the allowed neutron wall loading and the DT yield.

The calculations are plotted parametrically in Fig. B-2. The allowable
yield is plotted as a function of the cavity radius for different coolant
velocities. We have chosen a velocity of 7.5 m/s to serve as the reference
value for this parameter study.

A model has been developed for the condensation of the vaporized Li-Pb in
the cavity, which leads to scaling of the time for condensation (tc) in the
cavity with radius (R) and target yield (Y). In this model, the effects of
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radiation and additional evaporation of Li-Pb from the surfaces of the tubes
are ignored. The vapor is assumed to be an ideal gas but the latent heat of
fusion of Li-Pb is taken into account.

Assuming that the vapor is an ideal gas, the temperature of the vapor

(T.Ac) may be written as

gas
Cy
T = (0.3 Y =M __&H) . (B.1)

gas Mgas g

Here, C; is a constant, AH, is the heat of fusion of Li-Pb, and Mgas is the
amount of Li-Pb put into the cavity through vaporization of target x-rays.

The 0.3 is the result of assuming that 30% of the yield is non-neutronic.
Figure B-3 shows the results of a series of computer ca]cu]ations(3) of MgaS
(1) and for vari-
ous specific x-ray energy depositions (energy/area). From Fig. B-3, M

for the target x-ray spectrum particular to the HIBALL target
gas has
been approximated as

Mgas = C2 AR, (B.2)
where C, is another constant. Neglecting evaporation of additional Li-Pb, the
condensation time has been assumed to be proportional to the dimensions of the
cavity and inversely proportional to the thermal velocity of the gas atoms;
that is,

(e

1 _~3
K—R—vigas (B.3)
where C3 is yet another constant.
Combining Egs. (1), (2) and (3), the condensation time is expressed as
c, C

-1 _“3 ("1 (0.3 & _ 1/2
t. _R_(q( & CZAHV)) . (B.4)

CZAHV has been determined to be 2.62 VJ/cm so that when ¥Y/R >> 10 YJ/cm,

R3/2

t «m. (B.5)

For the HIBALL reference case (Y = 400 MJ; R = 500 cm), *Y/R = 40 YJ/cm so
that Eq. (5) clearly holds.
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Figure B-4 shows these two limiting curves (i.e., temperature rise and
condensation time) for a repetition rate of 5 Hz; it can be seen that the
optimum point for HIBALL is at 5 m cavity radius. The curve shows the ex-
cluded parameter space to the right of the intersection point. The tempera-
ture limit curve can be used for a repetition rate different from 5 Hz, pro-
vided the "equivalent yield" is obtained for the new repetition rate. Thus
the equivalent yield for HIBALL at 4 Hz is

(2)(400) = 500 .
Using Fig. B-4 we can estimate the cavity size for the five cases described in
Section B.2. The results of this analysis are given in Table B-3. Analyzing
the first case where the yield is 80 MJ it is found that for the repetition
rates of 8 Hz and 9 Hz, the following are the Timiting cavity radii:

8 Hz 9 Hz
For condensation, radius (m) must be less than: 2.79 2.58
For temperature limit, radius (m) must be greater than: 2.6 2.75

Obviously the 9 Hz case will not work. The 8 Hz case is selected with a
cavity radius of 2.60 m.

In arriving at the number of cavities, the important criterion is the
full utilization of the driver. At 5 GeV note that if the driver can deliver
36 pulses per second (pps) at 2.5 MJ, it then should be capable of delivering
1 MJ at 90 pps. At a repetition rate of 8 Hz, this means 11 cavities can be
driven with a single accelerator. Such a procedure is followed in obtaining
the parameters in Table B-3.

B.5 Cost Analysis

The costing was performed with 1981 dollars and conforms to the U.S. DOE
"Fusion Reactor Studies - Standard Accounts for Cost Estimates," PNL 2648.
Costing was done for the five cases given below:

Case 1 2 3 4 5
Ion Energy (GeV) 5 5 10 20 20
Energy on Target (MJ) 1 2.5 5 10 10

Assumed Gain 80 130 80 15 80
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Table B-3. Parameters for the Five Accelerator Cases Considered

Case

1 2 3 4 5
Ion Energy (GeV) 5 5 10 20 20
Energy on Target (MJ) 1 2.5 5 10 10
Gain (from MPQ) 80 130 80 15 80
Yield 80 325 400 150 800
Cavity Radius (m) 2.60 4.5 5.0 3.0 6.3
Rep. Rate (HZ) 8 5 5 5.5 3.66
No. of Cavities 11 7 4 2 3
Beams/Cavity (from GSI) 32 80 20 10 10
DT Power (thh) 7040 11,375 8000 1650 8784

The first step in the costing procedure is to determine the optimum cavi-
ty radius and the repetition rate. Once these are known, the number of cavi-
ties is obtained, always taking the maximum output of the driver.

Direct Costs

a) Driver: The costs in Table B-1 were used, making an adjustment to the
cost of the beam lines depending on the number of chambers.

In the first case, for example, the cost obtained in Table B-1 was for 4
chambers with 80 beams each. This is adjusted for 11 chambers with 32 beams
each, an increase of 10%. The relative cost of the beam lines is thus in-
creased from 2.8 to 3.1. Since the weighting factor for the beam lines is
0.4, the overall cost factor for the driver goes from 1.38 to 1.416. This
means the cost of the driver is 1887 x 1.416 = 2672 million dollars.

b) Chambers: Figure B-5 gives the single chamber costs as a function of
target yield for a rep. rate of 5 Hz. The effective yield for a different
rep. rate as explained earlier can be used to obtain the cost for any case.

Extrapolating the curve slightly gives a cost of $80 x 106 for an effective
yield of 128 MJ.
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c) Main Heat Transfer and Transport: This account is broken up into 3

basic parts: the liquid metal pumps, the steam generator and the pipes. The

scaling for the pumps (which for HIBALL-I amounted to 40% of the entire ac-

0'8. The steam generator, amounting to 31% of the

)0.8.

count) is scaled as (Pyp)

system cost, also scales as (Py, The pipes scale as (Pth)o'8 x (No. of

chambers)0'4.

d) Pellet Injector: the pellet injector scales as (Hz)O'4 x (No. of

chambers).
e) Land and Land Rights: These were taken as 5 x 106 for all five cases.

f) Structures and Site Facilities: The reactor buildings in HIBALL-I

accounted for ~ 30% of the direct cost. This account scales as chamber
radius)?:® x (No. of chambers)9:*. The turbine building was 25% of the
structures cost and it scales as (Pth)o'g. The remaining structures are
assumed to cost the same for all five cases.

g) Turbine Plant Equipment: Scales as (Pth)0‘7.
h) Electric Plant Equipment: Scales as (Pe)o‘g.

i) Miscellaneous Plant Equipment: Scales as (Pth)0.9_

Indirect Costs

j) Construction Facilities: Taken as 15% of total direct costs.

k) Engineering Cost Management: This is also taken as 15% of the total

direct costs.
1) Owners' Cost: Taken as 5% of total direct costs.

m) Interest During Construction: 5% per annum deflated interest for an 8

year construction period. This amounts to 17% of direct and indirect costs.
The net power output in each case is arrived at by taking the thermal ef-

ficiency in HIBALL-I, then subtracting the driver power and the needed auxili-

ary power. Table B-4 lists the direct costs, indirect costs, total capital

costs, net power output, and unit capital costs for the five cases.

Busbar Costs

The annual operating cost is made up of the fuel cost (target cost),
operation and maintenance, component replacement and the fixed charge on
capital.

As in HIBALL-I the target cost is taken at 15¢ per target and has the
target factory amortized in the cost. Thus, for each case, this amounts to
the targets used per year at 70% availability multiplied by 15¢.

Operation and maintenance is taken as 2% of the total capital cost.
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Table B-4. Capital Costs of HIBALL-I Options

Millions of 1981 Dollars

Case
1 2 3 4 5

Driver 2672 3085.2 1887 2124.8 2164.4
Cavities 880 1165 785 192 846
Main Heat Transfer 577.1 795.3 560 147 .4 584.8
Pellet Injector 39.8 21 12 6.2 7.9

Total Reactor Plant Eq. 4168.9 5066.5 3244 2470.4 3603.1
Land & Land Rights 5 5 5 5 5
Structures & Site Facil, 323.2 354 .2 280 173.5 277 .4
Turbine Pliant Equip. 393.2 550.1 430 142 459.1
Electric Plant Equip. 245.1 377.5 275 66.4 299.1
Miscellaneous Plant Equip. 42.5 68.5 50 12 54.5

Total Direct Costs 5177.9 6421.8 4284 2869.3 4698.2
Construction Facilities 776.7 963.3 642.6 430.4 704.7
Engineering Cost Management 776.7 963.3 642.6 430.4 704 .7
Owners' Cost 258.9 321.1 214.2 143.5 234.9

Total Dir. & Indir. Costs 6990 .2 8669.5 5783.4 3873.6 6342.5

Interest During Const. 1188.3 1473.3 983.2 658.5 1078.2
Total Capital Cost 8178.5 10143.3 6766.6 4532.1 7420.7
Net Power Output (MHW,) 3308.8 5564 3760 418 4128.5
Unit Capital Cost ($/kWg) 2472 1823 1799 10842 1797

Component replacement is based on a 2 year lifetime of the SiC INPORT
blanket.

Fixed charge on capital is taken at 10% per annum.

Table B-5 gives the annual operating expenses, the energy sold per year
in kWh and the busbar cost in mills/kWh.

Figure B-6 gives the graphic representation of the unit capital cost as a
function of ion energy, energy on target and gain. The percentages relative
to HIBALL-I are given in brackets. Figure B-7 does the same thing for the
busbar costs.
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Table B-5. Annual Operating and Busbar Costs

Millions of 1981 Dollars Per Year

Case
1 2 3 4 5

Pellet Costs 290.4 115.5 66. 36.3 36.3
Operating & Maint. 163.6 202.9 135.3 90.6 148.4
Component Replacement 38.5 90.1 64. 10. 80.25
Interest on Capital 817.9 1014.3 676.6 453.2 742.1
Total Annual Operating

Costs $ x 10° 1310.4 1422.8 941.9 590.1 1007.1
Net Power Sold (70% Avail.)

kwh x 1010/yr 2.03 3.40 2.31 0.256 2.536
Busbar Costs (mills/kWh) 64.5 41.8 40.8 230 39.7

B.6 Conclusions

The plot of busbar cost vs. ion energy, Fig. B-7, clearly shows that the
optimum point in our parameter study is near the original HIBALL-I case. This
is true for both the consistent gain = 80 parametric study and the study that
follows the GSI accelerator parameters listed in Table B-1. It must be noted
that the features of this cost dependence on ion energy are strongly influ-
enced by the target gain predictions. Using the coupling efficiencies of MPQ
and the Bodner gain model greatly penalizes the 20 GeV case. We observe that
if an advanced target design could give a gain of 80 for 10 MJ of 20 GeV ions,
significant cost advantages could be obtained. The cost, based on this obser-
vation, is also plotted on Fig. B-7. From this it is seen that there is a
very broad optimum over the range of 10-20 GeV if alternative targets capable
of utilizing high energy ions can be designed. Confirmation of this is beyond
the scope of this work. Therefore, based upon the "G = 80 curve" it is con-
cluded that 10 GeV is about the optimum energy for the HIBALL-I heavy ion beam
fusion reactor concept. The conclusion allowed consideration of 10 GeV ijons
for HIBALL-II and directed our efforts toward improving the analysis of the
critical components of the design concept.
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