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Abstract

An improved design of the HIBALL inertial-confinement fusion power station is
presented. The new RF-linac based heavy ion driver has improved concepts for
beam stacking, bunching and final focusing. The new target design takes into
account radiation transport effects in a coarse appfoximation. The system of
four reactors with a net total output of 3.8 GW electric is essentially the
same as described earlier, however, progress in the analysis has enhanced its
credibility and self-consistency. Considerations of environmental and safety
aspects and cost estimates are given.

HIBALL-IT - Eine verbesserte Konzeptstudie fir einen schwerionengetriebenen

Fusionsreaktor

Zusammenfassung

Es wird ein verbesserter Entwurf des Tragheitsfusionskraftwerkes HIBALL vorge-
stellt. Der neue Schwerionentreiber auf der Basis eines Hochfrequenz-Linac
weist verbesserte Konzepte fiir Stacking, Bunching und Endfokussierung auf.

Der neue Targetentwurf berlicksichtigt in grober Naherung Strahlungstransport-
effekte, Das System von vier Reaktoren mit 3.8 GW elektrischer Nettogesamt-
leistung gleicht im wesentlichen dem friiher beschriebenen, wurde jedoch hin-
sichtlich Glaubwlirdigkeit und Konsistenz verbessert. Es werden Betrachtungen
zur Umweltbeeinflussung und Sicherheit sowie Kostenschatzungen angegeben.






PREFACE

HIBALL (Heavy Ion 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 fir Séhwerionenforschung, Darmstadt (GSI)

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

Institut fUr 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. |

NOTE

This report was printed in two editions, one at FPA/University of Wisconsin
and subseguently the present one at KfK. For the present edition some mistakes

have been corrected.
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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
radiocactivity, and a relatively simple geometry for the nuclear system {(com-
pared with tokamak reactors) which gives greater design flexibility along with
better majntenance accessibility of the reactor, O0n 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 enerqy 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 jon
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 [on Fusion

Study at Berke]ey(7) in 1976 that the size and cost of a heavy ion 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,

¢} 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
Uni ted 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-IT study was initiated, at a Tow 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
ane,

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, 8, 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 ane 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 MY 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 L00% 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-1 were remedied in HIBALL-II by several major
changes to the RF accelierator scenario:

1* in order to reduce the space charge problems in

1) Bi2" was replaced by Bi
the storage rings, but at the expense of additional l1inac 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 Tonger than anticipated from linearized theory. On this
basis we have proposed a revised accelerator scenario with a 4 ms storage
ring fillting 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.




Parameter HIBALL-I HIBALL-TI
lon Bi2* pil*
RF Tlinac

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 inductioen

lina¢ bunchers - GV 12 o
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

Md, 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 jon 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 jmplosions 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(lo)
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

accompanied

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 10°°
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 angie 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/kHe), !t) NUWMAK tokamak ($2410/kve), 12} wITAMIR
tandem mirror ($2454/kwe)(l3) and the MARS tandem mirror ($2558/kwe)(14)
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 mills/KWh)
is 30-40% less than in the SOLASE(lS) laser (66 mills/ kih in 1977} and equal
to the MARS(14) reactors. While it is risky to place too much emphasis on
absolute cost estimates, it {s clear that heavy ion beam driver fusion re-

re-=

actors compare very favorably with other magretic and inertial confinement
fusion.devices and should be pursued further as our understanding of burning
targets advances. WNew 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, 1iquid metal handling, radiation damage, and remote maintenance will be
avajlable. 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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Fig., 1.2-3  One of the four reactor blocks of HIBALL plant

1 Reactor Chamber

2  INPORT Blanket

3 Final Focusing Quadrupole Magnets
4  Rotatable Top Shield

5 Coolant Exit

6 Primary Pump

7  Heat Exchanger

8 Secondary Coolant Pump

9  Steam Generator

10 Water Intake

11  Steam Exit

12 High Pressure Turbine

13 Low Pressure Turbine

14 Electricity Generators

15 Condenser and Water Preheater
16  Beam Lines

17 Target Transport Line

18 Target Factory

19  Reactor Containment
20  Machine Building
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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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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, high-p Tead
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,
Tow-p  Tithium 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 1ithium 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
temperature increases and a radiation Marshak type wave(4'7) is Taunched into
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 jon-beam fusion code MEDUSA-KA(e) to simuiate 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 radijation transport effects using a two-
temperature (Ti’ Te) plus a radiation heat conduction approximation. In this
model it is considered that the radiation field is in thermodynamic equilibri-
un 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 gquantities for the electrons. Also, radiation conduc-
tivity is added to the electron thermal conductivity. One therefore solves a
modified electron energy equation which also inciudes radiation. For further-
details see Refs, 1-3, 5, 10 and 11.

The deposition of the incident ion energy is calculated using analytic
fits{12) 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.(13'15) 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(lﬁ) 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.(ao) 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 P; ~ 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
shack 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 linearly 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 Tithium 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 a-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 awparticles(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
Qutput 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/cm?) 1.10

Pb Tamper ComprEssed Part of the Radiation Shield) oR at

Ignition (g/cm®) 1.63
Total pR of the Compressed Part at Ignition {g/cm?) 5.8
Yoid 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 caliculated 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 aha1ysis see Ref, 1,
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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 particles. 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 enerqgy that have been published by LLNL at different times.(l’Z)- The .
conclusion is that, for the HIBALL case, the originally postulated vaiues(l)
of 2 g/cm2 for the fuel pR at ignition and about 80 for the gain are very
reasonab]e._ Therefore, the output energy of 400 MJ, its distribution into the
four fractions of neutrons, gamma rays, x-rays and charged parti¢1e 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 keyY
Li-natural 5.90 ke¥

Ph=-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 ion 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.M.-K. Mark, in: Proc. 1984 Intern. Symp. on Heavy lon
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
(1)

as the target design is optimized. On the other hand, it has been shown
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 implosjon 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 prelimipary 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 tonger 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. Cicchitelli, 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 Tocation at the same time. The gene-




24

LOE+07 + + + —+— t +

LQE-06

DEN. KG/TM=u3

LDE 05

.0E-04

1.QE-03

1. 0E +32

Temperature < ey < 1WeV < 80 keV ey

Pol. Relax. Time > Sms >).|s > ns

L0E+01

TIHE
-

+ t + +

0 5 0 15 20 25 30 35 40 ns

LOE«00

Fig. 2.2-1. Fuel density during compression and burn phase. Tempe'r;atures and
polarization relaxation times in different phases are also indi-

cated.
PRCPELLANT Field coils
GAS RESERVOIR JERN
0, Sbar Guide tube\L&_ .
FAST AS ‘ -
CAYQGENIC T £ Ve DISTANCE TIME Sabot — |
GUN SCALE SCALE :
SABOT WITH __Jganre TEREIER] Me2g
PELLET FROM LOALDER
FACTORY & —=0mm [E—
HGUN BARREL 2m 20 ma A .
o Ferlrornagnetlc,
CAVITY cylinder
VACULUM 1<2 torr L P
| Pubes o T Fig. 2.3-2 Scheme of a magnetic linear
J.@or accelerator for target
SCATCHER . .
. injection.
r/'imecrlon
CHANNEL ™7
-4 F—-10mm
$5m 27.5ms
SHIELD
REFLECTOR
(e~ .
65m 325ms
]
¢l
REACTCR CAVITY REACTOR
CAVITY CENTER

Fig. 2.3-1., Scheme of HIBALL-I pneumatic injection
and design parameter values. Target )
velocity = 200 m/s. Fig. 2.3-3. HIBALL cryogenic target.



25

ral requirements on the injection process are that the target must not be
altered to such a large degree that it will not properly implode. This in-
c¢ludes limiting the heating during delivery so as to not cause the DT fuel to
subTimate or melt. Section 2.3.3 deals with this question of target heating.

The basic parameter governing the injection and synchronization probilems
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]1umination(2) 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 Tow 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(I) and an electromagnetic acce]erator.(B) In any
case, the target has to he 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 Do

Prop. gas entering reactor cavity
Pressure of prop. gas reservoir
Acceleration distance
Acceleration

Acceleration time

Total target travel time
Distance muzzle to focus

Tracking:

Lateral tracking

1.6 mg/shot
5 bar

2m

104 m/s?

20 ms

80 ms

12 m

neneg

Longitudinal tracking, type 1ight-beam interception

Last tracking position, distance from focus 3.0m
Precision of arrival time prediction *l 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 Sahot 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 Tayers 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 s 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 Tlatter 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 W/cm® 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 Tead 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 A and A,. Heat is conducted to the target through
contact areas aj, ap and aj. 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

éf = fAPV

where £ 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/m?,
the frictional heat load is 51.3 W/em?,

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 PlPZPS in
Fig. 2.3~5. Point Pl is at the forward-most edge of contact area Ay, which is
the largest contact area at 0.78 cmé.  Point P2 is at contact area ay be tween
the target and the sabot which is 0.03 cmé and is both much Targer and closer
to A; than either ay or aj. Point P; is at the inside edge of the solid D-T
fuel, at the point closest to PZ‘

We have used the PLLLET code to calculate the heating of the target by
frictional heat from contact area Ap. PELLET s a one-dimensional computer
code which we have applied to heat transfer along the line PyP,P,. 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. HNotice 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. HWe 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 jon 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 £1 us 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 compliete 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
Tocation. By this time its arrival can be predicted to within xl us, as shown
in HIBALL-1.1} (See also Section 3.2.3.)

References for Section 2.3

1. B. Badger et al., "HIBALL - A Conceptual Heavy Ion Beam Driven Fusion Re-
actor Study," Unjversity of Wisconsin Fusion Technology Institute Report
UWFDM-450, Kernforschungszentrum Karlsruhe Report KfK-3202 (1981).

2. J.W.-K. Mark, Proc. Intern. Symp. on Accelerator Aspects of Heavy Ion
Fusion, Report GSI 82-8 (1982), p. 454; W.A. Barletta, W.M. Fawley, D.L.
Judd, J.H.-K. Mark and S.S. Yu, Proc. Internat. Symp. on Heavy Ion Accele-
rators and Their Applications to Inertial Fusion, Institute for Nuclear
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3. DRIVER
3.1 Considerations lLeading to the Modified Driver of HIBALL-II
Since the completion of the first report on HIBALL we have reconsidered

the ion charge state, as weil as Tinac 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 8i as a
more convenient candidate. Here we benefit from the fact that accelerator
space charge limits generally scale with qzlA, 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-
1y benefited from the allowance of a smaller emittance €, due to the fact that
q2/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 linac 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 Tess -
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 tonger than anticipated from the Tinearized theory.(4>5) On this basis
we have proposed a revised scepario with 4 ms storage ring filling time; the
1#nac current is reduced to the comfortable value of 165 mA. This promises a
petter balarce 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 Tines 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-
1ished 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 smalier transfer
rings. This considerably reduces longitudinal and also transverse emittance
growth., The Tatter 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 Lipear Accelerator
The linac is to provide all the kinetic energy of the Bi* 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 limit 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 GH 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 don sources of the HORDIS type.(s) Each of
these beams is statically preaccelerated by about 300 kV, and captured by a 10
MHz Tow-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).
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Stepwise "funneling” of pairs of beams8) brings the microbunch frequency
up to 80 MHz in the main linac, which, however, may have a higher (harmenic)
RF frequency for reasons of economy, depending on the fon velocity {which
determines the most economic type of limac 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 tonger under control of RF buckets, should he 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 cof 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 3225 = 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 possibie, 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
at least two more RF harmonics.(g)

The residence time of the beam in the last transfer ring (waiting ring WR
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 lToadings to reduce the size of the
0.25 MHz cavities. The vacuum reentrant, high-Q cévities 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). Some
harmonic RF components of somewhat lower amplitude have to be added.(g)

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

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 heen found.
3.2.2 Timing

Figure 3.2-~3 shows the beam pulse structure in the Tinac, 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 Tow 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) huffer time indicated in Fig. 3.2-3
is, therefore, an option which i1s not needed in the present design.

The situation would be more complex if the hunching RF power supplies had
t0 be running continuously. In that case, the discrete instants 4 us 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, s$ti1l within our assumed tolerance. If a finer adjustment
were needed, shot-to~shot beam steering would be a remedy (see discussion in
HIBALL-T).

3.3 Components
3.3.1 1laon 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 Tonger discharge pulses,
and consumes less power than the older ELSIRE design. A version with an
evaporation oven for low-melting metals, HORDIS 11,6} delivered a Bi* beam of
37 mA into a normalized ewmittance of 0.16 x 1070 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 Bit
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-

(10) Development of intensity modulation techniques directly after

veloped.
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)

spread acceptance, Many labs are developing light-ion RFQ structures of
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 is, however, limited activity in developing structures suitable for
heavier masses, or lower charge states. For given normalized acceptance and

)1/2. For

surface field strength, the frequency is roughly proportional to (A/a
it fons, 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 spiit-coaxial cavities (GSI, Frankfurt, INS). The latter have
been briefly described in HIBALL-I, and in some GSI reports.'’) At GSI, one
module is being successfully operated with Ar' and Kr™ ions, 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™
jons, 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 ana]yzed.' For both cases, and for Bi*2 and Bit jons 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 thé 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 ampiifier. 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 Toaded 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 Tevel 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 linac 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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Jinac: 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 little (~ 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 experimentaily.

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

l, technical development has to be

rings operated at a rep rate of 20 s~
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.

¢. 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 radiocactivity 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.9., 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 lLab, 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 vet 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-
veloped 2- and 2-1/2-dimensional many-particle simulation programs(12’13) and
applied them to problems of emittance growth, beam stability and interface
problems between different accelerator devices and between driver and target.
Since complietion 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. '

(1i) 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 Tinac current) as a
“free" parameter for design.

(i1i) 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 4p/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 c¢ritical 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

Tongitudinal "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 limit where this ratio is large,

the final momentum width after debunching of an fnitially pakabo1ic bunch has
(14)

been found as given by
I -1
q ¢ B Z g
(ﬁib:‘i AL (3.4-1)
p rde (mmc™/enyR™} 28Y

with: q =-- charge state
I == electric current
Bf = bunching factor
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Fig. 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/y2
Z, =~ impedance of vacuum {377 Q)
g=1l+21nR

pipe/Rbeam'
Hence, it is given by the current, however small the initial 4p/p is. As an
example, we find for 10 GeY Bit and a bunching factor of Bf = 1/4; '
4

= +1.8 x 10~ (3.4-2)

(22)

p ‘deb
This corresponds to a (Ap/p)fwhm = 43,5 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 SCDP“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 lowest magnetic cutoff frequency W, = onR/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 reTatTvistic 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. 1In 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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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 tai1 in
the momentum djstribution 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: fi