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Foreword 
This report presents the conclusions of a study, conducted from September 1̂ 90 through September 

1991, examining the induction recirculator accelerator as a candidate driver for heavy ion fusion. 
The authors of this report, and the many contributors to its preparation, are listed on the following 

page. We thank the many people from LLNL, LBL, and elsewhere who c -ntributed to the effort. We 
apologize if we have failed to mention anyone whose name belongs on either list. The table of contents 
lists for each section the individual who may be contacted for more information. 
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Study of Recirculating 
Induction Accelerators as 

Drivers for Heavy Ion Fusion 

1. Executive Summary 
As a fusion driver, a heavy-ion accelerator offers the advantages of efficient target coupling, high 

reliability, and long-standoff focusing. While the projected costs of conventional heavy ion fusion 
(HIF) drivers are quite competitive with those of other inertial-driver options, a driver solution that 
reduces the cost by a factor of two or more will make the case for HIF truly compelling. The 
recirculating induction accelerator has the potential of large cost reductions. For this reason, an 
intensive study of the recirculator concept was carried out by a team from LLNL and LBL over the past 
year. The present report is an outcome of the first year of this study. 

The recirculating induction accelerator is a circular machine in which several ion beams are made 
to traverse induction cores repeatedly over 50 to 100 laps. By means of time-varying dipole fields, the 
beams are confined within the same pipes from lap to lap, even though the beam energy is continually 
increasing. In this configuration, the induction cores, pulsers, and focusing magnets are reused many 
times. This means that far fewer components are required than in a linear machine, in which each 
component is used exactly once per shot. Large reductions in the overall cost of the driver could be 
realized as long as the savings in the quantity of cores, pulsers, and focusing magnets are not offset by 
the need for bending magnets, time-varying dipole pulsers, and high-repetition-rate induction-core 
pulsers. By means of concrete point examples, we demonstrate that such is indeed the case. We show 
that with some development of a few critical components, a 4-MJ driver with an efficiency of over 35% 
can be constructed for less than $05 billion. 

The concept of a recirculating induction accelerator is not new. Indeed, elements of recirculation 
were mentioned in some of the earliest HIF workshop proceedings. Nevertheless, as a serious driver 
candidate, the heavy ion recirculator has no known precedent. The closest identification to existing 
machines would be a hybrid between an induction linac and a very fast synchrotron. The design of such a 
machine is constrained by a unique set of physics and technology issues, including (1) the high 
repetition rate of the induction pulsers; (2) the energy-recovery requirements on the ramped dipole 
magnets; (3) the long-residence-time constraints on the beam current density and on the vacuum, which 
must be obeyed to minimize beam loss due to beam-beam charge exchange and to stripping by residual 
gas, respectively; and (4) constraints arising from the beam dynamics of space-charge^dominated beams 
in ring geometry. In the fourth category, the central issue is to keep the growth of beam omittance 
acceptably low by careful dssign of beamlines. Abrupt transitions in the beamline (particularly in 
injection and extraction), misalignments in magnets, and pulser jitter must be minimized. 

Satisfactory resolution of these critical issues will require detailed experimental and theoretical 
investigation beyond the scope of this report. What we have done here is to identify the critical issues, 
to estimate their impact on the basis of available data, and to show that it is possible to construct 
integrated driver systems consistent with known constraints. 

Our approach has been to develop point designs. Since a broad range of design philosophies were 
possible, we decided to present three differnnt point designs. This approach has allowed us to present 
the trade-offs for different design goals and priorities. AH designs treated only the HIF accelerator 
and were required to have equal beam parameters at the output. Optimization with varying target and 
reactor designs was not part of this study. 

The "T" (for technology) design was our first attempt at an integrated driver system. Our goal was 
to establish a firm and believable foundation for cost estimates. Thus we chose to use only today's 
technology at today's prices. This allowed us to make a concrete tally of the components at verifiable 
costs. This approach also allowed us to perform a first engineering study of individual components and 
subsystems. It was gratifying to find that a recirculator driver system could be constructed with no large 
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technology extrapolations. In the second step, a cost comparison with the linear induction accelerator 
was madeon the basis of this non-optimized accelerator design. A linear-acccelerator driver system 
(also non-optimized) was designed by our L6L colleagues with similar output beam parameters, and a 
component-by-component comparison, was made using the same costing algorithms to the extent 
possible. In this comparison, the cost of the T-design recirculator was lower than that of the linear 
accelerator by a factor of 2.8. 

The philosophy of "today's technology"underlying the T design constrained us severely in our 
design parameter space. As a consequence, the cost and efficiency were expected to be far from those 
that would characterize the best achievable driver system if it were constructed a couple of decades 
from now. This motivated us to pursue the "C" (cost reduction) design. The approach here was to make 
reasonable extrapolations of the cost of several critical components, with the assumption that the need 
for fusion drivers would stimulate manufacturing R&D in appropriate industries. These cost 
assumptions allowed us to use components that would otherwise be too costly for the design of a much 
more efficient recirculator driver. Specifically, the C design uses FETs in the induction pulsers, 
compensating alternators as dipole pulsers, and employs bending fields with DC bias provided by 
superconducting dipole magnets. The projected total cost of a C-design driver is below $0.5 billion; the 
high-technology components of the accelerator (induction cores, pulsers, and focusing and bending 
magnets) account for roughly one-third of the total cost. The other two-thirds goes to facilities, prime 
power, administration, installation, auxiliary systems, and various special subsystems. While the C 
design was constructed initially with cost reductions as the primary objective, the use of advanced 
pulser and magnet technologies led to a design that was superior to the T design in many ways. Many of 
the design features led to reduced overall technical risks. The technical advantages of the C design are 
summarized in Sec. 9 of this report. 

In our recirculate!' designs, much of the physics risk is associated with multiple beams in a circular 
geometry. These risks can be eliminated if a recirculating accelerator in which several beams share the 
same induction cores (as is the case with the T and C designs) is replaced by several independent 
recirculators each with just one beam. This was the motivation behind the "P" (for physics risk 
minimization) design, which was constructed to demonstrate the trade-off between physics risks and 
cost and efficiency gains. The P design has 22% efficiency, but its cost is slightly more than a factor of 
two over the lowest cost version. 

We believe that an integrated driver system based on the induction recirculator configuration is an 
economically compelling candidate for an H1F driver system and that it merits further experimental 
and theoretical research. 
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2. Introduction 

2.1 Scope of Report 
This report presents point designs for a recirculating induction accelerator that will function as the 

driver for an inertial confinement fusion (ICF) reactor power plant that produces about 1GW of electric 
power for a lifetime of about 30 years. The idea of a recirculator has been previously proposed (see, e.g., 
Ref. 1), but no integrated driver system has ever been conceptually designed or evaluated. Our goal is to 
present design examples that meet the requirements set by target and reactor physics while minimizing 
the cost and maximizing efficiency. We wish to evaluate the feasibility of such an accelerator by 
performing a preliminary analysis of the major physics and engineering issues. A further goal is to 
compare the cost and efficiency of this point design with that of a linear accelerator, similarly 
designed using the same costing algorithms. 

During the preparation of this report, new issues continually arose and appropriate solutions were 
devised. At times, different weights were given to the often conflicting goals of low cost, high 
efficiency, high confidence of achieving high beam quality at the target, and high confidence in 
technological achievability. We have therefore arrived at many point designs, three of which are the 
subject of this report: 

1. Today's Technology Design (T design). This design is the primary focus of the report, and it 
consists entirely of technology that could be built today or soon. It is essentially the first attempt at 
designing the accelerator to a detail fine enough that both a comprehensive cost est'mate and a clear 
picture of the engineering and physics requirements could be obtained. 

2. The Low Cost/ Advanced Technology Design (C design). This design uses more advanced or 
alternative technologies to implement the recirculator concept. The greater capabilities of the 
advanced technologies result in more design flexibility, which made possible the design of a more 
efficient recirculator. Although the present cost of some of the advanced technologies is too high for a 
feasible driver, reasonable cost targets were identified for these technologies to be feasible in the next 
few decades. 

3. The Low Physics Risk Design (P design). In this design, the driver system consists of several 
independent single-beam recirculators, rather than allowing several beams to share an induction core. 
This greatly increases simplicity, reducing beam manipulations and thus the associated risk of 
emittance growth. Some other aspects of this design are also more conservative than the other two 
designs with respect to risking high beam quality. 

Table 2-1 presents an overview of the three designs. The C design is our design of choice for cost, for 
efficiency, and, as well, for physics reasons. The reader interested in the bottom line is advised to 
progress directly to Sec. 9, which summarizes the key features of the C design, immediately after 
reading this section. 

Our example designs are not completely optimized, because optimization wili require an extensive 
search through a large parameter space that comprises target, reactor, and accelerator parameters. We 
intend to conduct such a global optimization. We have explored part of that space, however, and we 
have identifyed some of the scaling relations for cost and efficiency. We have also examined some of 
the trade-offs between the two. We have worked through a few design examples in some detail to 
identify as many physics and technology issues as possible. /> major objective of this report is to 
indicate where potential technology developments could have significant impacts on our designs. 
Some of these developments have already been incorporated into the C design. In addition, the 
identification of areas of future technology development will aid us in formulating our HIF 
program plan. 

Costs given are for the component costs, assuming the appropriate cost reduction -.esulting from the 
large quantity required for a single recirculator, at 1990 prices. Costs are based on the parts and labor of 
manufacturing individual assembled components. We have also included installation costs at the power 
plant, engineering costs, and administrative costs by assuming that they are an appropriate constant 
fraction of component costs. Section 6 details the assumptions made in obtaining the rc'rculator cost. 
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Table 2-1. Some comparisons between the T, C, and P designs. 

T C P 

Today's technology 
Low cost, advanced 
technology Low physics risk 

Number of rings 4 3 3 
Number of beamlines 4 4 4 
Number of beamlines per core 4 4 1 
Induction module pulseis 

in HER 
Line type 

modulator FET switches FET switches 
Dipole magnetic field 

temporal ramp Sinusoidal Linear Linear 
Superconducting dipole bias 

field in HER? No Yes No 
Number of laps per ring 50 100 50 
HER circumference (m) 3533 1976 4218 
Linear buncher section 

after HER? No Yes Yes 
Acceleration Schedule Constant pulse Continuous bunch Continuous bunch 

duration compression compression 

and Sec. 7 presents a cost comparison of the T design with a linear machine, which has also not been 
completely optimized. The low physics risk (I') design is presented in Sec. 8, and the low cost (C) design 
is presented in Sec. 9. 

As in the case of estimating cost, we have also estimated the efficiency of the machine by 
estimating the power consumption, system by system, and summing over all systems. 

Finally, we have made rather crude estimates of physical quantities whose values are unknown. 
This leads to the risk that the design might require substantial changes if more reliable values that 
differ significantly become available. Identifying these key quantities will allow us to direct our 
research and development effort to resolve them early in the program. We have tried not to be too 
optimistic or too pessimistic about these quantities but have tried to estimate them realistically and to 
indicate where such risks exist. 

2.2 Whv Recirculators? 

Heavy ion induction accelerators hold the promise for meeting all of the requirements for an 1CF 
reactor for the production of electrical power. These requirements include efficient beam-to-target 
coupling, high repetition rate (about 1 to 10 Hz), high reliability, and long-standoff focusing. Cost 
projections for the linear induction accelerator in the HIFSA study (Ref. 2) placed the -x>st for such a 
machine comparable to that of other !CF drivers (such as solid state lasers, excimer lasers, or light 
ions), all of which lie in the $1 billion range. A significant reduction in driver cost would make the case 
for heavy ion fusion very compelling. Our motivation for undertaking this study originates from the 
notion that a substantial cost saving over a linear machine might be obtainable in an induction 
accelerator in which a heavy ion beam makes many (fewer than 100) passes through one or more 
circular or racetrack-shaped accelerators. Since the induction cores used to accelerate the ions are used 
up to 100 times, the size of the accelerator and the number of cores used can be much smaller, resulting in 
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a possibly large cost reduction. The size of a recirculator is roughly determined by the bending radius Rb 
of the heavy ions in an average magnetic field of about 0.6 T. The circumference of the machine can be 
shown to be 2icRt>« 2 km/<j for a KWSeV heavy ion of charge state q. This is in contrast to the linear 
machine, whose length is determined by the maximum accelerating gradient of about 1 MV/m, leading 
to a length of -10 km/ij. Further cost reductions occur because the total induction-core cross section is 
inversely proportional to the number of times the cores are reused on each ion bunch. Since the costs of 
the WFSA designs (Ref. 2) of the linear machine are predominantly in cores, quadrupoles, structure, 
and pulsers, it is evident that the cost of the recirculator might be significantly less than that of a 
linear machine. 

2.3 Recirculator Issues 

The introduction of bends, varying magnetic fields, varying voltage pulse formats, and longer ion 
residence times in the accelerator leads to complexities not present in a linear machine. Issues arise in 
technology and physics; they are closely interrelated, but for clarity we discuss them separately. 

23.1 Technology Issues 
The economics of the power plant require a pulse repetition rate of about 1 to 10 Hz. In a linear 

machine, this is the repetition rate of the pulsers that provide the voltage pulse to the induction 
modules, since each pulser is used only once per beam pulse. In the recirculator the pulsers must fire once 
during each of the 50 to 100 laps that the beam makes in the acceleration sequence of a particular ring. 
The time required for one lap is about 20 to 100 us, so bursts of 50 to 100 pulses at 10 to 50 kHz arc 
required for each pulser. This sequence is repeated at 1 to 10 Hz. In addition, as the beam gains energy 
(and thus velocity) the time between pulses shortens, and, depending on the acceleration and beam 
compression schedule, the pulse duration changes. Thus, the pulsers must fire at a much higher rate 
than in the linear machine, and they must fire with a variable frequency and variable pulse duration 
(or an acceleration schedule must be designed with constant pulse duration). Thus individual pulsers can 
be expected to be more costly in a recirculator, but the greatly reduced number of pulsers is expected to 
result in a net saving. As we show in this report, there are pulser candidates that can satisfy the 
recirculator design requirements, but the development of reliable long lifetime switches with these 
capabilities must be considered a technology risk at this time. 

The bends themselves are, of course, components that are not present in a linear machine (with the 
exception of the final trajectory before the reactor). An added complication in a recirculator is that as 
the energy of the beam increases the magnetic field strength must also increase. This may be 
accomplished by pulsing the magnets on the acceleration sequence time scale (a few milliseconds for 
each ring) or by fixing the field and changing the trajectory with time. If the former technique is chosen 
then normal (room temperature) dipole magnets must be used, and care must be taken to minimize energy 
loss on each pulse. For the latter technique, superconducting magnets may be chosen since the fields 
remain temporally constant. 

In the ramped-dipole approach, the energy stored in the field is many times that of the beam. To 
maintain high efficiency, we have chosen to recover the field energy with capacitors so that it may be 
reused on subsequent pulses. One critical technology issue is the achievable efficiency of this process, 
which we calculate to be greater than 90%. Although the implied nonzero losses in the pulsed dipole 
system tend to reduce the efficiency of the machine relative to the linear case, they may be 
compensated by the increase in core efficiency that arises from the lower accelerating gradient in 
therecirculac. 

Another unique requirement of a recirculator over a linear machine is the need to inject and extract 
the beam pulse into and out of each ring. If the extraction were to be attempted with a single kicker 
magnet between two focusing quadrupoles, exceedingly high dipole field strengths would be required. 
However, if the extraction process occurs over several quadrupoles with increasingly larger bores, 
pulsed dipoles of reasonable strength (<2 T) can be used to extract or inject the pulse. 
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23.2 Physics Issues 
Nonlinear forces in the recirculator bends associated with the coupling of (1) the centrifugal forces 

associated with bends with (2) space-charge forces, can lead to amplitude dependent betatron 
oscillations. This leads to betatron phase mixing of any mismatched beam, which in turn results in a 
growth in emittance. Since the ability to focus onto the target places stringent constraints on the final 
emittance, the emittance growth that will occur as the beam transits several thousand individual 
bends must be clearly understood and controlled. Our understanding of emittance growth is limited, so 
this potential emittance growth represents a potential risk to the success of our design. Our preliminary 
estimates indicate, however, that additional emittance growth from the bends will be minimal, at 
least for the largest ring. We are pursuing several computational and analytical lines of attack to fully 
understand this potential risk factor. These theoretical studies must be followed by experimental 
confirmation before the recirculator approach can be adopted. 

In a recirculator, the accelerating gradient is lower and hence the total path length and total 
residence time are both greater than in a linear machine. This leads to more stringent vacuum 
requirements and more expensive vacuum systems. In addition, the beam will ionize gas particles, 
which are then driven to the wall by the space charge of the beam. They desorb gas molecules trapped 
in the beam pipe walls, which leads to an increased gas density. 

Unlike a recirculator, the beam in a linear machine never interacts with (he "polluted" 
environment that it has created. (The 1 to 10 Hz pulse rate is low enough that pumping should be very 
effective on this time scale.) In a recirculator, the vacuum pumping system must therefore be strong 
enough to ensure that the gas desorbed by a beam pulse does not cause unacceptable beam loss for the 
same pulse on subsequent laps of the recirculator. More data are needed to determine actual desorption 
rates due to the high-energy beam itself and to secondary ions driven into the wall. Beam loss can also 
occur because of beam-beam charge exchange. This loss constrains the residence time. This restriction 
can be relaxed by reducing the beam current density. 

In this section we have summarized the major critical issues facing a recirculator that do not occur 
in the linear machine and that also represent potential cost and/or efficiency disadvantages relative 
to the linear case. We should also point out that some issues are of less concern in a recirculator than in a 
linear machine. The lower accelerating gradient in a recirculator has a favorable impact on the 
longitudinal instability, as discussed in Sec. 3. The lower gradient also allows for longer pulses, 
implying lower currents and fewer beams at the low-energy end. A constant number of beams can thus be 
used throughout the accelerator, eliminating the need to merge beams. Table 2-2 summarizes some of 
the issues facing recirculators and linear machines. In subsequent sections we will present greater detail 
on the conceptual solutions and on our estimates of their impact on cost and efficiency. 

Table 2-2. Some comparisons between recirculators and linear induction accelerators. 
Issue Recirculator Linear accelertor 

Length scaling 
Voltage gradient 
Cost 
Emittance growth in bends 
Vacuum requirement 
Beam-induced gas desorption 
Peak pulse repetition rate 
Injection/extraction from rings? 
Merging beams? 
Longitudinal instability 

~2km/i/ 
-0.1 MV/m 
Lower 
Still under invesHgation 
-10-10Torr 
Still under investigation 
20-S0kHz 
Yes 
No 
Probably less severe 

-10 km/<7 
-1.0 MV/m 
Higher 
Probably not an issue 
-10"9 Torr 
Probably not an issue 
1-10 Hz 
No 
Yes 
Still under investigation 
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2.4 System Requirements 

For the purpose of this report we have adopted the requirements outlined in Table 2-3, which are 
primarily dictated by target and reactor physics and power plant economics. Once we gain a more 
complete understanding of the recirculator, an end-to-end optimization, including target and reactor 
chamber considerations, may well yield different requirements. 

In Table 2-3, it is understood that most of the energy is deposited at the target in a 10-ns pulse, but 
that a fraction of the energy is deposited in a precursor (several tens of nanoseconds long) of gradually 
increasing energy to adiabatically compress the pellet to achieve maximum target gain G. The details 
of forming the precursor pulse are considered briefly in Sec. 3. 

For the purpose of this study we have adopted an atomic mass of the heavy ion of 200, which 
together with the design stopping range of 0.15 g/cm 2 gives a required heavy ion energy of 10 GeV (e.g., 
Ref. 3). By choosing the largest ion mass possible, we maximize allowed ion energy (for a given 
stopping range) and thus minimize the current, which is the strategy we adopt for this report. For a 
charge state of +1 (see Sec. 2.5) and a required pulse energy of 4 MJ, this translates into a total beam 
charge of 400 uC. In an optimized power plant, an ion of different mass might yield a lower-cost driver. 
For example, a lower ion mass would force either a lower final energy for the required stopping range of 
the target, or a higher target mass (i.e., greater range), at the sacrifice of target gain. If lower final 
energy is chosen, a higher current is required to deliver the same pulse energy. The trade-off between 
lower energy and higher current is one of many possible optimization areas for future work that could 
lead to a lower-priced accelerator. 

in Table 2-3, final normalized emittance and final momentum spread refer to the values of these 
quantities just before the beam enters the final focus onto the target; theses quantities are discussed in 
Sec. 3.2. 

At a stopping range K = 0.15 g/cm2, a spot radius r s p o t = 1.5 to 2 mm, and a pulse energy W=4 MJ, 
the LLNL gain curves for indirectly driven targets yield a gain of -65 to 45 respectively, and a required 
peak power of ~430 to 350 TW respectively. This translates to respective pulse durations of ~9 to 11 ns. 
For rSpot = 15 mm, the fusion energy per burst would be 260 MJ. Assuming a thermal efficiency e = 41%, a 
blanket multiplication factor M = 1.15, a repetition rate v i c p = 10 Hz, and an accelerator efficiency r\ = 
0.225, one obtains a net electric power Pe = vrepW(eMG - 1/j)) = 1 GW. 

Table 2-3. Adopted parameters dictated by target and reactor considerations. 

Total pulse energy 
Fin?l heavy ion energy 
Heavy ion atomic mass 
Charge state of heavy ions 
Total electrical charge in ion pulse 
Main pulse duration at target 
Target stopping range 
Final spot radius on target 
Final normalized emittance 
Final momentum spread 
Repetition rate 
Accelerator efficiency times target gain 
Accelerator efficiency 
Power plant lifetime 

w 4MJ 
E 10 GeV 
A 200 

1 +1 

Q 400 uC 

*9 10ns 
R 0.15 g/cm 2 

rspot 15 mm 

<* 0.001 envrad 
Aplp 0.004 

VMp 10 Hz 
TJG £10 

V 20.20 

(life 30 years 
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2.5 System Concepts 

In arriving at a point design for the recirculates we asked a number of fundamental questions, the 
answers to which formed the conceptual framework of the recirculator. These included questions about 
the recirculator ring geometry, the number of rings, the number of individual beams in each ring, the 
number of beams each induction module should include, the number of laps a beam pulse should make 
before extraction, and whether the dipole magnets should be ramped temporally or the trajectories 
should vary spatially. Many of these questions have been answered more or less intuitively, without a 
thorough parameter search. This approach was adopted to proceed expeditiously with a once-through 
point design. A thorough examination of these questions could lead to even lower driver cost and higher 
energy efficiency. 

2.5.1 How Many Beams? What Charge State? 
As in the linear induction accelerator, it becomes cost-effective to distribute the charge among a 

number of beams. In one of the cases in the HIFSA study, 16 beams were used to carry the current (of 
charge state +3) in the high-energy part of the accelerator. Using charge state +3 meant increased 
focusing costs per unit length, but it greatly reduced the length of the machine since the total voltage 
drop had been reduced by 1/3, yielding an overall reduction in price. In the recirculating case, a charge 
state of +1 may be used because the dominant costs are no longer in the induction cores. This allows 
reduction of the number of beams in the HER to four. In addition, at the low-energy end of the machine, 
the lower voltage gradient allows longer pulse durations (for a fixed induction core cross section), 
permitting lower currents, and again permitting only four beams (as against 64 in the HIFSA case with 
charge state +3). Our choice of charge staie +1 was primarily for simplicity, but it reduces uncertainty 
about multiple-charge-state injectors and potential space charge problems in the reactor. Global 
optimization of the recirculator may change these numbers, but for the purpose of this report we have 
adopted four beams of charge state +1 throughout each of the rings. 

2.5.2 What are Possible Ring Geometries? 
Several ideas have been advanced concerning how to place the induction modules, quadrupole 

focusing magnets, and dipole bending magnets into a recirculating ring. A primary concern is to equalize 
the total path lengths, since it is essential that the beams reach the target simultaneously. In 
addition, for efficient coupling of the electrical power to the beam, it is also required that all beams 
reach each induction gap simultaneously. Figure 2-1 shows four scenarios, all of which satisfy the 
requirement of equal path lengths. 

In Fig. 2-l(a), the recirculator is shaped like a racetrack consisting of bends, linear portions, and 
transition regions. In the bends, the beams are stacked vertically to ensure that path lengths arc equal. 
In the linear portion, acceleration takes place through the induction modules. By sending aii four beams 
through one induction core, core volume is minimized, optimizing cost and efficiency. This requires 
packing the beams into a square array. The space required for changing from square-packed to 
vertically stacked, and any room required for extraction and injection, is included in the four transition 
regions between bends and linac sections. By interchanging the top two beams in the bends with the top 
two beams in the linac, and doing an analogous interchange of the bottom two beams, one ensures that 
all four beams have identical arrival times at any point throughout the accelerator. 

In Fig. 2-Kb), the racetrack has been replaced by a circular ring, with each lattice period 
containing a bend and an accelerating cell, in addition to the focusing and defocusing quadrupoles. As 
suggested by the three successive views of the four beam pipes in the figure, the beam pipes slowly 
rotate about the longitudinal axis of the accelerator, making a complete rotation while the beam pipe 
makes one revolution about the major axis of the accelerator. It can be shown that each beam pipe will 
lie along one of four separate circles, the center of each circle being slightly displaced from the center of 
the accelerator. In addition, each circle is slightly tilted from the horizontal, with the maximum 
height of the circles being located at 90° intervals around the accelerator.4 In this way all of the beams 
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(a) Racetrack (b) Circular, with azimuthal twist 

(c) Circular (d) Circular, vertically stacked beams 

Figure 2-1. Possible geometrical configurations of the recirculator: (a) racetrack, with bend, linac, and 
transition regions, (b) circular, with beam pipes making one rotation about minor axis in one rotation of 
major axis, (c) circular, with acceleration occurring in bend regions; transition, injection, and extraction 
occurring in straight sections, (d) circular, with each beam having a separate core so that the vertically 
stacked arrangement remains constant throughout the accelerator. 

have identical arrival times on one complete lap of the recirculator, although there will be some 
arrival-time differences at intermediate points in the orbit. The differences in time amount to be much 
less than the rise time of the pulse. 

One clear advantage of this circular approach is that induction cells are available all along the 
accelerator; voltage perturbations may thus be applied continuously to maintain the appropriate bunch 
shape. By contrast, in the racetrack of Fig. 2-l(a), long drifts will occur in the bends, during which time 
space charge will tend to lengthen the bunch. In a racetrack configuration it would be necessary to add 
corrector modules along the bends to preserve the shape of the bunch. In addition, since each beamline 
in Fig. 2-Kb) is a complete circle, no special beam manipulation is needed to match different transport 
sections. Since mismatches arising from transitions can lead to emittance growth, elimination of any 
discontinuity in the beamlinc is highly desirable. The extraction and injection schemes for this 
configuration has not been yet been devised, and it is not clear whether the completely circular 
beamline could be maintained with extraction and injection. An elegant discussion of this option by 
D. Judd is included in Appendix A. 
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In Fig. 2-l(c), the circular approach is adopted to allow continuous voltage manipulations, but the 
beams do not rotate about the minor axis. Transition regions are provided, in which the beam pipes are 
switched from a square array to vertical stacking to facilitate injection and extraction. To ensure equal 
path lengths, the two upper beams are symmetrically switched so that in one bend region, one beam 
travels in a pipe that is on the inside of the bend, while in the other bend region it travels on the 
outside of the bend. After one complete circuit, the two upper beams have equal path lengths. A similar 
interchange occurs for the two bottom beams. Here again, at intermediate points along the recirculator, 
the arrival times will be slightly unequal, but again these differences will be small. In Fig. 2-l(c), two 
transition regions are shown. It is also possible to put the extraction and injection region in the same 
linear section. We have adopted this approach in the T and C designs. 

Figure 2-l(d) illustrates an even simpler approach, in which each beam passes through a separate 
i. uction core, so that in effect the recirculator ring becomes four separate accelerators stacked on top of 

jh other. This architecture is the approach adopted in the P design. This leads to the next question: 

2.5.3 How Many Beams Should Pass Through Each Induction Core? 
There are some advantages to the approach of Fig. 2-l(d). There is obviously less technical risk in 

having one core per beam, since there would be no beam-beam interactions in the gaps and no transition 
regions from square arrays to vertical stacking. Since the beams would be essentially independent, two 
of them could travel on opposite sides of the ring from the other two beams, allowing for a particularly 
simple double-sided illumination of a target in a reactor located at the center of the ring. However, the 
major disadvantage of separate cores is that the total volume of core material increases. The required 
area of the longitudinal cross section of the cylinders that make up the core material (METGLAS5) is 
proportional to the product of the pulse duration and module voltage, which is the same in the two 
cases. So at first glance the four-core approach would seem to require four times the volume of 
METGLAS. This is partially offset by the greater inner radius of the one-core scenario. The increased 
volume of METGLAS in the four core scenario, translates to increased cost and increased core losses. The 
reduction of the risk of emittance growth associated with the manipulations in the transition region 
motivated us to adopt the separate core approach in the P design. In contrast, the lower cost and higher 
efficiency of the single core approach was selected for the T and C designs. 

2.5.4 How Many Rings Should There Be? 
Several constraints prevent the entire acceleration sequence from occurring in a single ring. The 

undepressed phase advance per lattice period OQ= JiqqeBL*/ippmc2 must not exceed 80° for transverse 
beam stability. Here Jjq is the quadrupole occupancy factor; B is the quadrupole magnetic field at the 
pipe radius r p; L is the half-lattice period; and /3C is the beam velocity. The ratio L/rp must be greater 
than about 10 to ensure that field non .inearities are not too large. From the envelope equation (see, e.g., 
Ref. 6), L/r p satisfies 

W> Qb (2-1) 

where ( p is the pulse duration and Qi, is the charge per beam. Since the injector energy is no greater than 
about 3 MeV, and we have adopted 100 uC per beam, the constraints above require that the initial 
pulse duration must be greater than about 150 us. Also from the envelope equation for a space-charge-
dominated beam, it can be shown that for fixed B, rp, and L (as is the case for our rings), the beam 
evolves such that the total volume of the beam is conserved, i.e., a2/?(p is nearly constant in each ring, 
where a is the average beam radius. Since a is bounded by the pipe, there is an upper limit to the 
amount of pulse compression that can occur in a ring for a given increase in energy. If the beam were to 
achieve 10 GeV in a single ring, the pulse duration could be no shorter than 2.5 us. Thus at least two 
rings are needed under the assumptions given above. In addition, the core and pulser requirements vary 
widely as the beam is compressed. If we limit the dynamic range of each ring, we could tailor the 
pulsers and cores to the particular beam characteristics. These considerations have led us to concentra'e 
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on designs with three or four rings. The optimum number of rings and the optimum initial and final 
energy for each ring are still under study. 

2.5.5 How Many Laps Should the Beam Travel Per Ring? 
As indicated earlier, the total required core cross-sectional area is inversely proportional to the 

number of laps each beam pulse makes in each acceleration sequence. Increasing the number ol laps 
therefore tends to decrease the cost of the recirculator. However, increasing the number of laps increases 
the residence time in the recirculator. A longer residence time increases the beam loss from interactions 
with the background gas and from beam-beam collisions, both of which can change the charge state of 
particles within the beam. The former can be offset somewhat by increasing the pumping rates, and the 
latter can be offset by increasing the radius of the beam. Pumping rates become increasingly costly or 
technologically unfeasible at sufficiently long residence times. Similarly, increasing the beam radius 
(and therefore the pipe radius) requires more dipole magnetic field energy, increasing cost and 
decreasing efficiency. Both of these considerations suggest maximum residence times on the order of 
several milliseconds, which results in roughly 50 to 100 laps. Further, as the number of laps of the 
recirculator is increased, it becomes more likely that the nonlinearities associated with bends will 
convert any envelope mismatch into emittance growth. Although preliminary estimates indicate that 
the known nonlinearities will be small, fully self-consistent numerical calculations with 2-D or 3-D 
codes have not yet been carried out for many laps around a recirculator. 

We have adopted 100 as the upper limit to the number of laps per ring, but a more definite number 
will require a better understanding of emittance growth in circular machines and a clarification of some 
of the more poorly known vacuum processes and ion cross sections, all of which are discussed in Sec 3. 

Table 2-1 summarizes some of the system concepts for each of the three designs that are the subject 
of this report. 

2.6 System Architecture 

The details of our T design recirculator are left to Sees. 4 and 5, those of the P design to Sec. 8, and 
those of the C design to Sec. 9. Here we briefly summarize some of the properties of the C design as an 
example. Figure 2-2 shows the recirculator layout. 

The injection energy is 3 MeV. On exit from the injector, the beam passes through three rings, 
making 100 laps through each ring. There are four beamlines throughout, and at each longitudinal 
position the beamlines pass through a single induction core. 

In the C and P designs, pulse compression takes place continuously in the three rings, in contrast to 
the T design. The switching can provide pulse formats to the induction cores that vary in duration and 
separation. These flexible pulse formats allow bunch compression in all three rings. (In the medium-
energy ring (MER) and high-energy ring (HER) of the T design, acceleration occurs at constant pulse 
duration to accommodate the fixed pulse duration of the pulse-forming line. Compression is 
accomplished during the final few laps by firing the cells slightly after the arrival of the current 
pulses, thus giving more acceleration to the tail than to the head. By adjusting the phase of a sequence 
of voltage pulses relative to the current pulse, any desired velocity tilt may be imposed.) 

Each ring consists of a number of lattice elements, arranged in a large circle, interrupted only by the 
linear injection/extractior./transition sections. The lattice arrays consist of pulsed dipole magnets for 
bending the beam, superconducting quadrupole magnets for focusing the beam, induction modules for 
acceleration, and additional space for vacuum, control, and diagnostics. In the C design, the 
superconducting quadrupoles are replaced by combined-function superconducting quadrupole/dipole 
magnets. In this design a constant-bias dipole field is produced by the superconducting magnets, 
allowing the temporally ramped conventional dipole field to have a much smaller swing in magnetic 
field. This innovation increases the overall efficiency of the recirculator from about 24% to about 36% 
without increasing the cost. Table 2-4 summarizes some of the characteristics of the three rings in the 
C design. 
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Energy daHvarad to reactor = 4 MJ 
k>nmasss200 
Charga stata = +1 
FourbMms 
Total charga = 400 uC 
100 laps/ring 

Low tnargy ring 
3-50 MaV 
200-30 u» 

Madlum anargy ring 
50 MaV-1 GaV 

30-2.5 u« 

Injector 

Raactor 
10 GaV 
0.01 nt 

High anargy ring 
1-10 GaV 

2.5-0.25(1* 

Figure 2-2. Conceptual layout of the C design recirculator. 

Table 2-4. Summary of C-design parameters. Four beams make 100 laps in each ring. 
LER MER HER 

Initial energy (GeV) 
Final energy (GeV) 
Initial pulse duration (JJS) 
Final pulse duration (|is) 
Circumference (m) 

0.003 0.05 1.0 

0.05 1.0 10.0 

200 30 2.5 

30 2.5 0.25 

700 885 1934 
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2.7 Outline of Report 

Section 3 treats beam quality. We estimate instability growth rates and the rate of omittance 
degradation and particle loss from a variety of mechanisms and indicate the impact of those rates on 
design parameters. Section 4 outlines the physics designs of the major accelerator systems (the 
acceleration, bending, focusing, and injection/extraction systems) and gives an overview of the 
recirculator architecture. Section 5 treats the engineering design of the systems, providing the most 
detailed look at each of the major systems. Sections 4 and 5 focus on the T design, which we have 
elaborated in the greatest detail. In contrast. Sec. 3 concentrates on the C design, which takes 
advantage of some lessons learned in the T design and so presents a more enlightened view of the 
physics constraints on the recirculator. Section 6 details the costing algorithms of our T design, and 
illustrates some of the trade-offs encountered in the balance between high energy efficiency, low cost, 
and high beam quality. Section 7 compares the cost and technology of a recirculating accelerator with 
those of a linear accelerator. Section 8 documents the P design, which minimizes the beam 
manipulations, with a small sacrifice of cost and efficiency. Section 9 presents the C design, which 
represents our view of what a driver would look like when the first ICF power plant starts powering our 
cities. Section 10 outlines a research and development strategy for getting there from here. Our 
conclusions are outlined in Sec. 11. 

Section 12 encompasses a number of detailed sections related to the recirculating accelerator. In 
Appendix A, D. Judd elaborates on the accelerator concept of Fig. 2-1 (b), in which the bcamlets slowly 
rotate in azimuth about the central longitudinal axis of the recirculator. A. C. Paul and V. K. Neil 
have investigated the fixed field alternating gradient (FFAG) device for its potential use in a 
recirculating accelerator. In this concept the bending magnetic fields are temporally fixed, but the 
particle orbits migrate spatially as the energy changes. The application of this concept to a 
recirculator is discussed in Appendix B. H. Kirbie discusses switches that might be used and their 
capabilities relative to the pulsed-power requirements of a recirculator in Appendix C. A. Harvey 
discusses conventional quadrupoles in Appendix D. A spread sheet design code is outlined by M. Newton 
in Appendix E, and the "compressible envelope" code CIRCE is described by W. Sharp in Appendix F, 
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Symbols Used 

a Average beam radius 
A Heavy ion atomic mass 
B Quadrupole magnetic field at the pipe radius 
E Heavy ion energy 
G Target gain 
I Half-lattice period 
M Blanket multiplication factor 
P* Net electric power 
1 Ion charge state in units of proton charge 
Q Total charge in pulse 
Qb Charge per beam 
r? Pipe radius 
rspot Final spot radius on target 
R Target stopping range 
Kb Bending radius of an ion in a B field 
'life Power plant lifetime 
>P Main pulse duration 

w Total pulse energy 
p Ion velocity in units of c 
Ap/p Final momentum spread 
e Efficiency of conversion of thermal to electric energy 
e„ Final normalized emittance 
1 Accelerator efficiency 
1q Quadrupole occupancy factor 
Vrep Repetition rate 
Oo Undepressed phase advance per lattice period 
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3. Recirculator Physics 

In a heavy ion fusion power plant, high beam quality (i.e., high current and low emittance) must be 
maintained throughout the accelerator in order to focus the beam on a sufficiently small spot at the 
target. Several processes degrade beam quality by increasing the transverse emittance, increasing the 
parallel momentum spread, removing particles from the beam, or increasing the bunch length of the 
beam, and hence lowering the current. In this section, we focus on those processes and indicate how they 
constrain the accelerator design. In particular, in Sec. 3.1 we consider collisional interactions of the 
beam with the background gas and with the beam itself, estimating vacuum requirements and the 
degree of beam loss. In Sec. 3.2, we discuss how the transverse dynamics equations applied to the final 
focus section in the reactor lead to requirements on transverse emittance, transverse beam displacement, 
and longitudinal momentum spread. In Sees. 3.3 through 3.5 we discuss the amount of emittance growth, 
beam displacement, and transverse instability growth that would be expected in a recirculator. In 
Sec. 3.6 we discuss longitudinal dynamics, including details of the final pulse compression. In addition, 
we examine space-charge debunching, the voltage "ears" required to prevent debunching, and pulse 
compression throughout the rings. In Sec 3.7 we discuss the longitudinal resistive instability in relation 
to recirculators. We outline some of the physics experiments needed to solidify our understanding of 
these issues in Sec. 3.8. 

Throughout this section, the equations are written in cgs or Gaussian units. For coherence with the 
rest of the report, however, most output quantities are expressed in SI units. 

3.1 Beam Loss Issues and Vacuum Requirements 

In a recirculating heavy ion induction accelerator, the residence time of an ion beam in the 
accelerator can be a factor of ten or more longer than in a linear accelerator because of the lower average 
accelerating gradient in the recirculator. This requires that the background gas density in the 
recirculator be lower by a factor roughly equal to the ratio of the residence times. In addition, the beam 
will desorb gas molecules Iwm the wall, and will propagate, on subsequent laps around the recirculator, 
through this desorbed gas, placing more stringent requirements on the vacuum pumping rates. A number 
of processes have been identified1-4 that cause loss of the heavy ion beam, and we rely heavily on this 
work here. As in previous work a number of uncertainties exist in our knowledge of cross sections and 
desorption coefficients. The main purpose of this section is to make our best estimate of how severe the 
vacuum and pumping requirements might be in a heavy ion recirculator used as the driver for an ICF 
power plant. 

3.1.1 Processes Affecting Background Gas Density and Beam Loss 
For the purpose of this report, we consider four processes identified in Ref. 3 as contributing to 

possible losses of the heavy ion beam: stripping, background gas ionization, beam-induced gas 
desorp'ion, and beam-beam charge exchange. We briefly review these processes. 

Stripping. Stripping occurs when an electron is stripped from a heavy ion KI through an 
interaction with a gas molecule G: 

Hl+ + G->Hl" + G + e- (3-1) 

In the recirculator, because of the presence of the bending magnets, a particle whese charge state is 
higher or lower by one electron charge than that of the main ion beam will be lost in a distance much 
less than the ring radius. The cross section o~s|j for stripping and excitation in the Born approximation is 
calculated in Ref. 5 and graphed in Ref. 4; it is given approximately by 

_|l.0xl0" 1 7(2 b/92)/r 2cm 2 

" \ i.o x i<r18 (z.mfW (H 2) { 3_2 ) 

(N. 
CTs<0sB 
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Here, N2 and H2 are the background gases, Z b is the atomic number of the heavy ion beam, and o-s is the 
stripping cross section alone. This cross section is valid for large ion velocities (OJ a> etc, where a is the 
fine structure constant and c is the speed of light). At low energies, the cross section increases with 
increasing energy. At intermediate energies a broad peak in the cross section occurs. 

Exactly where the turnover occurs is uncertain. Low-energy experimental data 6 ' 7 indicate that, for 
uranium ions (Zb = 92) being stripped by N2 background gas at energies around 1 to 2 MeV, the cross 
section is already quite flat and is around 1.0 x 10~,;> cm2. 

Background Gas Ionization. Here a beam particle ionizes a background gas particle: 

HI+ + C->HI++G+ + e- (3-3) 

The Bern cross section o"ionB for excitation and ionization is calculated in Ref. 5; in the limit of large /} 
we summarize those results roughly as 

Olon < CionB = 1-0 X 10"'6 ( Z b / 9 2 P 0 ' W (3.4) 

Here c/j0n is the actual ionization cross section. Again, low-energy data for lighter ions suggest thai the 
maximum cross section may be as low as ~1(H5 cm2 for beam particles of atomic mass A\, = 200 on 
molecular nitrogen gas.8 This cross section should be regarded a± quite uncertain, however. 

As pointed out in Ref. 3, gas ionization does not lead to beam loss directly, but rather indirectly 
through interactions with the walls, which lead co increased gas density, which contribute to 
beam loss. 

Beam-Induced Gas Desorption. Here the ionized gas particles, in the presence of the strong radial 
electric field of the heavy ion beam, are driven to the wall with energies of up to tens of keV. There 
they desorb 7/c gas molecules per incident gas ion. Stripped or neutralized heavy ions may also 
contribute r/jn gas molecules per incident heavy ion. Symbolically, 

G + + Wall->7) GG (3-5) 

and 

H I " or HI + Wall -» n Hi G (3-6) 

The energy gain Eion of the ions G* due to the space charge of the beam is approximately 

Eion 2 (2;b/flc) ln(rp/«) = 18 keVOb/180 A)(0.3//»[ln(rp/«>/0.7J (3-7) 

where / b is the beam current, $c = V{ is the ion beam velocity, r p is the pipe radius, and a is the average 
beam radius. At these energies measured sputtering coefficients9'10 are of order a few; we take r]c - 5. 
These sputtering coefficients are found from specially treated clean surfaces. Large uncertainty exists in 
our knowledge of r/c; and T)HI. Reference 10 gives an empirical formula for sputtering coefficients as a 
function of energy and ion and target species, with coefficients determined from experimental data, so 
that an extrapolation to high energy may be attempted. For lead ions (A = 207) impinging normally on 
iron targets (A = 56) with energies of 1 to 10 GeV, the desorption coefficient is calculated to be -0.05 to 
0.002, respectively, varying inversely with energy. As the energy increases the ions penetrate deeper 
within the metal surface and therefore desorb fewer surface atoms. However, as pointed out in Ref. 11, 
the ions will not strike the surface at normal incidence. In a recirculator, neutralized or stripped ions 
will strike at glancing incidence and can dislodge many surface particles, increasing the effective T]\ \\ 
by several orders of magnitude. A possible solution is to ensure that the stripped or neutralized heavy 
ions strike surfaces at normal incidence by placing circular apertures or scrapers periodically within the 
beam pipe. Minimum grazing angles 9o( the heavy ions impinging on the surface arc of the order 
Mr/R) 1/ 2, where Ar is the clearance distance between beam and pipe and R is the radius of the 
recirculator ring. In order to intercept the misdirected ions, scrapers would have to have an aspect ratio 
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^rscj/L,,, a 6, where 4 r s a is the radial extent of the scraper and L ^ is the distance between scrapers. 
Thus we require Lsa < Ar^R/Ar)* / 2 . For the large ring of the T design we have R = 562 m and Ax -
2.4 cm, so the maximum spacing would be about 3.7 m (for Ar^ = Ar). Much smaller Ar^ (eg., ~I mm) 
would be possible (to avoid intercepting the beam) with a correspondingly smaller l^a (-15 cm). 

We note that ifc and T/HI are based on sputtering coefficients of beams for clean metallic surfaces. In 
an accelerator, desorption of wall molecules will depend on the state of the condensed gasses that are on 
and within the pipe surface. The effect of the beam may be to clean the surface, reducing desorption 
rates, but probably not below the sputtering rates described above. Further, the sputtered materials 
will include metallic atoms, which will have different resorption properties than the desorbed gas 
atoms. Thus the vacuum properties may vary during an initial "conditioning" time, when condensed 
gasses are removed, and may change over longer time scales as the "micro-roughening" of the surface 
occurs. All of these subjects are areas for future research and must be resolved before a recirculator is 
constructed. For the purpose of this paper, however, we lump all of these processes into time-
indeper.dent desorption coefficients based on sputtering coefficients. 

Also, we point out that the sputtering coefficient IJHI is not well known for the higher energies in 
the recirculator. We have used, in the recirculator designs, values that are based on a large 
extrapolation of low-energy data and that turn out to vary inversely with energy. There is some 
evidence 1 2 ' 1 3 that TJHI may increase at high energies. As an example, we have recalculated the vacuum 
parameters of the three designs using I|HI = 5, which is consistent with some of the materials in Ref. 13. 
Vacuum pumping costs were increased by a factor of 1.3 lor the T and C designs and by a factor of 1.7 for 
the C design. Measurements of 7)m if. the appropriate energy range and with the appropriate materials 
are urgently needed. 

Beam-beam Charge Exchange: In this process two singly charged heavy ions interact, transferring 
one electron and resulting in a doubly charged ion and a neutral ion: 

HI + + HI* -> HI++ + HI (3-8) 

Experimental data exist for singly charged bismuth (Zb = 83, A\, = 209) in the energy range of 
interest. 1 4 1 5 We parametrize their cross-section measurements approximately as 

/ 2 .10x lO- 1 6 (E O T / 10keV) 0 ' 6 2 cm 2 i f £ c m < 1 9 k e V 

\ 1 . 8 0 x l ( r 1 6 ( £ O T / 1 0 k e V ) 0 9 4 c m 2 i f £ c m > 1 9 k e V 

Here £ c m is the energy in the heavy-ion center-of-mass frame. Note that 0"ce also includes b»am 
ionization, HI* + HI* -» HI** + HI* + e~, which contributes (to a lesser extent) to beam loss as well. 

3.1.2 Background Gas Evolution 

The fluid equations may be used to understand the evolution of the gas density within the 
accelerator pipe. We follow a line of reasoning similar to that pursued in the study of proton storage 
rings, such as the intersecting storage ring HSR) at CERN. 1 6" 1 8 

The continuity equation (assuming variation only in z and t, but averaging on the short time scale 
over one lap) becomes 

—n g + —n„Vj, = /jo-se)j7ibng - ^ - " g + 9cff (3-10) 
3t 3z Ap 

Here 

1 s "'L^pipeJ (3-11) 
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«g = background gas number density 
«b = heavy ion beam number density 
Vi ~ heavy ion velocity 
v2 = z component of background gas fluid velocity at time r and position along 

acceleration direction z 
S[i„ = linear pump strength (dimensions unit volume per unit time and per unit distance) 
j4 p = cross-sectional area of pipe = lVp where r p = pipe radius. 
1c!i - 10 + <?ce is the sum of the intrinsic outgassing rate IJQ per unit volume within the accelerator 

and the outgassing rate qcc. due to desorbed gases from heavy ions that have been lost due to charge 
exchange. Note that qo = 2Qo/r p , where Qo = intrinsic outgassing rate per unit surface area, 

1 cc = 1HJ«b a c^cmf^'bcam/^pipc) (3-12) 

^bcam = 'he total volume of the beam = ntP-Vitp, where a = beam radius, tp = pulse duration; Vpipe = 
volume of the pipe = W p £ r e c , where LIQC = the circumference of the recirculjtor; u c m is the average 
thermal velocity of the ions in the removing ion frame. 

In Eq. (3-10) the left hand side represents the normal conservation of particles. On the right hand 
side there are sources (the first and third terms) and sinks (the second term). The second term represents 
the effect of distributed (linear) pumps. The first term arises from the desorption i f wall molecules by 
stripped beam particles and ionized background gas particles; the third term represents intrinsic 
outgassing plus desorption of wall molecules from beam-beam charge exchange. 

The momentum equation (again assuming variation only in z and t and again averaging over one 
lap) is 

- B ^ + i ^ — ^ - i l ^ B (3-,3) 
3t B 3z s J w c mi dz 

Here, t w c = mean time between wall collisions, It = Boltzmann's constant, T = gas temperature, and m g = 
the mean mass of the gas molecules. 

The second term on tne LHS in Eq. (3-13) is the ram pressure term of the background gas and is 
ignorable; the first term on the LHS is the inertial term. The time fs for sound traveling at the sound 
speed c 5 to cross the distance L p between vacuum pumps is usually much less than the residence time At 
in the recirculator. Since some fraction of At is the time scale over which density changes are of 
interest, we also ignore the first term in the momentum equation. The third term represents the effects 
of the collisions of gas particles with the walls of the pipe, i.e. the conductance of the pipe, and for 
time scales of interest, this term is balanced by the pressure gradient 1 9: 

i .„ VT d n„ 
ng>z = ' w c K 1 £ 

m t 3z (3.14) 

We use Eq. (3-14) to eliminate vz in the continuity equation: 

^ = , K 7 s P i B b n - ^ + w + !a=tW:^5& ( 3 . ] 5 ) 

3 t ^p m 8 dz2 

The boundary conditions at the lumped pump locations at z = ±L p /2 require that gas flow into the 
pump aperture is matched by the gas being pumped out 1 7 : 

S Iump"g = 2« g f zAp 
2=Lp/2 

_2t„ckTAp 3K B 

z=ip/2 m 8 dz 2 ~ V 2 (3-16) 
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Here L p = the distance between lumped pumps and S | u m p = the lumped pumping speed (with dimensions 
of volume per unit time). 

Averaging over the distance Lp between pumps yields an equation for the z-averaged gas density n: 

f=™--5f-^ + ijbf (3-17) 
z=L p/2 

Now the gas density at a vacuum pump is some fraction /of the average gas density: « g I J =i .p/2 = (n, 
where 

J '•fpump 

| d-boES. j , , d j f f » t ^ 
\ 4 (diff 

f = [ ^ (3-18) 

Here (w^p = L p / l p / S ^ p is a lumped pumping time, fdjff = 3L p/(v\ i w c ) is the diffusion time of a gas 
particle through the pipe due to wall collisions, and t w c = 2r p/i> t is the time between wall collisions. 
The factor/was obtained by assuming a COS[(JT- e)z/Lp] density dependence in the strong pumping limit 
and a cos(2ez/Lp) dependence in the weak pumping limit and then solving for the small quantity £. The 
factor / should be correct to within a factor of order unity. If the lumped pumps are close enough 
together, or the pump strengths are low enough, there will be a weak density gradient, and the pumps 
will act as if they are distributed uniformly along the pipe. We may define an effective total linear 
pumping speed ST = Sim +fSiump/Lp and an effective net pumping time fn<,t = Ap/((tni,osvjAp ~ ST) for 
which the average gas density equation becomes 

<U 'net (3-19) 

Note that f r e l is positive (and is thus an exponential growth time) if the gas desorption rate is greater 
than the pumping rate. 

3.1.3 Beam Evolution Equation 
As discussed in Sec. 3.1.2, stripping and charge exchange lead to losses from the beam: 

^ = -a 5iy! bn-Ca.i; c l„Bj? (3-20) 
dt 

We assume that the fractional beam loss is small (even though this may lead to large changes in 
background gas density). Let n^(t) = «b0 - 5"b- I f w e define x\, = 5 « b / " b 0 . t n e n Eq. (3-20) becomes 

—^-=o- s»iH +a c e i 'cm«b0 
dt (3-21) 

3.1.4 Approximate Solutions to the Coupled Beam/Gas Equations 

In addition to assuming that the fractional beam losses are small Ub "^ D, we tentatively make 
two simplifying assumptions to facilitate solution of the coupled Eqs. (3-19) and (3-21). (1) We assume 
that the quantities aBVi, OjonUi, oVcfcm, >7HI- and r/c are constants equal to their average values during 
the transit of each of the four rings. (2) We make plausible assumptions about the ionization and 
stripping cross sections: as = Min[l .0 x lO" 1 5,3.0 x 1(H 8 (Z b/92)/?- 2l cm 2 and oi = Mini 1.0 x 10" 1 3, 
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3.0 x 10"17 (Zb/92)12 /h2] cm2. Here, the cross sections are reduced from Eqs. (3-4) and (3-9) by a. factor -3 
to take account of the probable lower mean molecular weight of the gas and the inclusion of excitations 
in the Bom cross sections. Under assumption \;;. Eq. (3-19) has the solution 

" = -R cfft net + (« 0 + 1 efftnet)exp((/fnet) (3-22) 

Here n 0 = n at f = 0. Inserting Eq. (3-22) into Eq. (3-21), we obtain 

I b = ( - a SV $rfflnet + nbO°"c:efcni)' + < V i'net^O + <?<#<.«l)[exp(f/fnel) - l ] (3-23) 

After the residence time At in the recirculator the fraction of the beam that is lost to the walls is 
denoted Xf. The gas density at f = 0 required to obtain a beam loss of Xf is found by solving Eq. (3-23) 
for no: 

*f + (c*Bifnet*ff-nwOiefcmV" , , „ „ , , *J = - ? r—; . ,i -fcff'net (3-24) 
«Sfl»ne(exp(dt/filc,)-1J 

If no is greater than given by Eq. (3-24), the beam loss will be greater than xj. We have found that when 
the pumping rates are just sufficient, l„C| > 0, i.e., the gas density increases exponentially during the 
pulse despite relatively large vacuum pumps. In that case the gas density is maximum at t = df and has 
the value n m a x given by 

"max = - Ijcfftnct + ( « 0 + (farina) e x p ( , d f / / n 0 1 ) (3-25) 

We may use the relatively long dead time (Z 0.1 s) between pulses to reduce the gas density to no-
Defining the total pump time l s = Ap/Sj, the final density at the end of the dead time nt is given by 

"I - fO's + ("max - loh) exp (-!d/!s) (3-26) 

If we require that Mf = «o, Eqs. (3-25) and (3-26) may be used to solve for no: 

= go's ~ (icff'nct + ?n's)oxp(-fd/f s) + q0fffnc, cxp(AI /fnct - t d/f s) 
\-cxp[Al/tric,-td/li] 

In Eq. (3-27), the beam loss X( did not constrain the value of the initial density, only the requirement 
that it return to its original value in a time fj + M. In Fig. 3-1, we plot the required ng in Eqs. (3-24) and 
(3-27) as a function of the total linear pump rate Sj for parameters that characterize the large ring of 
the T design. It is apparent that as the pump rate is increased a higher initial gas density can be 
tolerated for a given Xf, but that a smaller initial gas density is actually obtained. The value San at 
the intersection of the curves represents the minimum value of ST for which the beam loss is no more 
than xf. The evolution of the gas density for a pump rate ST = S^i is plotted in Fig. 3-2, again for large-
ring parameters. Having obtained the effective pump rate ST, we may set /= 1 in Eq. (3-18) to determine 
the maximum distance / l m a l < such that the pumps are pumping on essentially the average density «, or 
equivalently that the difference AP between the pressure at a pump position and the pressure midway 
between pumps is much less than the pressure P midway between pumps. 

3.1.5 Pumping Parameters of the Point Design Recirculators 
For each ring of the three recirculator designs, we calculate some of the required pumping 

parameters based on the model described above. Tables 3-1 to 3-3 list these parameters and some of the 
assumed parameters we have used. Note that each of the rings has a beam loss of a few per cent, with a 
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Figure 3-1. Gas density no (in equivalent pressure at 300 K) at the entrance 
of a beam pulse into the HER of the T design vs linear pumping rate Sj. The 
dashed curve is the required initial density [Eq. (3-24)] necessary to obtain 
a given fractional beam loss rj. The solid curve [Eq. (3-27)] is the initial gas 
density obtained at the given pump rate. The curves indicate that as the 
pumping rate is increased, a higher initial gas density can be tolerated to 
achieve a given x\, while a lower gas density is actually achieved. The 
minimum pumping rate required to obtain xf occurs at the intersection of the 
two curves. 
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Figure 3-2. Evolution of gas density with time at the minimuin pumping rate 
(Fig. 3-1) and for HER parameters (Table 3-1). 
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total beam loss of slightly over 10%. We estimate the cost of the pumping system by assuming a unit cost 
of $5/(L s - 1), which we estimate is achievable using cryopumps. (See Sec. 5-7 for details of the pumping 
system). As can be seen, required initial densities (converted to initial pressures at 300 K) are -10"1" 
Torr, effective pumping rates are in the several hundreds to thousands of L s"1 nr ' , and costs are in the 
tens of millions of dollars. This seems to indicate that vacuum technology development and vacuum 
costs will not require a disproportionate share of recirculator resources. Since there are large 
uncertainties in our knowledge of cross sections, sputtenng coefficients, and other parameters, our intent 
is to use this type of analysis to indicate the sensitivity of pumping rates and cost on these coefficients, 
so that future experimental or theoretical work can be focused on the most sensitive of these 
parameters. For now, however, we rely in Tables 3-1 to 3-3 to indicate our current best estimate of 
required vacuum parameters. 

3.1.6 Approximate Scaling of Pumping Parameters 
An even more approximate but nonetheless useful exercise is to retain only the dominant 

contributions to the various terms in Eqs. (3-17) and (3-21) to determine the rough scaling of pumping 
rates and background density on accelerator and physical coefficients. Using Eqs. (3-21) and (3-9) in the 
low-energy limit, we find that the fractional beam loss x c c from charge exchange alone is 

x a. = a Xn bvmAt 
(3-28) 

, 0.025 U - ] °' 6 2 ( _ ^ N j ™ L Q b l / W * ( W " W W AL_\ ° * 
^200' KJ.OOlcmrad' U 0 0 u C H r p l U/2/ \ | b |*3ms' 

Table 3-1. Vacuum parameters for the T design recirculator. 
IR LER MER HER 

Allowed beam loss Xf 0.015 0.015 0.030 0.070 
Charge exchange loss x c c 2.1 x 10"5 1.0 x 10"3 3.8 x 1(T3 .058 
Outgassing rate Q 0 (Torr l /s cm2) l.OxlO"" 1.0 x 10"" 1.0x10-" 1.0 X 10"" 
Stripping cross section crs (cm2) l.oxirr15 1.0 x ID"1 5 5.0 x lO" 1 6 5.2 x 10" 1 7 

Ionization cross section o"; (cm2) 1 .0x10-" 1.0 x l O - 1 5 1.0 x 10" 1 5 5.5 x 1(T 1 6 

Charge exchange cross section a„ (cm2) 8.2 x 10" 1 8 3.1 x 10" 1 7 7.3 x 10" 1 7 2.2 x 10" 1 6 

Desorption coefficient (gas) Tfc 5.0 5.0 5.0 5.0 
Desorption coefficient (heavy ion) TJHI 4.0 2.0 0.3 0.01 
Initial gas density n0 Won) 6.4 x 10-" 7.0 X 10"" 7.7 x 10"" 2.7 x 10" 1 0 

Final gas density ni (Torr) 2.3 x 10" 1 0 1.4 x l r r 1 0 1.5 x 10" 1 0 4.9 x 10 - 1 0 

Effective pumping rate Sj (Us m) 827 913 692 181 
Max. pump spacing for AP « P, Lp (m) 1.09 1 -59 1.24 1.58 
Total cost of vacuum pumps (S million) 10.8 U 23.4 12.8 
Average center of mass energy £ c m (keV) 0.054 0.46 1.8 10.6 
Average beam energy E a v (MeV) 14.4 60.5 479 4640 
Average current per beam j a v (A) 1.72 10.4 ?5.9 132 
Average pulse duration fp, a v (lis) 66.1 10.8 4.2 0.79 
Residence time At (ms) 8.76 5.18 3.94 2.65 
Sound crossing time fs (ms) 2.1 2.7 2.4 3.1 
Wall collision time fw c (ms) 0.31 0.37 0.31 0.24 
Diffusion time to pump t i M (ms) 43.9 58.7 55.2 119. 
Pumping time f p u m p (ms) 23.7 31.7 29.8 64.3 
Argument of exponential fiin,asvmAt 1.45 0.725 0.684 0.608 
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Table 3-2. Vacuum parameters for the C design recirculator. 

Allowed beam loss if 
Charge exchange loss xcc 

Outgassing rate Q0 (Torr L/s cm 2) 
Stripping cross section crs (cm2) 
Ionization cross section 0\ (cm2) 
Charge exchange cross section act. (cm2) 
Desorption coefficient (gas) T)G 
Desorption coefficient (heavy ion) IJHI 
Initial gas density no (Torr) 
Final gas density iij (Torr) 
Effective pumping rate Sy (L/s m) 
Max. pump spacing for AP « P, Lp (m) 
Total cost of vacuum pumps (S million) 
Average center of mass energy E c m (keV) 
Average beam energy £ a v (MeV) 
Average current per beam I a v (A) 
Average pulse duration fP / a v (us) 
Residence time At (ms) 
Sound crossing time fs (ms> 
Wall collision time fw< (ms) 
Diffusion time to pump tmt (ms) 
Pumping time f p u m p (ms) 
Argument of exponential IM\,OSVZVM 

Table 3-3. Vacuum parameters for the P design 

Allowed beam loss x{ 
Charge exchange loss xc<, 
Outgassing rate Q0 (Torr L/s cm 2) 
Stripping cross section a s (cm2) 
Ionization cross section o; (cm2) 
Charge exchange cross section acc (cm2) 
Desorption coefficient (gas) i]c 
Desorption coefficient (heavy ion) I|HI 
Initial gas density « 0 (Torr) 
Final gas density n/ (Torr) 
Effective pumping rate ST (L/S m) 
Max. pump spacing for AP « P, Lp (m) 
Total cost of vacuum pumps ($ million) 
Average center of mass energy E c m (keV) 
Average beam energy Eav (MeV) 
Average current per beam / a v (A) 
Average pulse duration r P r J y (us) 
Residence time At (ms) 
Sound crossing time t s (ms) 
Wall collision time t„c (ms) 
Diffusion time to pump f^ff (ms) 
Pumping time f p u m p (ms) 
Argument of exponential jjjtbOsvMAt 

LER MER HER 
0.042 0.035 0.033 

1.3 x lu" 5 1.3 x 10" 3 1.8 X 10- 2 

1.0 x 10"" 1.0 x 10 - " 1.0 x 10"" 
1.0 x 10" 1 5 6.5 x 10~ 1 6 5.9 x 10" 1 7 

1.0 x 10" 1 5 1.0 x 10~ 1 5 6.2 x lO" 1 6 

4.8 x 10" 1 8 4.3 x 10~ 1 7 1.3 x 10" 1 6 

5.0 5.0 5.0 
4.0 0.3 0.01 

4.5 x 10"" 5.1 x ltr" 1.7 x 10 - 1 0 

4.0 x 10-1" 3.6 x 10 - 1 0 6.4 x lO" 1 0 

1151 796 296 
0.91 0.81 1.24 
16.1 14.7 11.7 

0.022 0.777 4.45 
19.4 372 4076 
1.89 18.3 173.5 
57.0 5.70 0.58 
16.2 4.89 3.16 
1.7 1.6 2.4 
0.30 0.25 0.24 
30.1 30.0 73.2 
16.6 16.1 39.5 
2.81 2.11 1.35 

LER MER HER 
0.02 0.03 0.03 

7.1 x 10" 6 2.0 x 10~3 1.8 x lO" 2 

1.0 x 10~" 1 .0x10-" 1.0 x 1 0 - " 
1.0 x 10~ 1 5 6.5 x 10" 1 6 5.9 x 10 - 1 7 

1.0 x 1 0 - , s 1.0 x 10" 1 5 6.2 x 10-1 6 

5.0 x 10- 1 8 5.2 x 1 0 - " 1.3 x 1<H 6 

5.0 5.0 5.0 
4.0 0.3 .01 

8 .2x10- " 7.7 x 10"" 1.9 x lO" 1 0 

2.9 x 10- 1 0 2.0 x 10" 1 0 3.6 x 10 - 1 0 

657 547 239 
1.17 1.00 1.38 
9.0 20.8 20.1 

0.024 1.06 4.48 
19.4 372 4076 
1.83 18.2 173.4 
56.9 5.65 0.582 
7.97 5.03 3.37 
2.3 1.9 2.7 
0.30 0.25 0.24 
52.5 44.9 90.8 
28.4 24.3 49.0 
1.40 1.02 0.674 
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Here, we assume E^ = AmyjV^,/2 = £NC/«; Q\, is the charge in each ion bunch, the beam radius a is a 
fraction r/p of the pipe radius r p, 1\, is the bunch length, and At is the residence time of the bunch within 
the recirculator. Note the sensitive dependence of the charge-exchange loss on the pipe radius. 

The first term in Eq. (3-21) roughly determines the background gas density: 

°snUpLnjc (3-29) 

Here Xstripis the fractional beam loss due to stripping alone and "lap is the number of laps of the 
recirculator satisfying Ki a pL r a. = «idt. 

Equation (3-29) indicates that the required gas density is approximately inversely proportional to 
the residence time. Pumping [the second and third terms on the right hand side (RHS) of Eq. (3-17)] 
balances the sum of the static gas load from intrinsic gas desorption (fourth term on the- RHS) and the 
dynamic gas load from beam induced desorption (first term on the RHS). Thus 

SyL^N^U^^rJ*-^ + " " " ^ - l (3-30) 
\ xstrip qetT | 

Here A/b is the number of beams, tt is the repetition time for pulses in the recirculator, and Asp = 2jcrpLrK 

is the total surface area of a single beam pipe. Equation (3-30) is approximately correct when 
appropriate averages are made over the cross sections and desorption coefficient, and also when the 
first term on the RHS of Eq. (3-J7) is not exponentially growing. This latter condition can be expressed 
as a condition on r p as 

P i i "1' I (3-31) 

Equations (3-30) and (3-31) indicate that the total pumping rate decreases as r p decreases (as the 
intrinsic gas load decreases) but then increases with further decrease of the pipe radius as the beam-
induced desorption begins to increase rapidly. 

One final note on the vacuum issue is worth mentioning. In the late 1970s there was a great concern 
about the so-called "black cloud" effect.20 In the rf-accelerator designs the lower current per beamline 
translated into a need for multi-turn injection into a storage ring. A septum is thus necessary at the 
injection point to allow for the continuous build up of the current. At the septum the trajectories of the 
injected and circulating beams become very close to one another, so that it is nearly inevitable that a 
small fraction of the beam will intercept the septum. The energy load on the septum can then be very 
high, and in the end this can destroy the septum and pollute the vacuum. In the recirculator extraction 
and injection are accomplished in a single turn by a series of kicker dipole magnets, so that the injection 
orbit and circulating orbit are well separated and 'xam interception can in principle be negligible. The 
black cloud in the recirculator is therefore not the same issue as it was in the original rf-accelerator 
form, although similar arguments can be made to place limits on allowed beam "halos" that would 
intercept the injection or extraction region. We expect in general that the halo effect is much less 
constraining than the black cloud effect. 

3.2 Transverse Dynamics: Final Focus Requirements 

As discussed in the introduction, some of the accelerator parameters are set by target physics. The 
ion range R = 0.15 g cm - 2 (corresponding to an ion energy of 10 GeV), the pulse duration r p = 10 ns, and 
the pulse energy W = 4 MJ are the parameters that we ha ve chosen to focus on. As discussed in Sec. 2.4, 
this leads to a 1.5-mm spot radius. System-optimization studies in which these parameters are 
allowed to vary have not been done. In deriving the allowable limits on tolerable emittance, momentum 

3-10 



spread, and misalignment, we follow the same arguments as found, for example in Ref. 21. The envelope 
equation for a beam passing through the final magnetic lens is given by 

dz2 a « 3 W\ (3-32) 

Here a is the average beam radius, K = i2q/(y3JfiA)]Ub/Ia) is the perveance, where <j is the heavy ion 
charge state, / is the Lorentz factor of the heavy ion, fl is the heavy ion velocity in units of c, A is the 
atomic weight of the heavy ion, lb is the current in each beam, lo = tn\\(?/e = 31 MA, e is the 
unnormalized emittance, B'= B/rp is the magnetic field gradient in the final lens, [Bpl = yAmnPfi/qe is 
the magnetic rigidity of the heavy ion, and mn is the atomic mass unit. Integrating Eq. (3-32) once, 
we obtain 

a ' i 2 - f l ^ = 2 X l n ( f l f / a Q ) - £ J / - L - J - ) - r - | U ^ - 8 o

2 ) (3-33) 
\a2 al\ Ym 

Here subscripts 0 and f indicate initial and final values and primes indicate derivatives with respect to 
the longitudinal coordinate z. 

We first consider application of Eq. (3-33) to the final transport through the reactor chamber. We 
define 6 = ao/d as the converging half-angle of the beam onto the target. Here ao is the beam radius as 
it exits the final focusing magnet and d is the distance from final focus to target, d is constrained by 
reactor designs, and for concreteness we take d = 6 m. 2 2 With Of = r s p c l | , a\ = 0, a'o = r, and B' = 0, 
Eq. (3-33) yields for the convergence angle 

e = ( 2 K l n - a L + - ^ _ \ 1 / 2 

I r s p ° ' £ J (3-34) 
If we follow Lee 2 1 and assume that space charge, emittance, momentum spread, and misalignments all 
give equal contributions to the broadening of the final spot and that the contributions add in 
quadrature, we may estimate the constraints on each by requiring that each mechanism yield an 
effective spot radius ( r 2

S p a j /4 ) 1 - ' 2 = r s p o t / 2 . The constraint on space charge then becomes 

e=l2K In 2BdV'2 

' r*P<*i (3-35) 

For a total pulse energy of 4 MJ, in a 10-ns pulse, with atomic mass 200, and final energy 10 CeV, the 
perveance K can be expressed as 

K = 9 x io-y [-4—) ( J E _ ) {aaanzmi (3-36) , io-y |_4—) (Je_l {oaffaa) 
Wains'UOkA'|y0 ]\ A ' 

where / p is the total particle current. Thus 

e 2 0 . 0 3 l 6 | i ) | - ^ ( / 2 | J p - i / 2 r f | 2 f i o | / 2 | l a A ) , / 2 

U / K a m J \40kAJ \ypl \AI 15.53' (3-37) 

Here A = 26d/rspot. Calculations by Neuffer23 indicate that in the absence of higher-order corrections, 
geometrical aberrations would place an upper limit on 0 given by 

0 < [ - £ - | , / 4 (3-38) 
Urn) 
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Here b = dBrsfo\/([Bp\e) and g(J>) is a function tabulated in Ref. 23. Typically, this requires 9 to be less 
than about 0.01 rad, which would require the beam charge to be distributed over tens of beamlets. Use 
of higher-order magnetic elements greatly relaxes this constraint, however. In Ref. 24, octopoles were 
used to eliminate geometrical aberrations. There it was shown that the distribution of particles at the 
final focus of a system with aberrations and with correcting octopoles was virtually identical to the 
distribution of particles at the focus of a system without aberrations and that it was substantially 
better than in a system with aberrations but without correcting octopoles. The example given in Ref. 24 
has similar requirements to those of the recirculator in that fl= 0.03, even though the limit from 
Eq. (3-38) would predict that ff should be less than 0.012. 

Use of the LHS of Eq. (3-32) and of the second term on the RHS leads to a limit on omittance: 

e < ^ L = 0.0024 c m r a d p ^ ) ( i ] M - ) , / 2 | J r ^ " W W ' W / 2 (3-39) 
2 to.l5cm7UMlxams/ (40kA/ \ yfi I \A> \5.53' 

The normalized emittance fn = yjk must be less than about 8 x 70"4 cmrad for the same set of 
parameters. 

The final limit we consider is the total momentum spread that is tolerable based on dispersion 
through the final magnetic lens. In the final lens the space charge and emittance term may be 
neglected, and the change in angle is then obtained from Eq. (3-32) or Eq. (3-33): 

. B'al _ _ 
lBPi " (3-40) 

Here I is the length of the final quadrupole, which is assumed to be much less than a betatron 
wavelength. Since \Bp] is proportional to momentum, any dispersion in momentum is translated into 
angular dispersion at the target. Differentiation of Eq. (3-40) and setting the maximum tolerable 
Ad = rspot/(2(i) places the constraint on the momentum spread Ap/p: 

a P <

rspot 
V 2d9 (3-41) 

Note that this Ap/p includes both instantaneous and head-to-tail momentum spread. For 0= 0.032, 
d = 6 m, and r Sp 0 ) = 1.5 mm, this requires Ap/p < 4 x 10 - 3. This limit is not necessarily firm, since it is 
possible that higher-order multipoles could produce a dispersionless final focus.25 

3.3 Transverse Emittance Growth Around Bends 

One of the most serious unresolved issues that confronts the recirculator is the question of how much 
the normalized emittance will increase on passage of the beam from injector to target. This question is 
being addressed on many levels from crude estimates, through more sophisticated analytic theory, to 
fully three-dimensional code work, as well as experimentally. Although this question is far from being 
settled, none of this work predicts intolerable emittance growth, i.e., growth beyond the limits set by 
the target. In the following, we outline what we have learned so far, and indicate the plan for 
definitively resolving the question. 

In a recirculator, the single-particle equation of motion has been shown by Neil 2 6 to contain a term, 
originating from centripetal acceleration, that is nonlinear in the displacement from the axis. With 
different assumptions about the equilibrium density distribution, and by including the effects of 
curvature on the beam potential, Lee2 7 has shown that there can be other nonlinear terms as well. These 
terms produce an amplitude-dependent betatron frequency. If the beam is not matched, the beam will 
undergo coherent betatron motion. But because of the range in betatron frequencies present (i.e., phase 
mixing), the coherent motion will wash out, and eventually the beam will become matched, but at a 
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larger radius and omittance. Thus growth in the emittance would be expected, arising from the 
combination of a nonlinear term in the equation of motion and a mismatched beam. 

We briefly outline Neil's derivation and make some estimates of the relative strength of the 
nonlinear term. 

The radial component of the equation of motion can be written 

AmH& = oe(E, + fiBv) + qePBcxl + dMl!Sl (3-42) 
dt2 r 

Here r is the radial coordinate of a cylindrical coordinate system (r, 8, y) with origin at the center of 
the circular accelerator. The field components £ r and By are the self-fields of the beam, whereas B o x t is 
the component of the external guide field in the y direction. If the current density j can be assumed to 
satisfy jg - p(r)v, and if all quantities are independent of ft then the magnetic vector potential can be 
written Ag = P<p, where (j> is the scalar potential. In that case £ r = -d$Jdr and By = dj}$/dr + piji/r. The 
analysis proceeds by assuming that an equilibrium exists, and examining small perturbations about that 
equilibrium. We obtain an equation for the small perturbations by letting r = R + x and v = VQ + So, 
where R and vo are the equilibrium quantities. Substituting these into Eq. (3-42), and subtracting the 
equilibrium solution yields: 

dt1 3 r R2 \ Boxt 3f / * 
,2.. a r '-^V^^.a^,.^ 

(3-43) 

Here F s = qe{ET + /3By) is the sum of the electric and magnetic self-forces. If we use z as the independent 
variable and combine the external and self-forces into a single term, represented by kp, then Eq. (3-43) 
may be written 

x"=-k$x ? S M _ (3-44) 
AmHc^iR 

Here 40 s <HR) - #r) is the difference in potential from center of beam to position x and kp = cr/2L. 
Note that in this equation, the focusing is offset by space charge, so the depressed tune is used 
to estimate kp. 

For an infinitely long straight round beam in a round pipe of uniform density the potential can 
be written 

« r ) = a [ l + 2 n ( r p / « ) - J r V ] ( 3 4 5 ) 

Here r p is the pipe radius, a is the mean beam radius, and X is the line charge density. Using Eq. (3-45) 
for the potential, we can write Eq. (3-44) as 

2 

4L2 -[*?% (3-46) 

This equation may be integrated once to obtain an energy equation: 

xl + S3x±J<>2°-°2)x3

 = C o n s t a m (3-47) 
2 8L2 12L2R 
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The "constant" is not really constant, because in the actual recirculator a and oo vary as functions of z. 
Nevertheless, Eq. (3-47) shows tru;t the nonlinearity makes only a small perturbation to the harmonic 
potential well created by the focusing and space-charge fields. 

One measure of the strength of the nonlinearity is the ratio fn0n/fim of the nonlinear and linear 
terms in Eq. (3-46): 

fun' <? (3-48) 

Here x has been replaced by the beam radius a to obtain an order-of-magnitude estimate of this ratio. 
Table 3-4 lists these quantities for the C design recirculator. As can be seen, it is the LER where this 
ratio is largest, even though it is less than unity for all three rings. 

Simple numerical evaluations of the emittance growth using Eq. (3-46) on an ensemble of particles 
show negligible emittance growth over 50 laps, in the four recirculator rings, even though the ratio of 
nonlinear to linear terms was relatively large (-0.2) in the injector ring. This was largely because the 
quadratic nonlinearity in Eq. (3-46) does not couple well to the motion, which is nearly harmonic. That 
is, x2 = x2ocos2 k(£ = j?o(\ + cos 2kp)/2. In contrast, a cubic nonlinearity would have a term 
proportional to x3 = xpQCos^kpz » ̂ (cos 3*̂ 2 + 3 cos fyjJ)/4. This last term would resonate with the 
linear term, effectively providing a nonlinear shift in kp. It should be pointed out that since these 
estimates do not self-consistently calculate space charge and so oversimplify the nature of the 
nonlinearity, they should be considered preliminary. 

In the calculation of Lee,2 7 the effects of curvature to the electrostatic beam potential were 
calculated for a beam with an unperturbed density distribution that satisfied «b = nbo(u)(R/r), where 
u = (x2 + y 2 ) 1 ' 2 and y is in the direction transverse to the plane of the ring. Using a Hamiltonian 
formalism to calculate the particle dynamics, Lee finds 

<*2 1v\ 1 

Here 

-R SB , 
n = - and s = *iA 

QR Z- + {iZ*L -M_h +llzl--£-)s 
2R' 8a2) 2IT Sa' 

B„ dr D y 3r' 

(3-49) 

(3-50) 

Table 3-1. One measure of the nonlinearity of the bends in the C design recirculator. 

LER MER HER 
cr (injection) 
a (extraction) 
ao (injection) 
°o (extraction) 
a" (injection) (an) 
a (extraction) (cm) 
R (average radius of ling) (m) 
fnon)lf\m (injection) 
/nonl'/lin (extraction) 

0.088 0.608 0.915 
0.029 0.063 0.118 

1.40 1.40 1.40 

0.34 0.31 0.44 
4.14 2.10 1.93 
5.04 4.00 3.67 

112 147 315 
5.5 x 10"3 6.1 x lO"4 8.2 x 10"5 

5.04 X VT2 6.3 X NT 3 1.5 x 10-3 
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where the partial derivatives above are evaluated at r = R and y = 0, and where K is the perveance, 

K--
(3-51) 

where Ig = nmc^/e = 31 MA. 
Thus, Lee has shown the existence or other nonlinear terms, in addition to a term proportional to 

the current (with a different numerical coefficient). Lee's equations have not yet been integrated for an 
ensemble of particles to check for emittance growth. 

Computational efforts to understand emittance growth fully are being undertaken by A. Friedman 
and collaborators D. Grole and I. Haber. They are modifying the 3-D code WARP to self-consistently 
treat beams around bends, both in the field solver and in the equations of motion. They should 
eventually be able to answer this question authoritatively. They have simulated an lLSE-scale beam 
in a racetrack configuration but have not yet included the effects of the bend on the potential. The 
parameters of the runs were R- 1.15 m, a. = 2 cm, o"o = 60°, o"= 20°, and the half-lattice period L = 0.6 m. 
In one case in which the beam transited four bends and four straight sections, the emittance rose from 
1.6 x 10~* to 1.75 x lfHmrad in one run, an increase of 5% per lap, although on the transit of a single 
bend the increase was only 0.3%. This numerical experiment had a much smaller bend than the 
re-circulator designs, and the emittance growth still looked favorable. Preliminary results including 
bend effects in the self-consistent space charge potential show an emittance increase of about 0.4% on 
transit of a single bend, which is again quite favorable; however, this was for an axially cold beam. 
Warmer beams show significantly greater emittance growth in these non-achromatic systems. Concrete 
conclusions about a recirculator await the simulation of a lattice and beam appropriate for this 
configuration, however. 

Many previous calculations concentrated on finding the magnitude of the nonlinearin'es and 
observing their effects on matched and mismatched beams transiting the accelerator. We may crudely 
estimate the growth in emittance due to misalignments of the bending and focusing magnets within the 
accelerator, keeping the strength and type of nonlinearity quite general. Our underlying assumption is 
that misalignments give rise to betatron oscillations, which are phase mixed due to nonlinearities 
giving rise to emittance growth. To get an order-of-magnitude estimate, we make five simplifying 
assumptions: (1) we assume a 1-D equation of motion; (2) the focusing is smooth; (3) the focusing is not a 
function of z; (4) the beam is not accelerating; and (5) the nonlinearity is small. 

Under these assumptions the equation of motion for a single particle is 

' = -fcp0x + f 4 ( x - ^ ) + a ( x ) (3-52) 

Here kpo represents the effects of the magnetic quadrupoles and kx represents the effects of the beam 
space charge, the center of the focusing potential of which is referred to the beam centroid position xc s 
<x>. Also oix) is a nonlinear term assumed to be smaller than the other terms on the RHS of Eq. (3-52). 
Since fcsC is proportional to the current but inversely proportional to the square of the beam radius, in 
this one-dimensional calculation it may be written 

ts2c = fcs2co(^4| (3-53) 
W 2 ' 

Here Ax2 = (U - xc)2 ) = {x2) - (x y1, where <) indicates an average over all particles at a given z. When 
the first two moments of the one-dimensional Vlasov equation are obtained, it is easy to show that an 
"energy" integral can be obtained: 

Ax'2 + k j0Ax2 - klcaAx$ ]nA*2 + k jo*? + x?-2(\ «dx\ = const (3-54) 
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Here, subscript 0 indicates values measured at z = 0. Also, x'c 3 Or"), and Ax"2 a <(x' - x'c)2) = <x"2) - x^c. 
Note that a "matched" beam satisfies Ax'i=[kno-fcjco) A*&-

Consider a beam that has an initial centroid displacement xc and an initial rms width 
•4*0 s(xm ~ &) that is not matched to the transverse velocity spread. Here x m is the matched width for 
the initial transverse velocity spread, satisfying (̂ 30 — 5̂c0/*ni = 

We assume that the effect of the nonlinearity will be to phase mix the beam, so that initial 
centroid or envelope displacements, which initiate coherent oscillations, will be washed out, producing 
a final beam with Xc = x'c = 0 and a final width matched to the velocity spread, k2po4x2f - k2

s<aAx2o = 
Ax'2(, Then Eq. (3-54) and the above assumptions relate the final ividth to the initial parameters: 

Axf •Ax$ + 
2*ao -*sco 

•{(*p2o - *£ 0) b-Sx (Ax lf/2 + Sx2] + *p2

0 x 2

0 + x-2o) (3-55) 

The emittance is defined to be e = 4(AxlAx'2 - <(x - xc)(*' - x'c))2)1 n = 4 (Ax2 Axa)il2, where the second 
equality is valid for distribution functions that are symmetric in x - x c or x1 - x'c, which we assume to be 
the case initially and finally. Thus 

4 = w(*|lo " *£n) AxaiWof'1 + & P 

and the final emittance is given by 

£ 2 = 164x2 (fcp

2

0 Ax2- fcs2

c0 Ax2) 

Equations (3-55) to (3.57) yield 

e}-4 = l6Ax§ 
I f- t 2 „ ^2 

^O xcO + t'cO + 4<:p0 

2Arpo - fc; c 0 
&2 

(3-56) 

(3-57) 

(3-58) 

Thus initial centroid displacements or tilts could give rise to larger emittance growth than radial 
mismatches, since the betatron particle motion associated with radial mismatch is minimized by 
space-charge forces, whereas centroid displacements are not. 

In the limit £f - £0 « £0, and with the substitution 06/2L = kpo and er/2L = (k2#j - k2sco)1/2, we may 
write Eq. (3-58) more conveniently as 

(3-59) 

We now examine how the emittance may increase if the beam receives a series of "kicks" (i.e., 
displacements) from misaligned magnets. We make two further assumptions: (1) The beam receives an 
rms kick 8xms on passing each magnet spaced at the half-lattice period L; (2) The phase-mixing length 
i p m determines the length scale over which emittance growth described by Eq. (3-59) occurs. 
The number of kicks N^ received by the beam in a distance Lpm is N^ = Lpm/L. So the beam will have 
random-walked a distance x r w given by x2

IW = CmN^dx2

rms. Here C r w is a dimensionless constant that 
has been calculated by V. K. Neil to vary from about 6 to 3 in the HER. Using Eq. (3-59) and x r w as the 
displacement that is converted into emittance growth, we find a change of emittance Ae of 

Ae 2gQ*L _2CrA{LpmS& 
oL 

(3-60) 
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so the rate of emittance growth is 

it - Ae - Crw<ro°*rms (3-61) 
&Z tpm Ot.2 

Remarkably, the strength of the nonlinearity does not affect the rate of emittance growth in this 
model, since strong nonlinearities will phase-mix, effectively keeping the random walk amplitude 
down, whereas weak nonlinearities permit larger asymptotic vaiues of x n v to be reached. 

The total change in emittance Aelot over the transit through a recirculator ring is then 

*etot = j£-n,apsLrcc = c™°o8*?ms „ ^ r K ( 3 . 6 2 ) 

If we use the values c^o/c^ 3.5, L = 350 cm, KiapsLrec = 2x 107cm, which are typical of the HER, we 
find that Sxms = 10 Jim gives AEtot = 1.3 x 10 - 3 cm-rad. (The average emittance is about 3.8 x 10~3 

cmrad in the design for HER.) This upper limit on emittance growth does not yet suggest that the 
emittance growth would be negligible unless rather tight alignment tolerances (-10 |im) were achieved. 
However, based on beam centroid requirements to be discussed in the next section, the use of steering to 
limit betatron amplitudes will undoubtedly be necessary. 

If there are steering stations at intervals Lstecr along the recirculator, the maximum betatron 
amplitude achieved is 

x2 = C lLs"*A & 2 

\ L I (3-63) 

and the arguments that lead to Eq. (3-62) lead to the total gain of emittance (with steering) of 

&*» • C r w ^ m s * Upsl r K IL^A ( 3 . 6 4 ) 

at2 Upm/ 

This emittance growth is smaller than that obtained from Eq. (3-62) by the factor Lsle0,/Lpm. Since 
ŝtrcr will be of order a betatron period, and Z™, will be of order 100 betatron periods for a 1% cubic 

/noni/fiin. ,rie required alignment tolerances would be relaxed to about 100 urn. Equation (3-63) would 
indicate that at this value of Sxlms, the maximum betatron amplitude xrw — 0.7 mm. 

Thus with steering the ~100-Jim alignment tolerance or ~l-mm beam displacement tolerance for 
emittance growth do not appear to be severe. Clearly, the number of assumptions made in arriving at 
this result leads us to treat it cautiously. Nevertheless, the scaling obtained can be readily tested in a 
2-D or 3-D transport code, and this should be given high priority. As with the other pieces of evidence 
for emittance growth in recirculators, we are once again unable to come up with firm evidence that 
would indicate that it will be an intolerable problem. 

Finally, on the experimental side, Lauer is performing an experiment28 using a relatively low-
current (13-nA) Kr* ion source, producing a space-charge-dominated beam that is transported around a 
30° bend to provide at least one data point for comparison with numerical predictions. As of June 1991, 
the emittance had been measured both upstream and downstream of the bend, with a result that the 
emittance was constant (-3.5 ± 1.0 x 10"4 cmrad) within the -29% error bars. Work is continuing to 
decrease the uncertainty in the result. Other experiments are being considered to ensure that this 
critical issue is fully understood. 
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3.4 Resonance Instability, Misalignments, and Steering 

If the circumference of a storage ring is an integral number of betatron wavelengths, the beam will 
see an imperfection in (say) the magnetic field at the same phase in its betatron orbit on each lap 
around the ring. Thus it will receive a kick in the same direction on every orbit. This leads to an orbit in 
which the displacement from the desired orbit grows linearly with time, and so the beam is rapidly 
lost from the machine. In a heavy ion recirculator the beam is changing energy, so that its betatron 
wavelength does not remain constant. However, Fourier components of the magnetic error field may be 
resonant for a fraction of a lap. In estimating how serious this interaction may be, we rely heavily on 
unpublished work of D. Judd and J. Barnard. See also Ref. 29. We further estimate the beam centroid 
displacement arising from quadrupole misalignments and estimate how frequently steering corrections 
must be made in order to reach the target with the required precision. 

The approximate equation for the centroid of the beam in the x direction may be written 
nonrelativistically as 

dbL + fa = J1^B__ _je_y S B N C O S 2 K N Z / 1 ^ Q ^ S ) 

Here an error field is on the RHS and has been written as a sum of Fourier components. This particular 
form is appropriate for an error in the dipole field. 

Using time as the independent variable, we may write Eq. (3-65) as 

(3-66) 
dt* ^ AmHc f N ^ I 2 / 

Here, (opo = kpsv = const., and v is assumed constant. This expression is now in the form of a forced 
harmonic oscillator. Focusing on the resonant condition, 

2i^v0/Lrec = m9a 7 ) 

and assuming for the moment that v = 0 and that only the resonant term makes a contribution to the 
sum, the solution to Eq. (3-66) is 

x = XQ cos %,( + -5L sin aW + —2 ^— ugt sin (%)f (3-68) 
roQO 2Ann icftJJjQ 

The final term in Eq. (3-68) is the difference Sx betwt en an orbit with and without the error field: 

Sx = 1eSBN vgt sin oijof (3-69) 
2Ann^c(Oaa 

As can be seen from Eq. (3-68), the orbit diverges linearly in time from the design orbit. In the heavy-
ion case, v is not zero. For nonzero v, such that the velocity can be written v = vg + it, resonance occurs 
over only a limited interval in t such that Aoipt = n/2, where dfityjs (O/JQV t/2vo- The duration t r o s of the 
resonance is then approximately 

(3-70) 
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After the time t r e s the frequency of the harmonic oscillator and the forcing frequency are sufficiently 
different, such that for that particular Fourier component of the error field, the error field does not 
continue to significantly change the amplitude of the displacement of the particle. We estimate using 
Eq. (3-69) that during tht time tT0S the amplitude of Sx has grown to 

2/4mHCfl£o \2Amncl 

I 3' 
™°-| (3-71) 

Since VQ varies from ~0.1c to -0.3c in the HER, there will be a number of integer values N for which 
the resonance condition (Eq. (3-67)1 is satisfied. On entrance to the C design HER, W = 63 and decreases 
to N = 20. Thus on 100 laps the beam passes through about 43 resonances, or about 0.4 resonances per lap. 
If there are Na dipole magnets, with an rms error of SBms, it is straightforward to show that 

N d (3-72) 

If, on passing through each resonance, the beam displacements are uncorrelated, the beam will make a 
random walk away from the design orbit. If AN is the number of resonances encountered by the beam, 
then the total displacement Ax will be roughly (dN) 1 / 2 &, where Sx is an appropriate average of 
Eq. (3-71) over velocity. Since the total displacement must be less than about Arspat/2 =1.5 mm/2 to 
meet the gain requirements, we estimate that the required field errors must satisfy 

Since N varies from about 63 to 20 in the HER, AN and the mean N are about 42. This suggests that 5Bnr,s 

must be no greater than 2 x 10~5 T, requiring a stringent precision of about 1 part in 5 x 104. 
A few comments are in order. Since AN is 0.4 per lap, which is of order unity, the original idea of an 

error field repeatedly interacting with a beam at the same phase of its betatron oscillation is clearly 
not relevant, so the notion of a resonant instability may somewhat disguise the underlying physics of 
what is occurring. Nevertheless, the decomposition of the error field into a sum of Fourier components is 
mathematically correct, and the conclusion that the error fields cause a serious random walk of the 
beam away from the axis seems unavoidable. However, the physics of this random walk appears to be 
closer to the beam displacement caused by error fields (resulting from misaligned quadrupoles, for 
example30) than to the resonant instabilities that may occur in storage rings. An order-of-magnitude 
estimate may be made that examines the random walk of the beam from dipole field errors at each 
magnet, without reference to resonances. We find that to within a numerical coefficient of order unity, 
the estimate of the beam displacement is the same as that of the previous calculation, viewed from the 
resonance point of view. In this regard, the linear machine has an advantage over a recirculator because 
the total path length is shorter, and the beam encounters fewer kicks in a random walk. In both the 
calculation of Ret". 30 and in the resonance estimate, steering of the beam was ignored. 

Figure 3-3 illustrates a CIRCE run (see Appendix F) in which the beam undergoes random dipole 
errors of 0.1 and 0.01 % in an accelerator without steering. This choice of errors brackets our estimate of 1 
part in 5 x 104. Figure 3-3(a) shows the head-to-tail centroid displacement of a beam in an accelerator 
with 0.1%, 0.01%, and zero dipole errors at the end of the acceleration sequence. Figure 3-3(b) also 
shows the difference between the curves with nonzero error and that with zero error. (The curves differ 
because of a space charge induced, head-to-midpulse velocity gradient and because of a mismatch in 
dipole magnetic field that is a numerical artifact of CfRCE.) It is evident from Fig. 3-3(b) that the 
displacement errors exceed 1 mm in the 0.1% run and are less than 1 mm in the 0.01% error run, as 
suggested by Eq. (3-73). The figure also shows the accumulated head-to-tail "corkscrew" arising from 
the head-to-tail velocity gradient in the beam. We emphasize that Fig. 3-3 does not include either d.c. 
or head-to-tail steering. 
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Figure 3-3. Effects of random dipole errors on a beam pulse without steering, (a) CIRCE runs illustrating 
the head-to-tail centroid displacement of a beam in an accelerator with 0.1%, 0.01%, and zero dipole 
errors at the end of the acceleration sequence; (b) difference between the zero-error curve and the curves 
with nonzero error. 
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We may estimate the amount of steering needed by estimating the amount of centroid displacement 
expected from misaligned quadrupoles and estimating how often steering corrections must be applied in 
order to keep the beam centroid within tolerable limits. 

As discussed in Sec. 33, errors in quadrupoles result in a centroid betatron amplitude that increases 
like a random walk: 

xc - *- rwWq"*rnis (3-74) 

Here Nq is the number of quadrupoles with rms displacement i&mis through which the beam passes. As 
discussed in Sec. 3.3, C r w has been calculated by V.K. Neil to vary from 6 to 3 in the HER. The 
longitudinal distance traveled by the beam j = N^L. If &r r m s is 100 jim and the allowed beam 
displacement is about 1 mm, then impulses steering the beam to x c = x'c ~ '1 must occur at an interval 
along the accelerator of tx 2

c /C r i V 5x 2

r m s , which is about 16.7L for the above parameters. A betatron 
period is (4II/OQ)L, which has a minimum value of about 9L, implying that a correction would be 
required once every 1.9 betatron periods at injection. The HER of the C design has an L of about 3.5 m 
and a circumference of about 2 km, indicating that there would be about 34 such steering sections in the 
HER. At extraction from the HER, since C r w is reduced by a factor of 2, xc will be reduced to 
about 0.7 mm. 

Because of the presence of the velocity tilt, the betatron wave number will vary from head to tail. 
The matched centroid displacement for a fractional momentum deviation Ap/p equal to unity is given 
by the rj-function.31 For a lattice consisting of alternating-gradient focusing and dipole bending the 
^-function is calculated in Ref. 31 to be 

V =aaL 
f l 2 

• CTo sin —it 

1 

sin 2<Jb 
2 (3-75) 

Hereon 's the bending angle of a single bending magnet, which is -0.0114 radians for the C design HER. 
A more detailed calculation of r) including all of the lattice elements for a proposed recirculator 
beamline is being carried out by A. C. Paul. For L = 350 cm and ag = 1-4, we have n = 12.7 cm; at OQ = 
0.47, we have 7; = 83.3 cm. Head-to-tail velocity tilt (at constant time) varies from 0.2% at injection to 
about 0.02% at extraction, indicating that the matched displacement will vary from 0.24 mm (o"o= 1.4) 
to about 0.17 mm (CTO = 0.47). Thus, for a beam to be matched from head to tail the design centroid 
position must vary in x from head to tail. Since Ap/p will vary as the beam accelerates this head-to-
tail displacement will also vary during the acceleration sequence. Centroid oscillations that occur will 
be about this displaced point (not about x = 0). The velocity tilt of the beam thus leads to a desired 
spatial tilt of the beam in the accelerator. Note that in the T design the velocity tilt is larger (~2.5%) 
at extraction, yielding large head-to-tail dispersion. Sextupole correction magnets may be needed to 
reduce head-to-tail displacement in the T design. 

To correct for magnet misalignment errors, the steering must reposition the beam to the correct 
centroid position for the appropriate Ap/p. Although the details of the correction scheme have not 
been worked out, one possible conceptual outline of a scheme might appear as follows. The beam would 
pass through a set of three diagnostic stations, each separated by approximately one or more half-
lattice periods. The beam position would be measured from head to tail at each station, so that with 
knowledge of the field strengths one could predict the ccntroid positions, transverse velocities, and 
energy and arrival times at the entrance to the first correction station one half-lattice period later. 
From these predictions a momentum impulse would be given to the bea m corresponding to an angular 
displacement of xJL = 1 mm/350 cm = 3 x 10"4 rad at 1 CeV and -2 x 1CH rad at 10 GeV. On arrival at 
the second correction station the position of the centroid would be correct but a second impulse of the 
same order would be needed to set x'c to zero. We would expect that the errors are reproducible from 
pulse to pulse, so that the correction of the ith lap of one acceleration sequence would actually be 
applied to the ith lap of the next acceleration sequence, about 0.1 s later. Further, since we assume that 
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each set of stations would zero the centroid position and transverse momentum, the error accumulated 
during the subsequent passage of the beam to the next correction station would be repeatable from lap to 
lap, varying only because of the changing energy of the beam. This places the requirement on the 
steering magnet pulsers that they vary significantly only on the millisecond time scale of the 
acceleration sequence. In addition, the head-to-tail voltage tilt of about 0.1% would also vary on this 
millisecond time scale. 

To compute the magnitude of the steering field, note that each of the 480 main bending dipole 
magnets per beamline produces an angular impulse of 2)r/480 » 1.3 x 10""2 rad at an average field 
strength of 0.22 T and a beam energy of 1 GeV. The steering magnets would thus require field strengths 
of only about 15.5 mT at 1 GeV if the magnets were 1.15m long, or ~355 mT if they were 0.5 m long. At 
10 GeV, the field strength must be about 80 mT. 

The head-to-tail voltage tilt would be at most about 3% of the steering field, requiring only about 
2.4 mT for 0.5-m-long magnets. These magnets would require the most flexible pulsers, varying over the 
course of the pulse and over the millisecond time scale. 

We may apply a similar argument to the dipole errrr fields. With steering, the beam 
displacement must be kept lo~l mm over only 1.9 betation periods rather than over aN5t)or}Q0 laps. 
The AN - (kpoLIec/2i:)pM1/P) in Eq. (3-73) is reduced from about 43 to about 0.013, so that the required 
SBtins can be increased by a factor of ~(43/0.013)1/2 = 58, leading to a precision in SB of only about 2%. 

We conclude this section by noting that the alignment tolerances are substantially relaxed with 
active steering of the beam. However, the added complexity of steering the beam with a velocity tilt, 
although energetically not difficult, requires algorithms and pulser designs that must be carefully 
worked out, as is being done in our ongoing research. In addition, inclusion of sextupoles to reduce 
dispersion (particularly in the T design) has not yet been incorporated into the recirculator designs. 

3.5 Beam-Breakup Instability 

A transverse instability that has long been known to plague electron induction accelerators (when 
not carefully designed for) may also effect heavy ion machines as well. The beam-breakup (BBU) 
instability occurs when a displaced beam crosses an induction gap. The gap and the induction module 
form a resonant cavity, and the beam, by virtue of its off-axis position, excites the normal modes of the 
cavity, The electromagnetic fields of the cavity then displace subsequent parts of the beam. This 
displacement causes more excitation of subsequent cavities, and thus the instability feeds on itself. Neil 
et al.3^ showed that the gain of the instability can be written approximately as 

C =telX^V / 2 -M. (3-76) 
LQ) 2Q 

Here N g is the number of accelerating gaps, / is the total current, to is the frequency of the cavity mode 
giving rise to BBU, Q is the mode quality of the BBU mode, Ja = yfiAmu^/qe = yPA/q x 31 MA, 

%o = (^TjL/rpJdjeB/y/Mmnc2 

(3-77) 

is the betatron wave number, and Z± is the perpendicular impedance of the gap. In the above 
expression, a perturbation in beam displacement would grow as ec. The maximum gain Gm ax given by 
Eq. (3-76) is 

< - ^ f f L Z 1 a t ( = fmax = ^S.fZ1Q 
2 U *po *po 'a (3-78) 
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The value of Z± has been derived by Briggs et al. in Rcf. 33 for a simplified "pill box" model of the 
induction cell cavity and can be written as 

z±--UL (-ImP,) 
(3-79) 

Here Pi is an analytic function (of order unity) given in Eq. (2.3.6) of Ref. 33 and 2d is the width of the 
voltage gap in the induction module. Equation (3-79) was derived in the ultrarelativistic limit, and in 
the nonrelativistic case, Neil et al. 3 2 suggest that G should be multiplied by the square of a "transit 
time factor" T given by 

T = Ji-sin [iSS.) 
Aw x v I (3-80) 

Combining Eqs. (3-78) through (3-80) yields a maximum gain of 

G „ , a x = ( - ^ P , ) 4 N g T 2 f - j L 
'a ' W ( 3 _ 8 1 ) 

The quantity lQkpa is independent of mass and energy, and the maximum gain varies only weakly with 
the frequency of the cavity through its dependence on Im(P]). We have tabulated the gain for the T, C, 
and P designs in Tables 3-5 through 3-7. Note that Eq. (3-81) predicts a scaling that is proportional to 
current and inversely proportional to the square of the pipe radius. For the scenarios in which four 
beams share one core (i.e., the T and C designs), it is not clear what pipe radius or current to use in 
estimating the total gain. One might argue that for high-frequency modes the individual pipes may be 
shielded from each other, so that /b and r p should be used in Eq. (3-81), which is the same result as in 
the unambiguous case of the P design. One could also argue that the scaling should be relative to the 
total current and inversely proportional to the total area of the pipe openings, which would also give 
the same result. In Tables 3-5 through 3-7 we have used this prescription for calculating the gain; 3-D 
numerical calculations are under way to validate these assumptions. Relative to, say the ATA 
accelerator at LLNL, the number of gaps encountered (-200 in ATA vs 105 in the C HER) is greater in the 

Table 3-5. Beam breakup parameters for the T-design recirculator. 
IK LER MER HER 

Quadrupole field B q (T) 2. 2. 2. 2. 
7/J 0.018 0.033 0.103 0.331 
kplA (A c m - 1 ) 3.12 x 1 0 s 6.34 x 1 0 5 9.35 x 1 0 5 1.65 x 1 0 6 

Gap half w id th A (cm) 0.5 0.5 0.5 0.5 
Number of gaps iity, Ncc\[s 3.83 x 1 0 1 2.67 x Iff1 4.76 x 1 0 4 1.19 x 1 0 5 

Current per beam /b (A) 1.83 x 10° 1.28 x 10 1 2.59 x 10 1 1 3 2 x 1 0 2 

Pipe radius r p (cm) 7.9 9.6 8.1 6.1 
Core material inner radius R;„ cm) 39.7 48.1 40.4 30.3 
Core material outer radius J ? o u (cm) 57.4 57.6 57.3 67.4 
Transit t ime factor T -0 .176 0.376 0.919 0.987 
Im(Pi) -1 .42 -1 .4 -1 .4 -1 .4 
Logarithmic gain G ( N p ) a 

C = 4 [ - I m < P , ) l / v g r 2 U / / i , ) ( d % -P2' 0.01 0.016 0.056 0.715 

a The logarithmic gain is based on Eq. (3-79) using a current equal to an individual beam current and 
rp equal to an individual pipe radius. 
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Table 3-6. Beam breakup parameters for the C-design recirculator. 

LER MER HER 
Quadrupole field B q (T) 
rP 
kplA (A cm - 1 ) 
Gap half width d (cm) 
Number of gaps «bpN c l,ii s 

Average current per beam lb (A) 
Pipe radius r p (cm) 
Core material inner radius Ri„ (cm) 
Core material outer radius K 0 U i (cm) 
Transit time factor T 
Im(P]) 
Logarithmic gain G (Np) a 

G = 4[-Im(P ])]N gT 2(;/; a)(d//c / ir2) 

2. 1.25 1. 
0.023 0.103 0.331 

2.95 x 1 0 s 7.16 x 10 5 1.44 x 10 6 

0.5 0.5 0.5 
7.85 x 104 5.62 x 10 4 1.06 x 10 s 

2.26 x 10° 2.37 x 101 2.2 x 10 2 

7.8 6.4 6.1 
31.4 25.5 24.3 
45.5 54. 36.3 

-0.183 0.912 0.978 
-1.4 -1.4 -1.3 

0.028 0.127 1.131 

a The logarithmic gain is based on Eq. (3-79) using a current equal to an individual beam current 
and rp equal to an individual pipe radius. 

Table 3-7. Beam breakup parameters for the P-design recirculator. 

LER MER HER 
Quadrupole field B q (T) 
rP 
kpIA (A cm" 1) 
Gap half width d (cm) 
Number of gaps n i a p \ ' c c i | s 

Average current per beam /„ (A) 
Pipe radius r p (cm) 
Core material inner radius Rm (cm) 
Core material outer radius K0ut < c m ) 
Transit time factor T 
Im(Pj) 
Logarithmic gain G (Np) a 

G = 4[-Im(P 1)]N gT 2(/// a)( <j/i ( ()r2) 

2. 1.5 1.2 
0.023 0.103 0.331 

2.96 x 10 5 7.06 x 10 5 138 x 10 6 

0.5 0.5 0.5 
3.85 x 10* 6.01 x 10" 1.17 x 1 0 s 

2.18 x 10° 2.36 x 10 1 2.2 x 10 2 

7.7 6.5 G.l 
23. 19.4 18.2 
51.5 47.9 42.8 

-0.208 0.891 0.985 
-1.4 -1.4 -1.4 

0.013 0.133 1.408 

a The logarithmic gain is based on Eq. (3-79) using a current equal to an individual beam current and 
rp equal to an individual pipe radius. 

recirculator, but since the focusing is much stronger (quadrupoles at ~2 T vs solenoids at 03 T) in the 
recirculator and the currents are less throughout most of the machine (<10 kA in ATA vs an average 
total of 9 kA in C HER), the total logarithmic gain of the instability can easily be less than unity. 
That statement relies on a relatively small cavity Q obtained for the induction modules. G. Craig, using 
the 2-D wake-field code AMOS, has simulated a representative cell from the HER. Although the cell 
model was relatively crude, based on the METGLAS core dimensions for the HER, with an assumed 
ultrarelativistic beam, he found that the cavity impedances were up to a factor of 10 larger than 
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estimated above using the pill-box model and assuming low values of Q. Experience with the ATA cells 
suggests that careful cell design, with absorbing ferrite surfaces placed at appropriate places within 
the cell, will reduce the impedance to near the estimated value. However, the calculation 
demonstrates the need for the modeling capability required to minimize cell impedance. J. DcFord and 
G. Craig have been modifying the wake-field formalism to allow for sub-relativistic beams,34 and they 
and C. Shang are creating a 3-D version of the code AMOS, called PLATO,35 which will accurately 
represent the full 3-D nature of the cells. (The coaxial feeds at point locations around the circumference 
and the four beams break the cylindrical symmetry of the cells.) 

Thus our estimates suggest that if the cells are designed using our current and developing 
computational resources, the problem of BBU will be benign in our recirculator design. 

3.6 Longitudinal Dynamics 

As discussed in Sec. 3.2, we have concentrated on point designs that deliver 4 MJ in a 10-ns pulse. 
This is in contrast to the 200-ns pulse that is injected into the accelerator (e.g., in the C design). Thus, 
the pulse must be compressed in duration by a factor of ~2 x 10*. Since the velocity increases by an 
overall factor of 60 from the injector, the spatial bunch length compression is by a factor of 300, of 
which a factor of 10 to 20 occurs in the final compression. This must be accomplished at the same time 
that the longitudinal space charge forces, which act to lengthen the bunch, arc kept in check. Pulse 
compression is accomplished (as in linear driver scenarios) by giving the tail of the pulse a greater 
velocity than the head (a velocity tilt). In the recirculator, since the total path length is longer than 
in a linear accelerator, the velocity tilt will be smaller. Space charge forces are counteracted by 
applying voltage ears to the beginning and end of the pulse. This amounts to applying an induction gap 
voltage that is less than the flat-topped voltage at the beginning of the pulse, but greater than the 
flat-topped voltage at the end of the pulse. 

In an actual driver a precursor pulse, carrying a small fraction of the energy and at a lower current, 
will be necessary to adiabatically compress the pellet. We envision a partial reduction of the ear at 
the head of the beam during the last few laps in the HER, to allow space charge to broaden the beam 
during the final focus. The details of the precursor pulse have yet not been worked out. 

We may estimate the magnitude of the ears and velocity tilts for the main pulse by examining the 
longitudinal equation of motion, which may be written approximately as 

dj> = =ML *A + J L E o l (3-82) 
lit Am\\ df Am\\ 

where f = z-vt, £ c x t is the field applied in the acceleration gaps, and g = 2 In (r p/a) is the space 
charge factor. For a parabolic profile in line charge density. 

X=X, -ic! 
(3-83) 

For a trapezoidal density profile, 

( - Q i - for0<|C|</ b /2 
K = (3-84) 

( (-^[ 1 + iL(t_| d)]forl b / 2<ia<l b/2 + l r 

Note that ( p is the distance between zero points in the density of the parabolic profile, l\, is the length 
of the flat-topped portion of the trapezoidal distribution, and I, is the length of each of the linear rise 
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sections. If / r = 0.1/b, then about 91% of the the charge is contained within the flat top; 91% of the 
charge in the parabolic profile occurs over a span of 0.74Jp. Although the trapezoidal profile is 
probably more like the desired pulse profile, we will, at times, use the parabolic distribution, for ease 
of calculation, and substitute (b/0.74 for /p in some of the numerical estimates. In particular, when ears 
are being considered the trapezoidal profile is used. When space charge is relied on to stop compression, 
as is done in the bunching phase of the T design MER and HER, as well as the final compression phase 
in all three designs, a parabolic profile will be assumed in numerical estimates. 

The rate of change of the bunch length is the difference »u - v\ between the velocities of the beam 
head and tail, which for a parabolic profile is 

^E. = vu - vj (3-85) 
dl 

Equations (3-82), (3-83), and (3-85) imply 

!?J; g »gQ*»_3f_ i U r M t ( 3 . 8 6 ) 

dt2 Antu& Ami 

Here AEelit = EextH - EcxtT is the difference in applied electric field between head and tail. Integrating 
Eq. (3-86) once yields 

l p _ l i = ± Z * a i « | J _ _ i | + J ^ | AE^dk (3-87) 

Longitudinal Space Charge Debunching and "Ears." We first consider the tendency of the beam to 
expand in the absence of ears. We may use Eq. (3-87) to estimate the time tuo for the beam to double in 
length because of space charge. When / po = 0 and 4E„, = 0, Eq. (3-87) may be integrated to give 

\ gQbie I 

For example, on entrance to the HER of the T design, the values Q b = 100 uC, /po = (2250)/0.74 cm, 
and g = 1 5 yield /LD = 98 us. This time is of the same order as the lime to transit the circumference of 
the accelerator, which is about L^X/VQ = 118 us. Thus, left unchecked, spacc-charge-induced debunching 
would cause the beam to expand rapidly, leading to an unacceptably low power deposition on target. 
This argument, incidentally, led to the abandonment of the racetrack design, in which the beams 
simply drift around the bends and are accelerated in the linear portions. In the circular design, 
induction modules are spread uniformly throughout most of the circumference of the accelerator, so that 
correction fields can be applied continuously. 

In this solution to the debunching problem, a time-dependent voltage is applied to the gap, leading 
to a hcad-to-tail electric-field variation that cancels the space-charge field. We write E c x , as the sum 
of three applied fields: 

£fxt = âcc + Ecare + ^comp (3-89) 

Here Eacc is the field giving rise to the bulk acceleration of the bunch and is uniform over the bunch. 
E o a r s is that part of the field that prevents space charge from elongating the beam. EComp is the 
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(usually small) residual field responsible for inducing a velocity tilt that compresses the beam. Thus 
•A£ext = AEeats + 4£Comp- We thus define 4E t . a / s as that part of the applied field that makes the RHS of 
Eq. (3-87) zero. Differentiation of the RHS of Eq. (3-87) [or using Eq. (3-86)1 leads to 

AE -_2Mi> 
lP (3-90) 

For the trapezoidal charge distribution, the analogous formula becomes 

AE - -2&» 
CP + tyt (3-91) 

The total additional voltage of the tail relative to the head of the pulse over one lap is 

(3-92) 

For the first lap of the T design HER this turns out to be about 79 MV (using the trapezoidal Eq. (3-90)]. 
The center of the beam experiences a potential drop of about 240 MV during its first orbit of the HER. 
Thus, a head-to-tail voltage tilt of up to 33% must be applied to counteract space-charge-induced 
debunching. As the beam is accelerated l\, increases (in the HER and MER), so that the electric field 
required to counteract debunching decreases. At the low-energy end, in the injector ring, the bunch 
length is about 220 m. AEoxt = 0.23 kV/m, requiring a total voltage of 75 kV per lap, or 4 MV for 50 laps, 
which corresponds to less than the 27-MeV energy gain. Thus, a voltage ramp of approximately 15% 
from head to tail is needed. Since the required voltage is an odd function of time with respect to the 
center of the pulse, the total required product of cell voltage and pulse duration is the same as if the 
longitudinal space charge forces were absent. In fact, it is envisioned that separate cells could be used to 
generate the ear voltage wave form. Since the pulse duration of the tail ear is only 10% of the flat 
portion of the current pulse, and since the head ear is similar to the natural rise of the voltage pulse, we 
expect that the ear-generating pulses will be a small fraction of the cost of the accelerating cells. 
These special correction cells and their pulscrs have been included in our engineering designs and 
cost estimates. 

Figure 3-4 illustrates a simulation of ears in the T-design recirculator using the CIRCE code (see 
Appendix F). The figure shows (a) the current as a function of arrival time; (b) pulse duration as a 
function of time elapsed in the recirculator; and (c) £ e a r s vs arrival time. The three curves indicate flat-
topped, Gaussian, and parabolic current profiles. Note that the steepest ears and longest flat top 
maintained the most constant pulse duration, which was the goal for the T-design HER. 

Pulse Compression During the Acceleration Phase. In addition to preventing the beam from 
lengthening due to space charge, a velocity tilt must be added in order to compress the beam. The 
velocity tilt is induced by an additional electric field ramp d£Comp- Using 4£ M t = <4Eears + <4Ecomp and 
substituting Eq. (3-90) into Eq. (3-87), we obtain 

/p

2 _ $ = i i L AE^p () p - U (3-93) 
Amu 

Here we have assumed 4 E c o m p = const. Integrating Eq. (3-93) and solving for 4£COmp yields 

•4£comp = ^ " i i . [l?( - ty - IpoAt) (3-94) 
qedr v ' 
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Figure 3-4. "Ears" in the T design recirculator 
for flat-topped (1), Gaussian (2), and parabolic 
(3) current profiles, (a) Current vs arrival time; 
(b) pulse duration vs time elapsed in the 
recirculator; <c) E M r s vs arrival time. 
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Substituting this value into Eq. (3-93) yields the final velocity difference between head and tail Avf. 

Avi = Ipl =j I'pb + -^ (<pf - 'po) (/pi - to - 'p0^') | / 2 (3-95) 

For each of the three designs, we indicate ear and comprcssional voltages and initial and final velocity 
tilts for the various rings in Tables 3-8 to 3-10. 

In the C and P designs, and in the IR and LER of the T design, pulse compression is done throughout 
the acceleration process, so that the voltages and velocities are relatively low. In the T design MER 
and HER, the compressional field is stronger since it occurs over only a few laps. An additional 
complication occurs in those two rings, because constant initial pulse duration is required in those rings: 
we require that the pulse leave the ring with near-zero velocity tilt. 

Pulse Compression During Bunching Phase. In the case of thi MER of the T-design, 4£comp is 
applied in the final few laps followed by a few laps in which d £ c o m p and AE^rs are set to zero. This 
allows the space charge of the beam to decelerate the tail of the beam until Ip just vanishes as the 
beam is extracted from the ring. We assume 14£COmp I = 2£aCc, so that the head of the beam does not 
receive a negative acceleration. We denote by 4'comp the time interval over which the compressional 
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Table 3-8. "Ears" and velocity tilts in the T design recirculator. 

Acceleration phase" 
Initial voltage gain per lap (V) 
Initial AV per lap in ears (V) 
Final AV per lap in ears (V) 
Ratio of idv" c a r l to ace. voltage (initial) 
Ratio of l 4 V c a r l to ace. voltage (final) 
Compression voltage 4 V c o m p per lap (V) 
Initial velocity difference Av ( m r 1 ) 
Final velocity difference Av Ims"1) 
Initial velocity tilt Aviv 
Final velocity tilt Aviv 
Circumference L r e c (m) 

1R 

7.11 x 10 5 

-7.48 x 10 4 

-1.13 x 10 s 

1.05 x 10" 1 

1.59 x 10- 1 

-i.a x id3 

0 
-2.24 x 10 4 

0 
-4.18 x lO" 3 

6.52 x 10 2 

LER 

1.84 x 10 6 

-2.32 x 105<b> 
-3.2 x 10 6 l b > 
1.26 x l f r 1 

1.74 
1.12 x 10* 
-2.24 x 10 4 

-4.52 x 10 4 

-4.18 x 10-3 
-4.62 x 10-3 

7.9 x 10 2 

MER 

2.37 x 10 7 

-1.28 x 10 7 

-2.32 x l O 6 

5.42 x ID- 1 

9.8 x i r r 2 

1.52 x 10 5 

-4.52 X10 4 

8.77 x 10 4 

-4.62 x 10-3 
2.84 x 10-3 
1.69 x 10 2 

HER 

2.37 x 10 s 

-7.86 x 10 7 

-1.45 X10 7 

3.32 x l O " 1 

6.13 x lO" 2 

1.24 x 10 5 

0 
3.53 x 10 4 

0 
3.75 X 10-« 
3.53 X 10 2 

Bunch length at end of acceleration phase 2.17 x 10 2 4.11 x 10 1 1.3 x Vfi 7.42 x 10 1 

Compression phase (in MER and HER) a 

Number of laps with bunching field on 
Number of laps after bunching field turned off 
Compression voltage per lap AVcomp (V) 
Total compressional AV (V) 
Final velocity tilt at extraction 
Bunch length at end of compression phase 

Final Drift Compression: 
Final drift length (outside of HER)C (m) 
Final bunch length at target (m) 

a In the 1R and LER, acceleration and compression occur concurrently. 
b A jise time 20% of the flat-top pulse duration was assumed in the LER; all other rings assume a rise 
time of 10% of the flat-top pulse duration. 
c A space charge factor g = 0.61 was assumed in the final transport section. 

1.472 1.741 
2.957 0.0 

-2.72 X 10 7 -2.72 x 1 0 s 

-3.87 X 10 7 -4.74 x 1 0 s 

0 -2.6 x 10" 2 

2.43 x 10 1 1.39 x 10 1 

6.71 x 10 2 

1.0 

(and ear) electric fields are turned on during the launching phase. We let lg represent l p evaluated at 
the beginning of the compression sequence, (| represent l p at the end of the time during which the 
compression electric field AEcamp is turned on, and lp( represent l p at extraction. The time derivative in 
will then be approximately zero, and the goal is to also make / p ( = 0. The maximum tilt will occur when 
/p = l t. During the initial compressional phase when the compressional electric field is on, Eq. (3-93) 
indicates that 

'. 
. 2qe AE, 

S E E ( /„_( , ) + # 
AmH 

During the final compressional phase when AEcxt = 0, Eq. (3-87) indicates that 

,^2tqeQbgn_u + [ : 
AmH \lpi / , / ' ? ' 

(3-96) 

(3-97) 
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Table 3-9. "Ears" and velocity tilts in the C design recirculator. 

LER MER HER LBS' 

Initial voltage gain per lap (V) 
Initial AV per lap in ears (V) 
Final AV per lap in ears (V) 
Ratio of \AVtut\ to ace voltage (Initial) 
Ratio of \AVcln\ to ace. voltage (Final) 
Compression voltage per lap (V) 
Initial velocity difference Av (ms _ 1 ) 
Final velocity difference Av (rns - 1) 
Initial velocity tilt Aviv 
Final velocity tilt Aviv 
Circumference or length L„ c (m) 
Bunch length on exit 

Final Drift Compression: 
Final drift length (outside of LBS)C (m) 
Final bunch length at target (m) 

4.7 x 10 5 9 5 x 1 0 * 9. x 10 7 0 
-6.78 X 10* -4.04 x 10 s -6.33 x 10* N.A. b 

-1.11 x 10 s -1.63 x 10* -3.29 x 10 7 -8.01 X 106*0' 
1.44 xlO" 1 4.25 X10" 2 7.03 x lO"2 N.A. b 

236 xlO" 1 1.71 x 10"1 3.65 X10- 1 N.A. b 

-1.96 x l O 3 -1.12 X 10* 7.14x10* -4.8 x 10 8 "' 
0 -1.62 x 10* -3.73 x 10* -3.37 x 10 3 

-1.62x10* -3.73 X 10* -3.37 XlO 3 -2.44 X 10* 
0 -234 x Mr 3 -1.21 X 10"3 -3.58 X 10"5 

-234 x 10"3 -1.21 X lO"3 -338 X lO"5 -2.59 X 10"2 

7. XlO 2 9.23 X 10 2 1.98 X 10 3 4.8 x 10 2 

2.08 x l O 2 7.71 x 10 1 Z36 x 10 1 1.89 x 10 1 

9.32 x 10 2 

1.0 
a LBS = linear bunching section. 
b N.A. = not applicable. 
c Indicates d £ M r t x length of LBS. 
d Indicates AEcomp x length of LBS. 
e A space charge factor g = 0.81 was assumed in the LBS and in the final compression section. 

Table 3-10. "Ears" and velocity tilts in the P design recirculator. 

LER MER HER LBS' 
Initial voltage gain per lap (V) 
Initial AV per lap in ears (V) 
Final AV per lap in ears (V) 
Ratio of I AVclrs I to ace. voltage (initial) 
Ratio of I AVeiT11 to ace. voltage (final) 
Compression voltage per lap (V) 
Initial velocity difference Av (ms' 1) 
Final velocity difference Av (ms _ 1 ) 
Initial velocity tilt Aviv 
Final velocity tilt Aviv 
Circumference or length Lnc (m) 
Bunch length on exit 

Final Drift Compression: 
Final drift length (outside of LBS)e <m) 
Final bunch length at target (m) 

a LBS = linear bunching section. 
b N.A. = not applicable. 
c Indicates AEear3 x length of LBS. 
i Indicates AEcomp x length of LBS. 
e A space charge factor g = 0.81 was assumed in the LBS and in the final compression section. 

9.4 X 10 5 1.9 x 10 7 1.8. x 10» 0 
-6.63 X 10* -8.68 x 1 0 s -1.31 X 10 7 N.A. b 

-1.11 x 10 s -3.63 x 10 6 -6.57 x 10 7 -8.01 x 10«c> 
7.06 x l f r 2 457 x lO"2 7.27 x 10"2 N.A. b 

1.17 x l r 1 1.91 x 10"1 3.65 x 10"1 N.A. b 

-7.99 x 10 3 1.5 x 10* 2.11 x 10* -4.82 x 1 0 8 M ) 

0 -3.3 x 10* -1.89 x 10* -1.29 x 10* 
-3.3 x 10* -1.89 x 10* -1.29 x 10* -2.44 x 10 6 

0 -4.77 x lO"3 -6.12 X 10"4 -137 X10-* 
-4.77 x i r r 3 -6.12 x 1(T* -1.37 x 10"4 -2.6 x 10"2 

6.87 x 10 2 1.9 x 10 5 4.22 X 10 3 4.81 X 10 2 

2.08 x 10 2 7.71 x 10 1 Z36 x 10 1 1.89 x 10 1 

9.32 x 10 2 

1.0 
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and solving for lt yields 

UL . 
hi ^ 2\ /pf "c «cj 2 

, 0 _ 1 + L !_!J4 + 4<? 
T/2 

= fe

 12<3bg (3-98) 

Here 

flcJ*^ and g =i3*a» <3"99) 
/I mu 4£amp 

The compression time dfcomp during which the compressions! electric field is turned on 
is approximately 

AtcMpJ24*™"®*)1'1 (3-100) 

Here we have assumed lpt« lo, A and /, » / p/ ; lg. 
The final time interval dt(, during .'hich space charge removes the velocity tilt and after which 

the beam is extracted from the ring, is tnen given approximately by 

4f, = ( i p f - ; , ) / / " , (3-ioi) 

For the MER, the values for these quan: ies are also given in Table 3-8. 
Final Compression. We may reuse Eqs. (3-87) and (3-96) through (3-101) to estimate the constraints 

set b; the final target requirement of a pulse duration of about 10 ns. In the T design, in which all of the 
velocity tilt for the final compression is acquired in the HER, 4fcomp can be reinterpreted as the time 
duration of the final few laps, during w ich 4 E c 0 m p is applied. The parabolic bunch length at the 
beginning of compression is fn (-70 m), and /[ then corresponds to the length of the bunch at extraction 
(-15 m/0.74), while lpf is the length of the bunch at the target, which is about 1 m/0.74. Using AEcomp = 
Eacc. w c find that 4fcomp = 60 us, or abou t 1.7 laps, and Atf - 6.7 us, which requires a drift length 
exterior to the HER of about 670 m. 

We see that the lower voltage gradi -'nts in recirculators, which arc advantageous in terms of cost 
and longitudinal instability, are not as effective in providing the final pulse compression. This fact can 
be seen by the following simple argument. The velocity tilt required for pulse compression is given by 
Av = qeAEcompAtcomp/AmH. The change in bunch length is approximately (n - /t = AvAtcamp, and on 
elimination of 4rComp vemay write IQ- lt~ Ami[Av2/eAEcomp. Since <3tr = 24tjegQb/Ami[/pf is fixed by 
the requirement of letting space charge decelerate the bunch compression so that Av = 0 at the target, 
the small dEcmp requires rather large bt nch lengths in the ring if compression is to occur there. 

Figure 3-5 illustrates another CIRCE run simulating pulse compression during the final two laps in 
the T-design HER. The figure shows the pulse duration and velocity tilt as a function of longitudinal 
distance during the final two laps. 

In the P and C designs, in order to n aximize efficiency of the induction cores and pulsers, the pulse 
duration was chosen to gradually decrease as the beam is accelerated. The final pulse duration 
achieved during acceleration is then toe short to allow the low-gradient acceleration enough time to 
give it a big enough kick for compression >n the drift region. Therefore in these designs a short linear 
section exterior to the HER is envisione i io provide a velocity tilt for the final drift region before the 
reactor. Here a 1-MV/m average accelei ition gradient is envisioned (supplying a 1-MV/m voltage 
difference between head and tail); this „radient is in fact the limit in the linear induction 
accelerator.36 

Equations (3-96) through (3-101) may once again be used to estimate the requirements for the final 
linear bunching section (LBS). The variables are now interpreted as follows: lo is the length of the beam 
at extraction of the HER with /o small, /t is the parabolic bunch length at extraction from the LBS, and 
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Figure 3-5. Pulse compression in the T design recirculate*, (a) Pulse duration and (b) velocity tilt vs 
longitudinal distance during the last two laps of the HER. 

Jpt is the length of the bunch as the beam reaches the target. Again, the magnitude of L is maximum 
when / p = /,. The parameters of the C and P design bunching sections are also listed in Tables 3-9 
and 3-10. 

We conclude that the longitudinal space-charge forces would indeed cause the beam to elongate, if 
they were not counteracted by head-to-tail voltage pulses that keep the beam bunched. We further 
conclude that the voltages required to maintain the bunch integrity are not an inordinately large 
fraction of the voltages already required to accelerate the bunches, so that the additional costs 
associated with longitudinal debunching control will be minimal. In addition, the voltages required to 
compress the beam are also easily obtainable in the T design, and require a relatively short and 
relatively inexpensive additional linear section in the P and C designs. 

3.7 Longitudinal Instability 

A serious and long-recognized potential problem for heavy ion fusion is the possibility of the 
longitudinal resistive instability. The growth rate of 'his instability has been calculated*7 under the 
assumption that the capacitance of the accelerating cells could be neglected. The analysis starts with 
the linearized continuity and momentum equations for one of the N\, beams propagating in the 
z direction: 

dt dz dz 

dt dz 
.i Mi 
An dz Amu 

(3-102) 

(3-103) 

Here vo and ^o a'<? the unperturbed beam velocity and single-beam line charge density, respectively, 
and vj and Aj are the corresponding perturbations in velocity and line charge density in a single beam. 
Ei is the perturbation in the average electric field due to the induction modules. Assuming that the 
modules act in a purely resistive manner, the electric field is represented by Ohm's law, i.e., 
£i = -RNtJi, where /] is the current perturbation from a single beam and NtJi reflects the fact that the 
module responds to the total current perturbation. R is the resistance per unit length of the accelerating 
modules. In Eq. (3-103), vp is the phase velocity of the longitudinal spate-charge waws. These waves 
can propagate both forward and backward. Their phase velocity is given by 

\AmHVol 
1.2 x10 s 

\0.2kA/ \o.3cJ (200/ h) 11.51 (3-104) 
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Here Ib is the unperturbed current of an individual beam and g = 2 ln(rp/a) is the longitudinal space 
charge "g factor." When the resistance is nonzero, the phase of the restoring force relative to a density 
maximum is different than for propagation without resistance, and the space-charge waves then either 
decay (for forward-propagating waves) or grow (for backward-propagating waves). By Fourier 
transforming Eqs. (3-102) and (3-103),36 we may obtain a dispersion relation between the frequency ft) 
and wave number k of a perturbation: 

' p S (3-105) 

Lee3 7 has shown that the maximum growth rate Tof the backward waves is given by 

r=N"RvoVP (3-106) 

As the backward-propagating wave grows, the maximum gain will occur either when the beam pulse 
leaves the accelerator or when the perturbation reaches the tail. If the perturbation reaches the tail, 
the question of exactly what part of tie wave is reflected and transmitted is still open. A relatively 
conservative assumption is that growth occurs only until the time (port that it takes for a perturbation to 
pass from head to tail. With this assumption, the maximum gain G s Ft is the product of the growth 
rate and the minimum of fpcr| and At, where dl is the residence time within the recirculator; that is, 

G = min lNbRv0Vpltb/vp)/2g = NbRvJb/2g ( 3 _ 1 0 

\NbRv0vpdt/2g 

Here lb is the bunch length of the beam. Typically in the HER the upper of Eqs. (3-106) holds. Note 
that in that case the total gain is independent of the current, since the growth rate is proportional to 
Vp « / b 1 ' 2 but the maximum time available for growth is proportional to i>p

_1 ~ ib~"2-
The resistance per unit length R scases roughly as the "beam impedance" Vcen/(Nb/Ib), where Vx\[ 

is the voltage across an induction module.37 That is, the module impedance must be approximately 
matched to the load on the module to avoid reflections and thus maintain high efficiency. When cell 
losses are included in calculating the matched impedance, the total current that must be supplied to the 
cell is greater, so the correct matched impedance can be substantially lower than the impedance 
calculated based on the load from the beam alone. We define the factor fz as the reduction in actual 
matched impedance from the matched impedance calculated by assuming the total module current is 
the beam current alone: 

R = Jl—iV. (3-108) 
Nb/ b dz 

Equation (3-108) represents Ohm's law, but where the average voltage gradient dV/dz has been used, 
since R is the average resistance per unit length. 

We may calculate the value of/z. The equivalent circuit for the pulser and induction module is 
crudely represented by Fig. 3-6(a), where Zg represents the line impedance of the cable into the module 
and Z m represents the effective impedance giving rise to the resistive losses in the a r e material. We 
thus define Z m = VCell/'«v Here the current / m giving rise to resistive losses is defined by 

/ m V ' c e l l ' p = I -c (3-109) 
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Figure 3-6. Equivalent circuits for calculating the effective impedance Zcft of the induction modules 
with (a) pulse-forming lines and (b) programmable switches. 

where Lc is the energy loss of the core over the pulse duration fp. The core losses for METGLAS 2605-S2 
have been studied by Allied Signal and by Avery,39 and can be empirically and approximately 
represented by the formula 

L c = 220j| 
f r 

1500 ns 

1.74/.. \ 
"cell 

1m (3-110) 

Here Ucdi = X[R£- R[)lc is the volume of the METGLAS core, where Kj and R0 are the inner and outer 
radii of the METGLAS core and fc is the core length. Also, AB is the swing in magnetic field in the 
induction module over the pulse duration and is given by the equivalent of Faraday's law4 0: 

AB . ffp̂ ceH 
A. (3-111) 

Here Ac = /C(R0 - Rj) is the cross-sectional area of the METGLAS core. 
The matched condition is that the line impedance equal the total cell impedance, i.e., 

•7- - K-cll 

V • N b ; b 

(3-112) 

if the module impedance Z m were independent of Va.n, then Zc,ff experienced by the beam would be 
equivalent to the line impedance and the resistive core impedance in parallel, i.e., Z0ff = ZoZm/(Zo + 
Z m ) . However, Eqs. 3-109) and (3.7.10) indicate that the effective Z m is proportional to Vccii2~v, 
where v = d(\n Dc/r> n AB) = 1.74. A linear perturbation analysis shows that in that case Zeff = 
ZoZ m / | (v-l)Z 0 + Zmj. 

It follows that fz may be written as 

fz . Z b Wb _ Nblb 

Va-ll "'m + Wb' . 
(3-113) 

Typically fz ~ 0.5 in the HER, while fz is as low as 0.16 in the LER of Ihc P design, reflecting the higher 
fractional core losses that occur at the low-energy end. 
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Using Eq. (3-108), we may rewrite the upper of Eqs. (3-107) as 

J k _ f M i P = i 8 . 5 (_2L) 2 ( J lLJ (^K_]faJmWJIL\[Mj«C||Lal(-f^) (3-114) 
K).3c' ^SOOnsMgGeV'UrecMniapM Q b }\gl\0A1l 

Here Ob is the total charge per beam, AV is the total accelerating potential drop, i r c c is the total 
circumference of the recirculator, and n\ap is the number of laps the beam makes around the recirculator. 
Note that we have made use of dV/dz = 4V/ni a pL I C C and /rj = tfo'p- Equation (3-114) indicates the 
potential advantage of a recirculator over a linear machine in controlling longitudinal instability. In a 
linear accelerator, the quantity ni apL r e c should be replaced by the accelerator length La. Since 
La/niaplrcc c a n be £1 /15, and assuming the other factors are the same, it is evident that in principle 
recirculators can have lower total gains than linear accelerators. Unfortunately, the T design relies on a 
pulse-forming network to provide pulses of constant duration, so that a pulse near the end of the 
acceleration sequence is quite long. The combination of high velocity and long pulse durations (i.e., long 
bunch lengths) yields larger longitudinal instability gains than arc achieved when the pulse duration 
is allowed to shorten with energy as in the P and C designs. In those cases, Drjlp remains approximately 
constant (equal to its value at injection) or decreases. In these cases the head-to-tail gain, with 
resistance only, is only a few and should therefore considered benign. 

When capacitance is included in the calculation of the perturbation gain, Lee and Smith41 have 
shown that the growth rates may be reduced from those given by Eq. (3-106). They include a capacitor 
in parallel with the resistance and thus obtain a circuit equation for E\ to replace the simple Ohm's 
law electric field: 

El | 3 E i - . N b / i 
RC d( C (3-115) 

Here C is the capacitance of the modules. Lee and Smith41 assume that the capacitance can be chosen 
such that the time constant RC of the circuit is -0.1 rp. Using a saddle point analysis, but not including 
the effects of space charge, they found that the growth rate with distance can be approximately 
described by a parameter K, given by 

K=tqelAm

 ( 3 . U 6 ) 

The total gain is then given by G = 0.3536x2, where z is the total path length. For this value of K, 
the spatial growth rate is lower than that given by Eq. (3-106). However, since a recirculator has much 
longer path lengths than a linear machine, the total gain of the longitudinal instability using this 
formula would still bo quite large. 

A simplified analysis using Fourier transforms,38 but including space charge, yields the dispersion 
relation Eq. (3-105), with the resistance R replaced by the generalized impedance Z, given by 

Z = -
\-iaRC O-UD 

We may solve Eq. (3-104) numerically for the imaginary part of <aas a function of the real k and 
obtain temporal growth rates. If we make an assumption analogous to that leading to Eq. (3-106), we 
would expect that the maximum gain limited by head-to-tail growth is given by C = u^kl^/do, - kvo), 
where a, and fl)s are the real and imaginary parts of a> and (u>, - kvrft/k represents the phase velocity 
of the perturbation with wave number k in the frame moving with the bunch. In Fig. 3-7, G is plotted vs 
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Figure 3*7. Gain vs perturbation wave number k for two values of 
capacitance C. Head-to-tail growth is assumed to limit gain, i.e., 
G = (0[kibHw, - ki) 0). 

k for the T-design HER, for C = 0 and C = 0.1 tp/R. The strong reduction in gain for nonzero capacitance 
is apparent. 

We have listed some of these parameters in Tables 3-11 to 3-13. As can be seen, if head-to-tail 
growth limits gain, the combination of relatively low resistance and nonzero capacitance of any of the 
recirculators should make the longitudinal instability benign. 

As noted earlier, if capacitance is absent, and if switches allow for small bunch lengths (as in the 
P and C designs), longitudinal instability will also be benign, again provided that head-to-tail growth 
limits gain. It should also be pointed out that if programmable switches are used, the impedance given 
by Eq. (3-107) may substantially overestimate Ze(f. With the switches able to switch on and off, the 
matched line impedance Z0 is no longer necessary. The situation is more akin to the equivalent circuit of 
Fig. 3-6(b), where the switch simply connects and disconnects a large capacitor charged to the drive 
voltage VQ. If the transit time to the capacitor is much less than the pulse time, the voltage regulation 
should not be prone to variability from reflections of the propagating voltage pulse. The resistance 
(and therefore the gain) should be an order of magnitude or more lower than that given by the 
previous estimate. 

It is clear that more analytical, numerical, and experimental work is required to ensure that this 
potential beam degradation mechanism is fully understood, although our initial look at this 
instability appears favorable. 

3.8 Summary of Physics Needs Experiments 

In the area of vacuum requirements, the coefficients for desorpnon and sputtering and the cross 
sections for ionization, stripping, charge exchange, and electron capture must all be measured at the 
appropriate energies. Large uncertainties exist in our knowledge of these coefficients. A number of 
experiments can be made using ion synchrotrons, for example, to determine some of the values. Of 
particular interest would be a study of the time dependence of the desorption coefficient. W. Barletta 
has suggested that useful information may be obtained from the Berkeley Bevalac machine, which 
may address the vacuum conditioning time for an HIF recirculates. A number of experiments done on the 
Heavy Ion Synchrotron (SIS) and the Experimental Storage Ring (ESR) at GSI, Darmstadt, Germany, 
may be of value in this area because these issues are of equal interest to the European approach to HIF. 
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Table 3-11. Longitudinal instability in the T-design recirculator. 

IR LER MER HER 
Space charge factor" g 
Final beam velocity z»f (m s - 1 ) 
Perturbation phase velocity1' » p (m s"1) 
Pulse durationb fp (us) 
Module resistance per unit length 7? (Q/m) 
Matched resistance reduction (actor / , 

Zero capacitance calculations 
Growth rate tt)j (s~1) 
Gain (residence time limited) G' 

(G = aiiAt) 
Gain (head-to-tail limited) G* 

(G = (OiVftplvp) 

Calculations with nonzero capacitance (C = 0.1tp/R) 
Lee-Smith (residence-time-limited) gain G 3 

(G = 0.3536KZ; space charge not included) 
Gain (head-to-tail limited) G b 

(G = o\kv(tvHcoT - kv(); space charge included) 1.2 

1.07 2.46 2.59 2.66 
5.36 x lO 6 9.79x10* 3.09 x 10 7 9.42X10 7 

4.92x10* 1.7 x l O 5 9.69 x 10 4 1.27 x 1 0 s 

40.5 4.2 4.2 0.79 
26.98 10.14 35.74 47.66 
0.37 0.61 0.35 0.49 

1.48 x 1 0 s 1.52 x lO 3 9.16 x 10 3 4.76 x 10 4 

13.67 7.95 38.12 134.32 

6.53 0.37 12.25 27.8 

2.78 8.01 5.65 12.86 

1.2 0.37 3. 3.5 
a The space charge factor, phase velocity, and pulse duration were calculated at the end ot Ihe 
acceleration phase in the MER and the HER, which maximizes head-to-tail gain. 
b The number of e-foldings of growth of a perturbation is given by the minimum of the head-to-tail 
and residence-time limited G (for either finite or zero capacitance). 

Table 3-12. Longitudinal instability in the C-design recirculator. 

LER MER HER 
Space charge factory 
Final beam velocity Vf (m s _ 1 ) 
Perturbation phase velocity i>p (m s"1) 
Pulse duration t p (us) 
Module resistance per unit length R (Q/m> 
Matched resistance reduction factor / -

Zero-capacitance calculations 
Growth rate (0\ ( s _ i ) 
Gain (residence-time limited) G J 

(G = a>\At) 
Gain (head-to-tail limited) G* 

(G = (t>iUjttlvp) 
Calculations with nonzero capacitance (C = O.lfp/R) 

Lee-Smith (residence-time limited) gain G a 

(G = 0.3536x2; space charge not included) 
Gain (head-to-tail limited) C 

(G = (0ikv(tp/(.u)t - kvf); space charge included) 

1.02 1.73 1.71 
6.92 x 10* 3.09 x 10 7 9.42 x 10 7 

478 x 10 1 1. x 10 5 1.78 x 10 s 

30. 2.5 0.25 
20.89 40.18 21.5 
0.45 0.65 0.76 

1.5 x lO 3 1.59 x 10 4 4.68 x 10 4 

24.42 77.79 148.05 

6.53 12.25 6.2 

4.7 10.71 30.01 

1.2 2.7 1.9 
a The number of e-foldings of growth of a perturbation is given by the minimum of the head-to-tail 
and residence-time limited C (for either finite or zero capacitance). 
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Table 3-13. Longitudinal instability in the P-design recirculator. 

1.06 1.84 1.64 
6.92x10* 3.09 x 10 7 9.42 X 10 7 

4.79x10* 1.03 x 10 5 1.74 x 10 s 

30. 2.5 0.25 
15.59 20.23 14.6 
0.16 033 0.55 

LER MER HER 
Space charge factory 
Final beam velocity V{ (m s' 1) 
Perturbation phase velocity vp (m s~1) 
Pulse duration fp (us) 
Module resistance per unit length R (ft/m) 
Matched resistance reduction factor fz 

Zero-capacitance calculations 
Growth rate a* (s"1) 1.08 x l U 3 7.76 x 10 3 3.25x10* 
Gain (residence-time limited) G* 

<G»<Mf) 8.63 39.05 109.63 
Gain (head-to-tail limited) G' 

(G = copftplVp) 4.7 5.8 4.4 

Calculations with nonzero capacitance (C = O.ltpIR) 
Lee-Smith (residence-time limited) gain G' 

(G = 0.3536*3; space charge not included) 1.96 7.81 26.39 
Gain (head-to-tail limited) G* 

(G = OjfcP(tp/(fly- kvf); space charge included) 22 LI 1.7 

' The number of e-foldings of growth of a perturbation is given by the minimum of the head-to-tail 
and residence-lime limited G (for either finite or zero capacitance). 

The question of emittance growth around multiple bends will ultimately need to be tested in a 
recirculator, although some information will be gleaned from transport of ion beams around single bends 
as in Ref. 28. 

In the area of resonance instability and misalignments, both small linear accelerators and 1LSE-
scale recirculators will test our numerical codes and hence our understanding of misalignments. A 
recirculator is, of course, required to confirm whether the rapid resonance crossing in recirculators 
reduces the resonance instability to a number of individual random kicks from misaligned magnets 
equivalent to a long linear accelerator. A good experiment would enable the experimenter to make the 
acceleration rate low enough that resonance instability could be observed. Such an experiment could be 
performed on an ILSE-scale recirculator. 

Longitudinal instability is difficult to model in small linear experiments because the low currents 
(yielding low growth rates) and small number of acceleration modules yield small instability gains. A 
low-current, tabletop experiment using electron beams (taking advantage of the lower mass and 
correspondingly higher gains) has been proposed by Reiser's group at the University of Maryland.*2 

Our group has also suggested an experiment that would use about 10 m of the Advanced Test Accelerator 
(ATA) at LLNL. For a 23-kcV (/? = 0.3), 100-A electron beam, logarithmic gains of the longitudinal 
instability of a few are achievable. The high resistance of the induction modules already in place 
would be effective in creating enough e-folds of the longitudinal instability to contemplate useful 
measurements. They would be so effective, in fact, that reacceleration (of about 6 keV/m) would be 
necessary to make up for the resistive losses of the beam as a whole]. Many issues such as determining 
what diagnostics to use, what kind of correction schemes should be tested, determining the design of a 
high-perveance electron gun, and conversion of the cell pulsers that are fired to long (of order 
microseconds) pulses must all be resolved before a formal proposal is made. The main advantage of this 
experiment would be that many of the resources are already in place. 

Cold tests of full-scale recirculator cells will be useful in obtaining longitudinal and transverse 
impedance measurements, as they are currently being done for prototypes of the linear accelerator cells 
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by A. Fallens at LBL. Finally an ILSE-scale recirculator experiment could be envisioned in which 
recirculation over many laps could compensate for the lower growth rates that are achievable. Also, 
experimentation with feed-forward and feedback control systems could be performed, even on space-
charge waves with no resistive growth. 

As previously mentioned, cold tests of full-scale cells will yield useful impedance measurements, 
for the 8BU instability, verifying code predictions. 

Longitudinal bunch control has been studied on LBL's Single Beam Transport Experiment and MBE-4 
(Multi-Beam Experiment with four beams). Further studies could be carried out on ILSE with or 
without recirculation. 

3.9 Conclusion 

As has been indicated there are a number of mechanisms that have the potential to degrade the 
beam, quality. Making our best estimates o£ the rate of beam, degradation, team each, OKchamsm suggests 
that either the mechanisms can be controlled or the accelerator designed in such a way that the impact 
on the beam will not be enough to reduce the beam quality below the minimum requirements set at the 
target. Circful analytical, computational, and expctimcntal confirmation of these estimates must be 
made, however, before a heavy ion fusion driver is realized. 
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Symbols Used 

a Average beam radius 
at Final value of a 
flo Initial value of a 
A Atomic mass 
A Magnetic vector potential 
A c = lc (R 0 - Rj) =the cross-sectional area of the METGLAS core 
A f = nr2

p = pipe cross-sectional area 
/4Sp = 2n7pL r e c = total surface area of one beam pipe 
Ag 0(i.e., 2) component of magnetic vector potential 
B Quadrupolc magnetic field at the pipe radius 
Bexi Component of guide field in the y-direclion 
[Bp] Magnetic rigidity 
B' = B/rp = transverse magnetic gradient in quadrupole 
c Speed of light 
cs Speed of sound through background gas density 
C Module capacitance 
d Half the width of an acceleration gap 
e Magnitude of the electron charge 
Eacc Part of £ o x l that accelerates heavy-ion beam 
£cm Average kinetic energy of a heavy ion in the comoving beam frame 
£ C S r s Part of £ M i that prevents space-charge debunching 
£eo m p Part of E c x l that compresses the beam 
£ c v [ Longitudinal electric field applied at the acceleration gaps 
Elun Energy gain of ionized gas molecules from space charge of beam 
£1 Perturbation in the longitudinal electric field 
/ Ratio of gas density at lumped pump to IT 
/z Ratio of beam load-matched impedance to total load-matched impedance in an 

induction cell 
/non//iin Ratio of nonlinear focusing force to linear focusing force 
fs Sum of electric and magnetic self forces 
g 2 ln(rp/a) = longitudinal space charge factor 
G Gas particle, or target gain, or logarithmic gain of an instability 
H2 Molecular hydrogen gas 
HI*t*' Beam particle singly (or doubly) ionized 

= Nb'b = 'Ota' current 
= yfSAIo/q = Alt' ven current 
Current per beam 
Module current giving rise to resistive losses in module 

'0 =mnc3/e = 31MA 
1 Perturbation in the current of a single beamlet 

Current density vector 
e Current density in 0(i.e., z) direction 

k Boltzmann's constant 
k Wave number of a perturbation 
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kp = oV2L = betatron wave number associated wi'.h depressed phase advance 
fcpo = c<o/2f- = betatron wave number associated with undepressed phase advance 
K = (2q/y3P3A)(.lb/Io) - the perveance 
K Spatial growth rate of longitudinal instability 
ib Bunch length (= length of the flat top of a trapezoidal current profile) 
/bo Bunch length at t = 0 
/ c Length of METGLAS core 
lo L evaluated at some initial time 
Jp Length between the zero points of a parabolic current profile 
( r Length of the rise portion of a bunch with a trapezoidal current profile 
ft J„ evaluated at some intermediate time 
/ p f / p evaluated at some final time 
L Half-lattice period 
Lc Resistive losses in each induction module per voltage pulse 
Lmax Maximum distance between pumps to allow neglect of pipe conductance 
L^c Circumference of a recirculator ring 
iscx Spacing between beam scrapers 
m g Mean mass of background gas molecules 
ran atomic mass unit = hydrogen mass 
M Blanket multiplication factor 
n ^AR/BJOBy/dr) 
B g (z, t) Background gas density 
no n at entrance time of beam into ring 
« m a x n at exit of beam from ring 
«f n just before entrance of new beam pulse into ring 
nit) Background gas density averaged over z 
ni ap Number of laps the beam orbits a recirculator ring 
N Harmonic number multiplying ln/Ltec 
N), Number of beamlets in a recirculator ring 
Ng Number of accelerating gaps encountered by beam in « | a p laps around a ring 
N2 Molecular nitrogen gas 
P = nkT = average pressure within beam pipe 
Pe Net electric power 
q Ion charge state in units of proton charge 
(jo Intrinsic outgassing rate per unit volume of a single pipe 
ifce Effective outgassing rate per unit volume due to charge exchange 
ijeff 90 + fee = effective outgassing rate per unit volume 
Q Mode quality of the BBU cavity mode 
Qb Charge per beam 
Qo Intrinsic outgassing rate per unit surface area of pipe 
r radial coordinate of cylindrical coordinate system centered at the center of the 

recirculator ring 
r dr/il 
jp Single pipe radius 
Tspat Final spot radius or. iarget 
R Target stopping range 
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R Recirculator average radius 
R Average resistance per unit distance d u e to induction modules 
R b Bending radius of an ion in a B-field 
Rj Inner radius of METGLAS core 
R 0 Outer radius of METGLAS core 
s (R2/ByM%/dt) 
Sun Pumping speed per unit distance from distributed pumps 
Slump Pumping speed of individual 'lumped" pump 
ST ST = Sjin + / S | u m p / L p = average pumping speed per unit distance from distributed and 

lumped pumps 
I Time 
t d ' "Dead" time between pulses 
fd)ff = 3L 2p/(t> 2 |tw c> = the diffusion lime of a gas particle to travel a distance t p mediated 

by wall collisions 
(life Power plant lifetime 
( L o Time for space charge forces to double length of beam in the absence of confining voltage 

ears 
fm a > Time at which gain of BBU instability is maximum 
fnet = Ap/{pn\,osViAf - ST) = effective net pumping time 
'pump Volume of pipe between lumped pumps divided by lumped pumping speed 
(p Main pulse duration 
( p e r t = h/vp = time for a perturbation to travel from head to tail 
t r = (d + At - repetition time (between beam pulses) 
( s = Lp/Ps =time for sound to cross distance between pumps 
t O T Mean time between wall collisions 
T Gas temperature 
T Transit time factor 
Ucc[\ Volume of METGLAS in an induction module 
D U ) Heavy ion velocity 
V]] Longitudinal ion velocity at the head of the beam 
Pi Heavy ion (beam) velocity 
VQ Unperturbed heavy ion velocity 
vo Heavy ion velocity at t = 0 
Vp Phase velocity of a space charge perturbation in the beam 
vt Thermal velocity of background gas 
UT Longitudinal ion velocity at the tail of the beam 
vz Background gas fluid velocity 
v^n Average thermal velocity of a heavy ion in comoving frame 
v dv/dt 
W'beam Volume of a single beam 
Vpjpe Volume of a single beam pipe 
V c c l l Voltage across an induction module 
W Total pulse energy 
x =r-R = local Cartesian coordinate in radial direction 
*b Fractional beam loss as a function of time 
Xc =(*) = beam ccntroid position 
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x" c = dxjdz 
la. Fractional beam loss from charge exchange alone 
if Fractional beam loss at time of exit from ring 
io Value of x at t = 0 
xslrip Fractional beam loss from stripping alone 
i dx/dt 
io dx/dt at t = 0 
y Distance above the midplane of the ring 
z Distance along the accelerator 
Z Longitudinal impedance per unit length 
Zeff Effective longitudinal impedance per unit length 
Zi, Atomic charge of a beam heavy ion 
Zm Effective impedance of the induction core material 
Zo Line impedance of the pulse forming line 
Zj. Transverse impedance for the BBU instability 
a Fine structure constant 
a(x) Nonl inear term in equation of motion 
/3 Ion velocity in uni ts of c 
A) Unper turbed ion velocity in uni ts of c 
y = (1 - / J 2 H / 2 = Lorentz factor of beam 
T Growth rate of an instability 
SB Error in the d ipole field s t rength 
5 B N Fourier component of SB having spatial frequency luN/Lr^ 
AB Magnetic field swing in induct ion material over pu lse 
AEex, Difference in applied electric field be tween head a n d tail of bunch 
4 E e a r s Difference in E e a r s between head and tail of bunch 
AE<omp Difference in E c o m p b e t w e e n head a n d tail of b u n c h 
Ap/p Final m o m e n t u m spread 
AP Pressure difference between a p u m p location and a point midway between p u m p s 
Ar Clearance distance be tween beam and p ipe 
Ar^a Radial extent of beam scrapers 
At Residence time of beam in a recirculator ring 
A V Total voltage gained in a recirculator ring 
A I'lap Voltage gained in one lap of a recirculator 
Ax2 =(ix-xc9-) = (x2)-x\ 
Ax'2 =<(x'-x'c)2> = < ^ > - ^ c 

40 = 0(K) - <f£r) potential difference between center of beam and position x 
£ Efficiency of conversion of thermal to electric energy 
£ A generic small quantity 
£ Emittance 
£f Final value of emittance 
£ n Final normal ized emit tance 
Co Initial value of emittance 
C =z-vt 
T\ Accelerator efficiency 
Tip Ratio of average beam radius to pipe radius 
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flq Quadrupole occupancy factor 
flc Wall desorption coefficient for ionized gas molecules 
All ) Wall desorption coefficient lor heavy ions 
$ Grazing angle between stripped heavy ion and pipe surface 
0 = z/r = angle in r, 8, y cylindrical coordinate system 
X line charge density (beam charge per unit length) 
Xo line charge density at the center of the beam 
It Koion/o-sflG + iHlKVbcam/Vpipo) 
V < * l n L c ) / < J ( l n d B ) = 1 . 7 4 

Vrep Repetition rate 
P Charge density 
C Depressed, phase advance 
<7ce Charge exchange cross section 
tfonl) Ionization cross section in the Born approximation 
don Ionization cross section 
CO Undepressed phase advance per lattice period 
Cfs Stripping cross section 
CsB Stripping cross section in Bom approximation 
<P Electrostatic potential 
fi) Frequency of a perturbation 
0) Frequency of BBU mode 
0>i Imaginary part of ft) 
Wr Real part of ft) 
tf/JO - kpov - temporal betatron frequency 
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4. Recirculator Design Considerations 
In this section we delineate the physics considerations used in the point designs and discuss the T 

design in detail. The technology of the individual systems is discussed in Sec. 5. Many of the design 
principles discussed are applicable to all the designs presented in this report, but the numerical 
examples presented in this section are generally those of the T design. 

4.1 General Principles 
A main goal in our first recirculator study was to construct a driver point design. While the point 

design has not yet been fully optimized, it provides a concrete basis for cost and efficiency evaluations 
and helps to identify key areas for technological research. 

The point design that we have chosen is a 4-MJ system, with charge state Z = +1, atomic mass 
A = 200, with particle energy at target E = lOGeV. The total charge is 400 u.C. With the system 
operating at 10 Hz, this driver is a reasonable candidate for a 1 GW power plant. This study focuses on 
the accelerator, beginning from the injector, and treats all components through final transport up to the 
reactor entrance. 

in constructing the T design, we adhered to four basic guidelines as much is possible: 
1. Use of today's technology. To provide a concrete basis for a first evaluation, we felt it essential 

to start with conventional technology based on known components. Our cost and efficiency estimates can 
therefore have reasonable bases. This first study may also provide a springboard for identifying 
advanced research areas with high leverage. Hence, the pulsers, dipolcs, induction cores, and focusing 
magnets are all designed around rather conventional parameters. 

2. Simplicity. In comparison with the linear induction machine, the induction recirculator 
introduces new physics and technology issues such as brightness preservation around bends and beam loss 
due to long residence time. However, recirculation also introduces new degrees of freedom that allow us 
to construct designs that are much simpler, particularly from the engineering point of view (e.g., few 
beams, smaller cores). In comparing various redrculator options, we generally selected systems that are 
relatively simple, so long as the price in cost and efficiency is not excessive. 

3. Efficiency. To ensure an overall system with reasonable gain, we require that the point design be 
efficient. The driver design efficiency goal was 20% from wall plug to energy delivered on target. In our 
design, several measures were undertaken to achieve the efficiency goal, even at higher costs. 
Conversely, if a lower-efficiency driver is acceptable, the cost can be further reduced. 

4. Cost. Our goal is to design a point driver that is at least a factor of two or three lower in cost 
than its linear counterpart. This expectation is reasonable on the basis of some general scaling arguments 
presented in Sec. 2 and again in more detail in subsequent sections. We wish to substantiate these 
arguments with bottom-up costing algorithms. The costing algorithms used in the T design are based on 
relatively minor extrapolations from today's costs. The resultant cost estimate is for the "first of a kind" 
based on today's technology. This relatively conservative estimate is the central thrust of our costing 
effort presented in Sec. 6. 

The three major functions of a circular accelerator are bending, acceleration and focusing. For our 
design, we choose to bend beams with conventional dipoles that are ramped in time to match the 
increasing energy of a recirculating beam. Acceleration is provided by induction modules powered by 
pulsers with enough flexibility to accommodate variable repetition rates and pulse formats as the 
accelerating beam recirculates. Focusing is provided by superconducting quadrupoles in a periodic 
alternating-gradient focusing system. Superconducting quadrupoles are chosen primarily because of 
their energy-saving feature. Dipolcs, on the other hand, cannot be superconducting because their field 
must be increased over millisecond time scales. The choices of these three technological components are 
by no means unique but are consistent with our philosophy of using today's technology. While most of 
the scaling laws for these components are well known, we want to re-examine them in the context of a 
recirculator, placing particular emphasis on the interplay between components and on how the various 
constraints work to shape the driver design. 
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4.1.1 Bending Systems 
A heavy ion with mass M = AMQ (where A is the atomic mass and M0 is the atomic mass unit) and 

charge Ze, moving at speed pc, traversing a dipole magnet with field strength B<j, is bent with a radius 
of curvature p given by 

H,?-&*«£. [Up] 
Ze l ' (4-1) 

where y e (] - / J 2 )* 1 / 2 is the relah'vistic factor of the particle and [Bp\ is the particle rigidity. A 
recirculating machine with quadrupole focusing consists of focusing magnets with a half-lattice period 
L and with dipoles occupying some of the space between quadrupole magnets. The dipc'.e occupancy 
factor is Tja = L^/L, where Ld is the effective length of a dipole magnet. Assuming a simple accelerator 
structure consisting of many half-lattice periods, each being occupied by a dipole, the circumference of 
the ring LjK and the average radius of the ring p are determined by 

L r «=2sp = 2 ^ i M (4-2) 

As a particle is accelerated, its rigidity IBp] increases. The particle is kept in orbit by varying the 
dipole field Bj in such a way as to keep the radius of curvature constant. In principle, the circumference 
of the ring could be made as small as is allowed by the maximum attainable field at the highest 
energy. For a maximum dipole field of 2 T with a 50% occupancy factor, a 10-GeV ion with mass A = 200 
particle (with rigidity [Bpl = 206 T-m and p>= 0.332) can be contained in a ring of 1.3 km: 

t r e c = 1297 m (C i ) (2Xj / jL ) f^_ ) (4-3) 
l V ( B d M 0 . 3 3 2 ' W 

To minimize the size of the accelerator, one might be tempted to use the maximum possible dipole field 
attainable (-2 T). In the T design, we have in fact used field strengths closer to 1 T, at the expense of a 
larger machine. The motivation is efficiency. The field energy ej stored in the dipoles around the 
whole ring is given by 

e d = M!M^ = 40.4Mj(^)(J_WJ^-)N (4-4) 
(tt)/4*) 

The ring is assumed to consist of N[, square pipes each of side 2R. The energy stored is only linearly 
proportional to the dipole field rather than quadratically because of the increased magnetic volume at 
lower fields. 

In the numerical example, the field energy is 10 times larger than the total beam energy of 4 MJ. In 
addition to lowering the dipole strength, the field energy could be reduced by using small pipes. The 
size of the pipe is determined primarily by the beam current and the focusing strength. Reduced pipe 
size is achievable if high-field quadrupoles are used. However, tight beams suffer large beam losses 
from charge exchange. In fact, as shown in Sec. 3, losses induced by charge exchange increase only 
linearly with residence time but inversely as the fourth power of beam radius. Charge-exchange losses 
can be kept manageable (a few percent) by keeping beam radii larger than 3 or 4 cm with the 
corresponding pipe radii R larger than 6 or 7 cm. Constraints on the number of beams Nb are discussed in 
the next section. 

The field energy, if nonretrievable, is much too large for the driver system to be efficient. 
Fortunately, it is possible to design a dipole-pulser system in which most of the energy is recovered. A 
pulser system using a sinusoidal ringing circuit has been designed, and the calculated energy recovery is 

4-2 



estimated to be as high as 95%. A first laboratory prototype test at low level already yields over 90% 
recovery. The losses then fall well within the targeted efficiency budget. The dipole pulser system is 
described in more detail in Sec. 5.1.2. 

In comparing the costs of recirculators and linear machines, we have noted earlier that substantial 
savings in induction core and focusing magnets can be expected as a result of recirculating. However, the 
recirculator introduces two new components, the dipoles and their pulsers. To maintain the economic 
edge of recirculators, the cost of these new components must be low. Fortunately, the dipole systems 
design are indeed low cost. Dipole magnets are generally easier to construct than quadrupoles and are, 
therefore, cheaper per unit. The dipole pulser system for the T design is a low voltage system, and the 
cost, based on a "bottom-up" estimate, is about 50V/J. The cost of the dipole system generally comes out 
to be a small fraction of the total driver cost. 

4.1.2 Acceleration Modules 

4.1.2.1 Induction Cores 
Induction cores constitute the single largest-cost component in a linear machine. Indeed, many of the 

design features of the linear driver are motivated by the desire to reduce core costs. Recirculation 
allows multiple-pass usage of induction cores. In addition to savings in core costs, this configuration 
relaxes some of the constraints imposed directly or indirectly on the linear designs. We take advantage 
of this additional freedom to obtain simpler and more efficient designs. 

Consider a ring with Nc identical cells, each of length i, 0 outer radius RQ, and inner radius R,. The 
induction core provides a voltage increase Vc for a duration T, according to 

Vcr = ABAc, (4-5) 

where AB is the flux swing and Ac = (R0 - Pi)Lr The maximum flux swing AB in METGLAS 2605-S2 is 
2.9 T. 

The cost of induction cores is roughly proportional to the total volume 27of METGLAS, where 

Z = Nc!c(Ri-Ri)Lc = Ncn(R0 + Ri)A: (4-6) 

Combining Eqs. (4-5) and (4-6), the total volume of METGLAS is given by 

^ ( R o + Rilr 
AB 

where AE^ is the energy gained per lap. For constant AE^, we might rewrite this expression in terms of 
the total energy gain from injection to extraction AE, in a total of K laps: 

I_x(Ra + Ri)TaE, ( 4 . 8 ) 

AB K 

Although Eq. (4-8) is rigorously correct only in the special case of identical cells, it provides an ansatz 
for understanding the difference between linear and recirculating machines. 

In a linear machine (K = 1), one is strongly motivated to keep T as short as possible to minimize 27. 
Since the total charge is fixed, the linear designs operate best at as high a current as possible. 
Multiple-beam scenarios are devised to help with the transport of high currents. However, multiple-
beam operation also brings with it the price of very large induction cores and somewhat complicated 
beam manipulations, including beam merging. We also note from Eq. (4-8) that the advantage of 
"short" pulses is offset in part by the increased core radii. 

In a recirculator, however, core material can be drastically reduced by exploiting the multiple 
passes. We can now "afford" to tran-port much longer pulses at lower currents. Hence, in our point 
design, we transport four beams from injector to extraction. The current per beamlet at injection in our 
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design is in fact lower than in its linear counterpart, but the injected beams in a recirculator are about 
ten times longer. The core savings are substantial in a 50-lap recirculator. 

Another new degree of freedom exploited in a recirculator is the ability to reduce the flux swing 
significantly below the maximum allowed. This measure leads to reductions in core losses. Losses in 
METGLAS have been studied empirically by Smith1 and Avery et al.2 In the same spirit as Eqs. (3.7.8) 
and (3.7.9), their empirical results can be cast in the form of a core current 

; , = 139A '42-)ViK(R0 + RK) (4-9) 

where 45 is in tesla, T in microseconds, and Ra and R\ are in meters. The ratio J)c of core loss to beam-
energy gain is given by 

K Q 

where Q is in microcoulombs. It is well known that induction cores are most efficient when transporting 
high currents. This feature is evident in the reduction of r)c with reduced Tand/or increased Q (increased 
currents). Note, however, that this r dependence is only to the 1/3 power. In contrast, a reduction in AB 
leads to a much larger reduction in core loss. Furthermore, the recirculator cores are much smaller than 
those in the linear machine. Equation (4-10) again predicts a reduction in core loss. It is in fact possible 
to construct recirculator designs for which the increase in efficiency of induction cores could more than 
compensate for the losses in the ramped dipoles to yield a higher overall driver efficiency. 

There is one more cost advantage associated with the recirculator cell designs. Since the effective 
path length in a recirculator is actually much longer than a linear machine, the accelerator gradient is 
about a factor of ten lower. The reduced gradient and small induction cores remove the need for large 
and expensive insulators. 

4.1.2,2 Induction Core Pulsers 
The induction cell pulsers must be capable of firing K times, once per lap. For our recirculator 

designs, the beam transit time per lap requires that the repetition rate during the recirculation be as 
high as 50 kHz. Furthermore, since the beam moves faster with increasing lap number, the repetition 
rate must be variable. We would like the pulser also to have a variable pulse format to accommodate 
continuously changing current and pulse duration from lap to lap. 

We have performed some general surveys of existing switches (Appendix C) to identify cost-
effective candidates for our pubei needs. At the low-energy end of the driver, pulse durations are long 
and currents are low. There, vacuum-tube modulators or solid-stale devices, which are well suited to 
low-current applications, can be programmed for arbitrary repetition rates and pulse formats. Switches 
based on pulse-forming networks (PFNs) are affordable at today's price and are used in our designs of 
the higher-energy rings of the T design. With a suitable combination of thyratrons and magnetic 
switching, it is possible to generate the needed variable repetition rate. The voltage waveform, 
remains, however, fixed from turn to turn. In the T design, the acceleration schedule at the high-energy 
end of the driver is constructed to fit the fixed-voltage format of PFNs. 

With the increased complexity of the recirculate* pulsers, we may anticipate a much higher cost 
per unit than with linear machines. However, the overall cost of the rccirculator pulsers turns out to be 
much lower. The reason is that because of the much higher average repetition rate of recirculators 
(K-fold increase), the energy and peak power required for the recirculator pulsers is much lower. 

4.1 J Focusing Systems 
In this section, we review the design equations for space-charge-dominated beams in a periodic 

alternating-gradient (A-C) focusing system and consider their implications in the recirculator 
configuration. 
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4.13.1 Transport Equations 
Transportable current in an A-G lattice was first studied by Maschke.3 We repeat here the 

transport equations both in the smooth limit approximation as well its generalization to account for 
discrete matrix elements as derived by Lee et al.4 The smooth limit approximation is not as accurate, 
but some of the scaling arguments are more transparent in the simpler formalism. 

If a single ion with rigidity [Bp] traverses an A-G focusing system with lattice period 2L, occupied 
by focusing and defocusing quadrupoles of field gradient B' and occupancy factor r/q, the undepressed 
phase advance o"o per lattice period is given by 

%B'L2 

N (4-11) 

In the presence of a high-current beam, the depressed phase advance o is related to the beam current /b 
and mean edge radius a by 

>Hff (4-12) 

where 

2Jh 

M > ] ( 4 * ^ 2 ) {4.13) 

is a dimensionless measure of line charge. In the nonrelativistic limit, one can express K in terms of the 
line density A and beam energy E: 

(4-14) 
(£/e)4reeo 

The normalized emittance en = fiye is related to the depressed phase advance by 

^ = p7JLa2 

2JL (4-15) 

By an explicit evaluation of the transfer matrices for discrete transport elements, Lee, Fessenden, and 
Laslett5 derived more accurate (but somewhat cumbersome) generalizations of Eqs. (4-11) to (4-15). An 
approximation that embodies the key features of the discrete formulation is given by 

2(l-cos<ro)=( l-22.)W—I L " f 4 " 1 ^ 
M 3/ \[Bp]j 

a 2 = 2O-coso- 0)-xr(2t.\ 
>a / (4-17) 

Strong space-charge depression (a « 1) is assumed in obtaining Eq. (4-17). Note that the discrete 
equations take on the same form as the smooth approximation if we make the identifications 

CT0 = 2(l-costJo) (4-18) 

4-5 



'('-?) ' - • (4-19) 

In the limit of (To. r j « 1, we have dp —> an and n —> n. In general, GO/OQ < 1, rj/ij <1. 
The discrete formulation introduces a new equation that describes the beam "flutter" in a discrete 
channel: 

2HL = 1 + Si (4-20) 
a 4 

where » m is the maximum edge radius over a given betatron period. 
In most of our designs, the beam is space-charge dominated. In the limit a -* 0, we could combine 

Eqs. (4-11) and (4-12) to give a useful formula for the beam-edge radius, 

a = ^ (&) ( a - > 0 ) (4-21) 
(4tf£y2)(/3tf 2o- 0r, qB q*<>' 

where B q s KB' is the quadrupole field at the pipe edge. Although Eq. (4-21) is easily solved for o 
we use the form shown because the ratio Rl~a is tightly constrained by considerations of beam scraping 
and efficiency. The ratio of half-lattice period to beam radius can be written in the same limit as 

L = £a_ ( o - ^ o ) (4-22) 
a 2-JK V ' 

4.13.2 Design Constraints 
Equations (4-11) to (4-22) describe in general the behavior of space-charge-dominated beams in an 

A-G focusing system. In a linear machine a beam passes a given set of focusing elements only once. In a 
recirculator, by contrast, the same set of focusing elements must accommodate the beam over multiple 
passes under a variety of conditions (variable energy, beam radius, and current). While there is some 
flexibility in the design of the focusing system and associated acceleration schedules, four general 
design constraints must be obeyed. These design guidelines, both the obvious and the not-so-obvious, are 
summarized below. 

1. The focusing magnet system is time-invariant. Hence, the half-lattice period L, occupancy 
factor Tjq, and pipe radius R, do not change from lap to lap. In addition, we choose to fix the quadrupole 
field B q ; this permits the use of energy-saving superconducting quadrupoles. 

2. As the beam energy and current change from lap to lap, the beam size also changes. However, 
the beam must fit within the pipe for all laps. We use the same design rule as the LBL group, 

R>1.25am + l c m ( 4 _23) 

where flm is the maximum excursion of the beam edge. Our designs lie generally in the regime of R 
between 6 and 9 cm, for which we could use the design rule R S1 4a m . 

3. As the beam energy changes, the undepressed phase advance OQ also changes. However, beam 
stability requires the phase to stay below a certain critical value for all laps; we demand that 

oo < <Xc = 80° (4-24) 

Whether there is any stability requirement on aldo remains an open question. For our present design, no 
constraint on o"is imposed, although in a later section we construct an emittance budget that is consistent 
with c /oo - 0.1 throughout the whole accelerator. 
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In a rccirculator, the rigidity \Bp\ of an accelerating beam increases roughly as the square root of 
the energy. By Eq. (4-11), era will therefore decrease with energy. Hence, as long as o& < o> = 80° at 
entrance, envelope stability is assured for all subsequent laps. In general, we have for the fcth lap 

„*>.„"> l£L (4-25) 
0 ° y/3<*> 

where k = 1 corresponds to the state at injection. 
4. Reasonable aspect ratio. It is generally agreed that the aspect ratio for a quadrupole (aperture 

radius divided by magnet length) must not be too great, since fringe effects cause the field quality of 
very short quadrupoles to deteriorate. Transport of high currents, particularly at the low-energy end, 
tends to drive designs toivards high aspect ratios |see Eqs. (4-22) and (4-14)). There is no universal 
agreement on what is an acceptable aspect ratio. Earlier work on ILSE had a design with a magnet 
length three times the aperture radius R. In a rccirculator, we have used L/R > 10 as a design guideline. 
This design criterion is based on three considerations. First, the lattice must provide additional space 
for bends. Second, the beamline has a few special magnets associated with beam injection and 
extraction that will have somewhat larger apertures, although the fringe field effects of these large 
quadrupoles could be minimized by using rectangular quadrupoles with one narrow dimension (Panofsky 
quadrupoles). Third, the focusing system is designed for multiple passes. Focusing systems that result in 
slight emittance growth may be acceptable in a single-pass driver but would be undesirable in a 
recirculator. 

4.2 Driver Point Design (T-Design) 

Here, we present the details of the T point design and the rationale for our choices. Sections 4.2.1 to 
4.2.3 give the overall architecture of the accelerator, the acceleration schedules, and the emittance 
budget, respectively. Section 4.2.4 presents details of individual rings together with the injector. 
Section 4.2.5 deals with the special designs related to beam injection and extraction. 

Table 4-1 summarizes the key parameters of our four-ring point design. 

4.2.1 System Architecture 
The T-design driver consists of four rings. Four beams run parallel from injector to 10-GeV 

extraction. The rationale for that architecture is presented below. 
4.2.1.1 Four Rings 
The point design was chosen to consist of four rings. The reasons for a multiple-ring configuration 

are as follows: 
1. Beam Transport. In a linear accelerator, the focusing lattice is generally designed to have as 

large an undepressed tune o"o as possible, subject to beam stability requirements. The reason is evident 
from Eq. (4-21), which shows that to transport a beam of a fixed current /b, energy f$y, and beam radius a 
through a pipe of radius R, the magnetic focusing strength TjqBq required is inversely proportional to o"o, 
i.e., the strength of the quadrupoles is minimized with large Co- However, as we have seen from 
Eq. (4-25) Co decreases with acceleration. The magnet lattice is generally designed for the largest otjat 
injection and is therefore non-optimal at higher energies. If the dynamic range of a ring is limited, then 
the disadvantages of a non-optimized high-energy transport are limited. 

In the T design, we have limited the energy range to E//£o S 10. With an injector at 3 MeV, this 
requirement led to a four-ring design. The energies of the four rings are 3 to 30 MeV in the injector ring 
(IR), 30 to 100 MeV in the low energy ring (LER), 100 MeV to 1 GeV in the medium energy ring (MER), 
and 1 to 10 GeV in the high energy ring (HER). The LER has a much smaller dynamic range than the 
other three rings. The LER is designed as a compression ring. The large pulse compression stresses the 
focusing requirements. Limiting the dynamic range of this ring provides some relief from the severe 
focusing constraints. 
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Table 4-1. Recirculator parameters for the T-design. 
IR LER MER HER 

Ion energy 3-30 MeV 30-100 MeV 0.1-1 GeV 1-10 GeV 
Pulse duration (us) 189-403 40.5-4.2 4.2-0.79 0.79-0.15 
Nominal circumference km) 652 790 1690 3533 
Current per beam (A) 0.61-2.8 2.B-26 26-136 136-667 
No. of beams 4 4 4 4 
No. of laps 50 50 50 50 
Pipe radius (m) 0.08 0.096 0.081 0.061 
Lattice half period (m) 0.82 1.35 1.68 2.86 
Residence time (ms) 8.8 5.2 3.8 2.6 

Induction modules 
Inner radius (m) 0.40 0.48 0.40 0.30 
Outer radius (m) 0.61 0.57 0.57 0.67 
Length (m) 0.41 0.81 0.95 0.52 
Number of cores 729 526 947 2368 

Bends (magnetic dipoles) 
Infective length (m) 0.20 0.31 0.49 1.5 
Max. mag. field (T) 0.68 1.2 1.2 0.9 
No. of bends/beam 515 350 689 960 

Superconducting magnetic quadrupoles 
Effective length (m) 0.25 0.61 0.75 1.0 
Max. mag. field (T) 2 2 2 2 
No. of quadrupoles/beam 732 534 952 1186 

As an example of the trade-offs in determining the dynamic range of a ring, if the injection-energy 
end of the HER were extended to 500 MeV rather than 1 GeV, the focusing strength would have to be 
increased by a factor of 2 1 / 2 , with a roughly corresponding increase in magnet cost. The price of 
additional magnets for the extra 500 MeV is quite high. On the other hand, if the injection energy of 
the HER were raised from 1 to 2 GeV, the lower-energy end of the driver is stressed, and w2 might need 
more than four rings. 

2. Core material. The amount of core material required is proportional to the pulse duration. At 
the low-energy end of a ring, the current is generally lower, and the pulse duration is longer. The 
amount of core material is determined primarily by the low-energy end and is therefore non-optimized 
for the higher-energy end of a ring. To provide some more quantitative estimates of this feature, 
consider the following argument. An optimal acceleration schedule is naturally suggested by Eq. (4-21). 
To use the maximal aperture throughout acceleration we should arrange the acceleration schedule to 
keep the maximum beam edge a m = R/1,4 for all laps according to Eq. (4-23). This means that the 
current should increase slightly faster than f}y; this follows from Eqs. (4-21) and (4-25), and from the 
consideration that a should increase slightly because of the reduction in beam flutter |Eq. (4-20)]. As an 
example, the pulse duration at extraction from the IR is five times shorter than the injected pulse. The 
core material, as determined by the injection pulse duration, is five times too much. The excess of core 
material is compensated in part by the multiple usage of core (50 laps). In addition, the excess core also 
leads to reduced core losses and therefore to enhanced efficiency. Nevertheless, the argument 
illustrates why the dynamic range of a ring must be limited. 

3. Pulser requirements. At the low-energy end, pulses are very long, and acceleration takes place 
very slowly (small 4V/gap). At the high-energy end, pulses arc short, and energy gain per gap is much 
higher. The pulser requirements for these very different pulse formats are met by different devices. In 
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our four-ring scenario, the IR and LER requirements can be met by vacuum-tube modulators or solid-state 
switches with their low-current characteristics; the MER and HER, on the other hand, use pulse-
forming networks. By limiting the dynamic range of a ring, the task of choosing the optimal pulser was 
made much easier. 

4.2.1.2 Four Beams 
We have discussed above how the recirculator architecture permits us to consider a few beams and 

long pulses. We have chosen to accelerate four beams from injector to target. In this scenario, no beam 
merging is required. Final transport in a four-beam scenario requires rather large apertures (15 to 20 cm 
radius at the final magnet and reactor entrance). If final transport with four beams turns out to be too 
difficult, we could split the beams after extraction from HER. 

4.2.1.3 Overall Ring Layout 
The T design is composed of four rings, each consisting of a main lattice and a special section for 

injection and extraction. The main section is made up of a large number of lattice periods, with focusing 
and defocusing quadrupoles, interspersed with dipoles and accelerating gaps. The lattices for the four 
rings are different in detail and are described later. Four separate sets of focusing quadrupoles and 
bending dipoles run parallel around the ring. Each induction core surrounds a four-quadrupole section; 
each induction gap is shared by the four parallel beamlets. 

In the present design, the four parallel beams lie in a closely packed circle over the main section. In 
the injection and extraction sections, the four beams are lined up in a single vertical row. This 
configuration allows extraction and injection of all four beams simultaneously. In addition, these 
sections form the transition point where a beam that runs on the outer track over half the circumference 
is moved to the inner track over the other half, thus assuring path-length equalization of the four 
beams for an even number of laps. While special magnets and beamline designs are required for these 
sections, we demand that the lattice period stay constant throughout each ring to minimize beam 
degradation due to mismatch. 

4.2.2 Acceleration Schedule 

4.2.2.1 Ring Energies and Pulse Durations 
In the T design, each of the four beamlets injected into the IR at 3 MeV is 189 us long. The final 

pulse duration at 10-GeV extraction is 150 ns. Our design strategy is to increase the beam energy by one 
decade each in the IR, MER, and HER. In each of these rings, the pulse duration is reduced by a factor of 
around five. This pulse compression schedule leads to an approximately constant beam edge radius a m 

at injection and extraction, therefore making optimal use of the focusing system. The LER, which 
provides the necessary transition between the IR and MER, increases the beam energy by a factor of 
slightly more than 3 and compresses the beam by a factor of about 10. Table 4-1 shows the acceleration 
schedule. 

4.2.2.2 Fifty Laps 
Our choice of the number of laps was motivated by several considerations. First, the required core 

material is reduced in inverse proportion to the number of laps. Since we have chosen to work with 
pulse durations that are roughly a factor of five longer than corresponding linear machines, we want to 
have a number much larger than 5 to achieve our intended cost savings. Beam loss due to charge 
exchange and background ionization limits our residence time and, therefore, the number of laps. With 
our choice of 50 laps, the losses can be kept to a few percent per ring. The vacuum requirements are -10" 1 0 

Torr, and the required pumping speeds are <1000 L s"' m"1. 
Our choice of 50 laps is not unique. In fact, significant reductions in driver cost can be achieved by 

further increasing the number of laps. The constraint imposed by charge exchange could be relaxed by a 
slight increase in beam aperture (beam loss <* a"4). The vacuum requirement, within the uncertainties 
due to the lack of basic data, does not impose a firm constraint on the residence time. For now, we have 
limited our lap number to 50 on the basis of general concerns about omittance preservation around bends, 
vacuum uncertainties, and pulser performance. 
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4.2.23 Acceleration Schedule and Dipole Fields 
To maintain the correct orbit within the ring, it is essential to synchronize the acceleration 

schedule with the ramped dipole fields. This requirement dictates the rate at which energy is 
increased from lap to lap. We consider the simple case of a short beam accelerated around the ring with 
increasing velocity c/Xf). The dipole field is assumed to rise uniformly in space as Bd(f). To maintain a 
fixed radius of curvature p we demand (in the nonrelativistic limit) that 

Bd(t) = M / 3 ( t ) (4-26) •[£]/>« 
In the present design, the use of sinusoidal r inging circuits to dr ive the dipole magne t s dictates the 
general form of the field and velocity: 

Bd(t) = BdsmQl (4-27) 

6(t) = p sin Ot ( 4 . 2 8 ) 

There is some freedom in the choice of the portion of the sinusoid actually used for acceleration. 
One can choose the phase at beam extraction (at velocity eft and field strength Bjf) to be ft = iJtf. The 
peak field and velocity are then given by 

Bd = Bdf/sin ft (4-29) 

0 = ft/sin 0, (4-30) 

The closer one operates to ft = 90°, the less dipole field energy one has to waste, as Bj _» Bdf. 
However, efficient use of accelerator cores favors operation in the linear portion of the sine curve, or 
equivalently, choosing small ft. As a compromise our design point uses ft = 60.6". 

Once the operating phase ft is chosen, the initial phase at injection ft = Ql{ is given by 

sin 0j = 2i-sin 0 ( 

A (4-31) 

The energy gain and recirculation time can be obtained by integrating the velocity equation. For a 
design with a total of K recirculations over a ring of circumference Lrcc, the frequency £2 of the ringing 
dipole is given by 

i2 = -£2_(cos^-cos0 f ) 
KL™= (4-32) 

The total residence t ime in the ring T = l( - t\ is just 

r=-L(f t- f t ) (4.33) 

In the limit of linear ramping in /3 (ft, ft « 1), the residence rime reduces (as expected) to 

T "^»?a ^ " P * ( 4 - 3 4 ) 

4-10 



Table 4-2. Frequency and residence time of sinusoidally ringing dipole pulsers for the T design. 
IR LER MER HER 

/(Hz) 15 18 33 47 
T(ms) HA 4JJ 3S 2J 

Table 4-2 lists the ringing dipole frequency f = i2/2it and residence time T for the four rings. 
Detailed lap-to-lap timing can be determined similarly. The beam completes the itth lap at a time 

fk given by 

cos Mk = cos <k - t^klSl (4-35) 

The recirculation time Atk s ( t - < M for the Icth lap is, in the limit of il Atk « 1, 

4ft = ±%r (4-36) 

where the average velocity (/3jt) over the Icth lap is 

(ft) = £ s i n [ f l ( ^ i t l | (4-37) 

The energy at the end of the ifcth lap is just 

Ek = 1 Mc1 B2 sin 2 Ql k (4-38) 
2 

and the energy gain AEk s Ej - E*_] over the Icth lap is found to be proportional to the time derivative 
of the dipole field: 

A£k = McL (p) (4-39) 

where 

(p) = nftccda t k + M (4-40) 

We note that the energy gain per lap decreases with successive laps. In the limit of a linear ramp we 
have cos iit^ = 1, and the energy increment per lap becomes constant. 

4.2.2.4 Acceleration Schedule and Core Losses 
Induction core losses constitute a key factor in determining the driver efficiency. The total losses in 

the cores differ substantially for different acceleration schedules. We estimate core losses for various 
schedules and show the potential efficiency advantages for switch inventions to accommodate variable 
pulse duration for the two higher-energy rings. 

The total core loss ec in a ring with K recirculations is given by 

K 

*=] 
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where AE^ = NjVe* is the total voltage gain in the t th lap over Njt active gaps, each with Vci< voltage 
increase per gap. N* can vary from turn to turn, since not all pulsers need to be fired every turn. 
Similarly, V ^ assumed in this calculation to be uniform over the whole ring, may vary from turn to 
turn if the pulser is sufficiently flexible. To match the ramping dipole, we demand 4E* °c pk, as in 
Eq. (4-39). The core current was given in Eq. (4-9) as 

/ c = 139 A AB ^ 2 | n[/?o (m) + Ki (m)] (4-9) 
:(MS)J 

Note that since AB <* VCT, the core current in a given cell could change only if the gap voltage V c 

changes, i.e., Ic<* Vc^3. We parametrize this varying gap voltage as Vc «•= /?". The pulse duration Tis 
constant for the PFN type switch but could vary if a more flexible pulser is used. In this case, we 
parametrize the compression schedule in the form T°= p~". 

The total energy loss may be cast alternatively in the form of an integral over the time of ion 
traversal t (or, equivalently, over the phase 0= ill): 

i< 
&Elct-^-it (4 42) 

Erec 

Using the parametrization of various time-dependent quantities, we can write the core loss as a p' duct 
of two factors, 

ec = ctF (4-43) 

where F is a normalized integral over all time-dependent quantities, 

f'f 
h\'*ml a\\-n .. 

(4-44) •{inn 
and Ci is a constant depending only on initial and final conditions. The value of c, can be valuated by 
resorting to the special case m = n = 0, i.e., constant gap voltage and constant pulse duration. From 
Eq. (4-41), we know that the energy loss must be e<Q = IcoTcO (Ef-Ej). The f factor in this case can be 
evaluated for a sinusoidally increasing velocity: 

F 0 . / d z ! ) j 2 Z ! A <4-45) 

where r 2 = Ef/E*. Combining Eqs. (4-43) through (4-45), we have in general 

"d0i 

Hi 

l4-46) 

In the special case m = 0 (constant gap voltage), we readily obtain for any compression rate n 

where e,.<i = Id) W E f - Ej). 
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In the special case r = 10 , / 2 , n = 1.4 {corresponding to the IR, MER, and HER), we have ec = 0.37eco; 
for the LER, where r = 10 , / 2 / 3 and n = 3.45, we have Cc = 0Me,Q. Hence, the flexible pulse compression 
leads to a factor-of-three reduction in core loss from the constant-pulse-duration scenario The general 
case of variable gap voltage and variable pulse duration could be numerically evaluated, using 
Eq. (4-46), leading to further reductions in core loss. 

4.2 J Emittance Budget 
Our point design is based on the assumption that transport through the entire accelerator is space-

charge-dominated. This condition means that the effect of transverse emittance on the beam envelope 
and focusing requirements is minimal. For completeness, we construct here an emittance schedule that 
satisfies the requirement of space-charge-dominated transport in the accelerator as well as the final 
transport requirements for hitting a small target spot. 

While the issue of whether a lower bound for the depressed phase advance a remains open, the 
conventional wisdom is to keep o"/oc> S 0.1. The emittance schedule we have constructed lies in this 
regime. 

As indicated in the discussion of the system requirements (Sec. 2.4 and Table 2.2), final transport 
requires a final normalized emittance per beamlet of e„ = 10 mm-mrad. We assume that the normalized 
emittance from the injector is 1 mm-mrad. The beam must go through four rings and four extraction/ 
injection transitions from injector to reactor. We allow an equal amount of emittance increase for each of 
the eight subsystems (four rings + four transfer lines). This emittance budget leads to the emittance 
schedule in Table 4-3. Using Eq. (4-15) in Sec. 4.1.3.1, we calculate the depressed phase advance a. The 
average radius ifand half-lattice period L are those of the point design at corresponding locations. For 
comparison, wc have also included in Table 4-3 the undepressed phase advance o"o at these locations. 

4.2.4 Beamline Layout 
In this section, we go through details of the beamlines associated with each ring and derive the 

required parameters for the injector. 
4.2.4.1 Injector 
The injector must deliver the required total charge in a format that is consistent with beam 

transport at the front end of the accelerator. The transportable line charge A for a space-charge-
dominated beamlet (cr-> 0) can be obtained from Eqs. (4-12) and (4-14): 

A = (£-)(4g£0) g ° (4-48) 
* e ' (2L/J)2 

In our design, the transport system at injector has an undepressed phase advance ofo = 80° and L/R = 10. 
Equations (4-18), (4-20), and (4-22^ give ob = 74°, « m / a= 1.32, and 

fc = 1.85(-U=19 
a \RI (4-49) 
it is evident from Eq. (4-48) that the injector should be operated at as high an energy as feasible. Based 
on the experience of injectors built at LBL,6 we have chosen 3 MeV as the injector energy. This 

Table 4-3. Emittance budget and tune depression for the T-design 

IR LER MER HER 
Ini. Ext. Ini. Ext. Inj. Ext. Inj. Ext. 

En (mm-mrad) 
a (deg) 
on (dee) 

1 
9.3 
80 

1.33 
2.9 
25 

1.78 
45 
SO 

2.37 
3.3 
44 

3.16 
12 
80 

4.22 
3 

25 

5.62 7.50 
22 5.6 
80 25 
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value gives a limiting line charge density A = 0.36 uC/m at injection, or, equivalcntly, 0.61 A. For our 
choice of a four-beam configuration, each beamlet must carry a total of 115 uC, so that the charge 
delivered to target is 100 uC per beamlet. The extra 15% of charge from the injector is intended to 
compensate for the beam losses in the four rings because of charge exchange and beam ionization. The 
pulse duration at injection is 189 [is, and the pulse length is 322 m. 

4.2.42 Injection Ring 
The beamlets injected into the first (injection) ring are 322 m long. To provide enough time for reset 

of the induction cores, we demand that the circumference of the injection ring be about twice the beam 
length (652 m in the point design). The total circumference will be occupied by the main lattice together 
with two special sections for injection and extraction. 

The main lattice consists of a number of half-lattice periods, which must accommodate the 
functions of focusing, bending, acceleration, and vacuum. Our space budget leads to the design criterion 
L/R - 10, as we now demonstrate. Each half-lattice period will contain one dipole and one acceleration 
module with a nested superconducting quadrupole (Fig. 4 1 ) . The physical length of each 
superconducting quadrupole is 5.5R: the effective length ot ine quadrupole is 3R, and the extra wires at 
the ends and the insulation at both ends take up another 2.5/?. Eaci. dipole has a physical length of 
4.5R (an effective dipole length of 2.5R and another 2R for the ends). Space is also made available 
between quadrupoles for induction gaps and vacuum ports. Since space along the beamline is a premium, 
we have placed each quadrupole inside an induction core and have allowed for the only additional 
space to be used for the induction gaps along the beam pipe. Diagnostic sections (inserted as needed) 
consist of basically the same focusing lattice, except that beam diagnostics replace the dipoles at 
corresponding locations in the lattice. We have allowed 5% of the beamline for diagnostic stations. 

Having determined L/R from the outset, we chose the pipe radius to be 8.0 cm as a compromise 
between the dual goals of reducing dipole field energy (small R) and maintaining reasonably weak 
tocusing fields (large R). The quadrupole field at pipe wall turns out to be 2 T with a quadrupole 
occupanc factor of 30%. The half-lattice period is 82 cm. In the main lattice, which is 600 m long, the 
total number of quadrupoles is 732 x 4. The ""depressed tune (the number of betatron wavelengths 
without space charge) is 82 at injection ano ^..creases to 26 at extraction. 

The maximum dipole field required to bend 30-MeV ions is 0.68 T. The effective length of the 
dipoles is 20 cm. The total number of dipoles is 515 x 4. There are 217 diagnostic stations in the 1R, 
giving a total of 732 half-lattice periods in the main lattice. 

For an acceleration schedule of 50 laps operating at a maximum phase angle fa = 60.6° in the 
sinusoidally ringing dipole circuit, the maximum energy gain per turn is 711 keV. The maximum voltage 
gain per gap for each of the 729 induction cores (one in each half-lattice period) is approximately 
1 kV. Because of this low voltage, the cells are not big in spite of the very long core pulse duration. The 
outer radius of core is 0.6 m. 

Two special sections are reserved for beam injection and extraction; they are described in more 
detail in Sec. 4.4. The extinction/injection section consists of 64 half-lattice periods, ilie half-lattice 
period and quadrupole gradient in these sections are identical to the main lattice of the ring, even 
though the quadrupole paidmeters in these sections are very different. Hence, the length of each 
injection/extraction section including the transition section, as computed by the method of Sec. 4.2.5.3, 
is 52 m. 

4.2.43 Low-Energy King 
In the LER, the beam is accelerated (rom 30 to 100 MeV. The LF.R performs the special function of a 

relatively large pulse compression from 40.5 to 4.2 us. The beam size, given by Eq. (4-21), increases with 
increasing energy in this ring because the current /&, increases faster than (/Sji2. Hence, in contrast !o the 
IR, the focusing system is determined primarily by beam conditions at extraction. 

One of our design philosophies is to keep the superconducting quadrupole fields as low as possible, 
both for reasons of economics and the need for compact four-beam arrays. We used a field strength of 2 T 
at pipe radius and a high occupancy i.actor of 45%. The resulting pipe size is 9.6 cm, and the half-
lattice period is 135 cm. The L/R ratio is son.ewhat more relaxed than in the IR. It is possible to fit into 
this half-lattice period dipole sections that are 31 cm long (effective length). The dipole field was 
chosen on the basis of a compromise between power consumption and ring cost, and was 1.2 T at beam 
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extraction. Since {Bp) = 20.4 T-m at extraction, the number of dipoles required is 350 x 4. We allow for 
184 diagnostic stations, giving a total of 534 half-lattice periods in the main lattice. The total number 
of quadrupoles needed is 524 x 4, and the length of the main lattice is 723 m. The total circumference of 
the LER, including the extraction/injection section, is 790 m. 

For our dipole circuit, we again choose ft = 60.6°. However, because the dynamic range of the LER is 
much smaller than that of the other rings, the phase at injection is only ft = 28.5°. The maximum energy 
gain per lap is 1.8 MeV, and the maximum voltage gain for each of the 526 induction cores is 3.5 kV. 

4.2.4.4 Medium-Energy Ring 
In comparison to the two smaller rings, the MER and HER have a much larger parameter space of 

possible designs. The general strategy in the design of these two rings is to optimize the trade off 
between capital costs and efficiency. Since we had set as a target an overall efficiency of about 20%, our 
tendency in the trade-off was to minimize power consumption at higher expense. Thus, our design uses a 
low dipole field (1.2 T) and an excess of METGLAS to lower the flux swing and increase the efficiency. 

The pipe radius is a crucial parameter in determining the overall cost and efficiency of the system. 
In general, we like the pipe radius to be as small as possible as long as beam loss remains acceptable. 
Given a beam current and energy, the pipe radius is controlled primarily by the strength of the focusing 
system. In the MER, we used a quadrupole field of 2 T at the pipe wall and a quadrupole occupancy 
factor of 45% to achieve a radius of 8.1 cm. The corresponding half-lattice period is 1.68 m. Figure 4-1 
shows the physical layout of a typical half-lattice period in the MER. 

For a given dipole field strength, the total length of dipoles is determined by the beam rigidity. 
At 1.2 T, the total length of dipoles required to bend a 1-CeV beam around the bend is 338 m. The more 
space there is available per half-lattice period for dipoles, the fewer half-lattice periods required, 
and thus the smaller the overall circumference and the lower the cost of the ring. In the MER, when 
space is allowed for diagnostics, vacuum, and induction gaps, it was calculated that a total of 952 half-
lattice periods were required. The length of the main lattice was 1596 m. The matching section 
increases the total circumference of the ring to 1690 m. 

The induction cores must provide a maximum of 23.7 MeV per lap. In our design, with one induction 
core per half-lattice period, the 947 cores provide a maximum voltage gain of 25 kV per gap. We have 
put three times as much METGLAS in each core as is required by the maximum flux swing to reduce core 
losses, but the cell sizes remain quite reasonable (inner radius of 40 cm and outer radius of 57 cm). 

4.2.4.5 High-Energy Ring 
The design of the HER proceeds along lines quite similar to those for the MER. From the 

requirement of minimizing dipole fields and keeping charge-exchange losses small, we wanted a pipe 
radius of 6 to 7 cm. Our design pipe-wall inner radius of 6.1 cm was achieved with a 2-T quadrupole 
field and an occupancy factor of 0.35. The half-lattice period was L = 2.86 m. Figure 4-2 shows the 
physical layout of a typical half-lattice period in the HER. 

For a maximum dipole field of 0.9 T, the total length of dipoles required is determined by the beam 
rigidity at 10 GeV, [Bp] - 206 T-m. The required 1440 m of dipoles, together with diagnostics, vacuum, 
and induction gaps, was found to occupy 1186 half-lattice periods, corresponding to a main lattice 
length of 3396 m. The injection and extraction sections require 137 m each, giving a total circumference of 
3533 m. 

The maximum energy gain per lap is 237 MeV. To keep the voltage gain per induction low, we place 
two cells in each half-lattice period. Each of the 2368 cells provides a voltage gain of 100 kV. We put 
in five times more METGLAS than is required by maximal flux swing. The cores have an inner radius of 
30 cm and outer radius of 67 cm. 

4X5 Beam Infection and Extraction 
Here we discuss the modified lattices required for injecting the beam into and extracting it from the 

four rings. Extraction from each ring occurs at a substantially higher energy than injection and is the 
focus of the first part of the following presentation. Injection can be carried out by an analogous but time-
reversed procedure, and the second part of this subsection describes injection. In addition, extraction and 
injection require a special section of the beamline. This special section must be matched to the main 
lattice to minimize beam spoilage. We have also used the same matching section for beam 
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Figure 4-1. Layout of typical half-lattice period in the medium-energy ring (MER): L q is the 
quadrupole length and L& is the dipole length. In the MER, there is one induction gap per cell. The 
interstices between the quadrupoles and dipoles are used for vacuum pumping and diagnostic stations. 
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Figure 4-2. Layout of typical half-lattice period in the high-energy ring (HER): t q is the quadrupole 
length and Li, the dipole length. In the HER, there are two induction gaps per cell. The interstices 
between the quadrupoles and dipoles are used for vacuum pumping and diagnostic stations. 
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manipulations required for path equalization of all four beams. This matching transition region is 
presented last. 

4.2.5.1 Extraction 
The extraction beamlines are designed with three goals in mind: 
1. The entire beam should be extracted in a single pass using kicker magnets that can be turned on 

during the last lap. This constraint requires a turn-on time of less than 20 us. 
2. Before the last lap, the extraction-section design should present minimal discontinuities and 

mismatches, which would degrade the recirculating beam. 
3. Since a velocity tilt along the beam may be needed for the final pulse compression, the 

extraction section must be able to accommodate an energy spread. 
Beam extraction from the HER was viewed as a potentially serious issue by earlier workers in the 

field, because a substantial field is needed to bend the stiff beam (|Bp) = 200 Tm) by the required 
amount (x > 2R) in the space between adjacent quadrupoles (Ls < L). Since the required peak bend radius 
p for a typical case with x > 10 cm and L5 < 2 m is 

- ;2 
p = bL<20m (4-50) 

2x 
the needed bending field exceeds 10 T. Establishing a field of this strength in less than 20 (is would pose 
a formidable engineering problem. 

The strategy proposed here to extract the beam entails bending the beam away from the nominal 
axis over many half-lattice periods, thus increasing the effective bend radius p by two orders of 
magnitude and reducing the required bending field to several kilogauss. To accommodate the beam as it 
is deflected, we use large-aperture rectangular quadrupole magnets, similar to the type first developed 
by Hand and Panofsky' and described in greater detail in Sec. 5.5.3. We use the same period, occupancy, 
and transverse gradient in these large Panofsky quadrupoles as in the main lattice and thereby 
minimize perturbations to the orbit of an undetected beam. Between quadrupoles, the bending magnets 
are placed only over the part of the rectangular beam pipe where the extracted beam should be, to 
minimize the total bending-field flux. If the beam normally traverses the extraction quadrupoles along 
the field null point, then the interior rectangular dimensions must be the nominal beam-pipe diameter 
2R in height and about 7R in width, where we have added enough space to the geometric minimum to 
accommodate a 0.5R septum between the main lattice and the extraction beam pipe. The extraction 
angle is maximized by making the last Panofsky quadrupole defocusing in the piano of the accelerator, 
and for economy, wc choose to make the extiaction quadrupoles superconducting. Figure 4-3 shows the 
positioning of the main lattice quadrupoles, the Panofsky quadrupoles, and the pulsed dipoles, and 
gives a plot of the beam centroid displacement from the ring axis vs distance in the extraction section. 

The beam trajectory during extraction can be estimated from the centroid equation in the "smooth" 
approximation, 

^ - f c f r - M d (4-51) 
ds2 [Bp] 

where rjj is the dipole magnet occupancy. The solution at any point is given by 

^ l - c o s t y ) 

At the end of the extraction section, the beam centroid must be displaced from the normal trajectory far 
enough to exit through a separate beamline. If, as previously assumed, the extraction beamline is 
separated from the main lattice by 0.5R, the centroid displacement at exit is x = 2.5R. To allow for a 
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Figure 4-3. (a) Layout of the quadrupoles of the main lattice and the 
large Panofsky quadrupoles and the pulsed dipoles (kicker magnets) 
of the extraction section, (b) Horizontal position of the beam centroid 
as it is displaced from the ring axis during extraction. 

velocity tilt at exit for the final beam compression, we require dx/d/3 = 0, where jSc is the beam velocity. 
Since Jt/)» /H and [Bp) = /3, this condition yields an equation for the optimal phase advance 9=kp, 

1-cos 0-0 sin 0=0 (4-53) 

which is satisfied by 6= 134°. In the design of the HER, for example, the undepressed phase advance is 
OQ = 25.3" at the 10-GeV point. If we take the extraction section to be 11 half-lattice periods long, the 
total phase advance is 139°, which is acceptably close to the optimal value. The corresponding dipole 
strength is obtained directly from Eq. (4-52), using the appropriate exit values for x and kpg = ft For the 
HER, with r/d = 0.52 we obtain B d = 0.21 T, with an average bend radius of \Bp)/T)&B,i= 1900 m. 

The extraction angle obtained from the smoothed centroid Eq. (4-52) is 

<is " [Bp] rjdfy 
(4-54) 
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and differentiation of this expression with respect to f) gives 

^£l=-§!—£_ cosflkas) <4-55) 
dji [Bp]/3r/d 

For kps = 134°, the ^-sensitivity (/VVfe'/rf/J is greater than 2, which would make the extraction 
unacceptably chromatic. However, when the extraction lattice is modeled as a series of discrete 
elements using either the thin-lens or thick-lens approximations or by using the higher-order matrix 
code TRANSPORT,8 we find the lattice to be only weakly chromatic. For a range of /? values within 
±1% of the nominal extraction value fcr the HER, the TRANSPORT code gives x and x' values in the 
ranges Aar/x = ±0.00252 and Ax'/x' = ±0.00456. The thick-lens calculation gives values that agree with 
these within 1%, while the less realistic thin-lens approximation leads to values that are lower by 
about 10%. Calculations with the envelope code CIRCE corroborate these single-particle results. Plots 
of the beam centroid location in the HER extraction for cases with /3 deviating from the design value by 
as much as ±1% are effectively identical. This fact is qualitative verification of the low chromah'city. 
In general, the smooth approximation predicts the displacement quite well, but makes errors in the 
chTomaticity. 

Although these discrete models predict an acceptable amount of chromaticity, it is clearly possible 
to add lattice elements after the Panofsky quadrupoles to make the extraction section doubly 
achromatic. A simple achromatic design has been worked out using several quadrupoles to reverse the 
transverse velocities of off-momentum particles, followed by another section of alternating quadrupoles 
and bending magnets that acts like a "time-reversed" version of the initial extraction lattice. A more 
elaborate extraction lattice could eliminate the problem of orbit crossovers seen in this simple 
achromat, but such a lattice has not yet been designed. 

Table 4-4 lists parameters for the dipoles and quadrupoles in the extraction section for each of the 
four rings. Here, the dipole rise times arc determined by the time for an ion pulse to complete the last 
lap around each ring. 

Table 4-4. Injection and extraction magnets for the T-design. 
IR LER MER HER 

Beam pipe radius R (ml 0.08 0.096 0.081 0.061 
Half-lattice period L (m) 0.82 1.35 1.68 2.86 
Extraction 

Magnetic field B (T) 0.49 1.01 0.46 0.21 
Length of kicker magnet (m) 0.20 0.49 0.49 1.50 
Pulse duration (us) 50 5.0 1.0 0.2 
Rise time (us) 50 65 45 30 
Total number of dipoles/beam 11 6 11 11 

Injection 
Magnetic field B (T) 1.23 1.85 1.45 0.66 
Length of kicker magnet (m) 0.20 0.49 0.49 1.5 
Pulse duration ([is) 200 50 5.0 1.0 
Fall time (us) 150 150 140 95 
Total number of dipoles/beam 3 3 3 3 

Focusing with rectangular superconducting quadrupoles 
Field gradient (T/m) 25 21 25 33 
Effective length (m) 0.25 0.61 0.75 1.00 
Width w (m) 0.16 0.19 0.16 0.12 
Height h (m) 0.56 0.67 0.57 0.43 
Total number of large quadru poles/beam 14 9 14 14 
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4.23.2 Injection 
The goal of the injection system is to allow an ion beam to enter the accelerator pipe and to get on 

the recirculating orbit. The required dipoles for injection must be turned off completely before the return 
of the recirculating beam after the first lap (~60 us). Design of the injection system has not been worked 
out in as much detail as that of the extraction system, but it is, in principle, a time-reversed copy of the 
extraction system. However, the betatron wavelength is much shorter at injection because of the lower 
beam energy. Hence, the injection system consists of three half-lattice periods (120°). The special large 
quadrupoles would have dimensions similar to those in the extraction system. Table 4-4 also lists 
parameters for the injection sections of the rings. These values are calculated in the same manner as the 
extraction-section parameters, and the only significant differences arise from the shorter betatron 
wavelength at injection. 

4.2.5 J Matching Region 
The bulk and odd shape of the Panofsky quadrupoles preclude inserting them collinearly with the 

main lattice, where the four beams are packed in a tight square array. We must therefore design 
appropriate matching sections before and after the injection and extraction sections. The objective of 
this region is twofold. It provides a smooth transition between the injection/extraction section and the 
main lattice, and it interchanges beam positions to achieve path equalization. The layout of these 
sections is guided by seven considerations: 

1. The four beam pipes are best arranged vertically in the injection and extraction sections because 
of the unusual width of the rectangular quadrupoles. 

2. The sections should be straight to simplify the dr=;~- .if the dipole magnets and to keep path 
lengths nearly the same for all beams. 

3. Since the beam pipes are arranged in a square array around most of the accelerator to minimize 
the size of accelerating cells, the inner and outer beam pipes should be interchanged in the injection and 
extraction sections to avoid accumulating path-length differences. 

4. To accommodate the larger Panofsky quadrupoles, the separation of beam-pipe centers in the 
injection and extraction sections should be roughly twice the nominal spacing. 

5. To minimize mismatches, the matching sections should not have small-radius bends. 
6. To minimize discontinuities in the beamline, the matching sections should use the same bend 

and quadrupole magnets as the main lattice. 
7. Since the matching sections invariably involve considerable beam manipulation, the injection 

and extraction sections should be placed in tandem in the same straight section. 
Our point design of the matching section involves modifying the main lattice slightly so that the 

curved part matches tangentially into the straight injection and extraction section, as shown in the 
exaggerated sketch of Fig. 4-4. A shorter radius of curvature pm is used in the two matching arcs, 
marked A and B in the figure, and the angle <p subtended by the nominal lattice, marked C, is chosen by 
requiring that each section of the lattice be an integer number of lattice periods. Also, wc take $ as near 
as possible to iz to minimize the difference between the nominal bend radius and that of (he matching 
arcs. Despite the smooth transition into the straight section, envelope simulations of this geometry 
show that the transition from a curved to a straight lattice can introduce sizable centroid oscillations 
unless the beam is near the beam-pipe axis. Consequently, steering is certainly needed to center the 
beam before it enters or leaves the straight section. 

Bending Ihe beam pipes into the vertical array needed for injection and extraction is done in two 
steps. In the main section of the ring and in the matching arcs, the beam pipes are arranged in a square 
pattern with centers spaced by about 3R. After entering the straight section, the pipes are moved out 
diagonally equal distances so that their separation is 6R, as shown in Fig. 4-5(a). For each beam, this 
manipulation is made by a bend out in the plane of the diagonal, using the same bend radius as in the 
matching sections, followed by an equal bend in, leaving the pipes again parallel. The second step in 
rea/ranging the beam pipes is to move them into a vertical array by having the pipes on one side of the 
square array move diagonally upward and those on the other side move diagonally downward, as 
sketched in Fig. 4-5(b). Figure 4-6 is the top view of one beamline in the transition section. As the 
beams exit the straight section, they move diagonally to the opposite side of the square pattern, 
thereby interchanging the inner and outer pipes. The projection of the transverse beam positions shows 
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Figure 4-4. Main portion of the ring (C) with constant radius of 
curvature p, matching arcs (A, B) with a smaller radius of curvature 
pau and straight portion (D) containing transitional, injection, and 
extraction sections. 

Figure 4-5. Position of the centroid of each of the four beams in aoss 
sections of the transitional sections, (a) Beams move to larger 
(smaller) array in the entrance (exit) transitional section; (b) beams 
move into (out of) a vertical array as shown by the solid (dashed) 
lines for the entrance (exit) transitional section. 
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' Quadrupoles 

Figure 4-6. Plan view for one of the four beamlines in that portion of the transitional section in which 
the square array of beams is expanded or contracted by 2 Ax. Quadrupoles shown in solid lines are 
focusing; those in dashed lines are defocusing. 

each beam centroid moving in a diamond pattern every two laps. One advantage of this matching 
scheme is that the lattice required for each beam pipe is identical except for the orientation of the bend 
magnets. Since there is no preferred orientation in the straight section, the path length and transverse 
dynamics should therefore be equivalent so long as the beams are centered as they enter the section. A 
second desirable feature is that same dipoles and quadrupoles are used in this transition section as in 
the main lattice, reducing the need for specially designed hardware. 

The primary disadvantage of using a series o; simple bends to rearrange the beam pipes is that the 
transition section is longer than it might be with compound bends. Since the bending-field strengths are 
increased smoothly in time, the field at any time is appropriate for a beam that is gaining energy 
uniformly in the path length s. If the beam is not accelerated in the transition sections, than the 
deviation from uniform energy gain increases as this section becomes longer. However, we can largely 
eliminate this concern by two lattice changes. Although the fact that the beams move in different 
directions in the transition sections preclude.; using single large accelerating cells for the four beams, the 
beam separation is large enough to allow individual induction cells along each of the beamlines. In 
addition, we are free to insert several lattice periods with standard circular quadrupoles between the 
injection and extraction sections. Since no bend magnets would be needed in this intermediate section, 
the energy deficit accumulated in the injection and extraction sections might be reduced or eliminated 
by inserting blocks of several induction cells betweei i the quadrupoles. 

The lattice length As for a simple bend of the s< 'rt planned for the transition sections is given 
approximately by 

As = 2(p Ax ) 1/2 
(4-56) 

where p is the bend radius and Ax is the final displacement from the beam axis. So long as p » Ax, the 
projection along the initial beam axis has effectively the same length. Since we require that the lattice 
length for each bend be an integer number of periods, we make small changes in p to satisfy this 
constraint. Table 4-5 gives data for the injection/extraction section for each of the four rings, including 
the nominal and matching radii, transition-section lengths, and the combined length required for 
injection and extraction. In calculating the tabulated values, small changes were made from the number 
of half-lattice periods in each ring given in Sec. 4.2.4.2-5 to give an even number of half-lattice periods 
in each lattice subsection. The lengths of the injection and extraction sections given in Table 4-5 are 
minimum values, with no allowance for steering or diagnostics, so in a practical design more half-
length periods would have to be added. A smaller number of extraction dipoles is needed for the LER 
because the energy is increased less than in the other rings, increasing the phase advance at extraction. 
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Table 4-5. Data for the T-design injection/extraction sections. 
IR LER MER HER 

Nominal radius r (m) 118.2 142.7 292.7 594.3 
Matching-arc radius r m (m) 74.0 90.0 215.5 485.4 
Number of injection dipoles/beam 3 3 3 3 
Number of extraction dipoles/beam 11 6 11 11 
Length of injection section (m) 2.5 4.1 5.0 8.6 
Length of extraction section (m) 9.0 8.1 18.4 31.5 
Length of transition sections <m> 22.8 40.4 53.7 68.8 
Length of straight section (m) 44.3 52.8 71.1 108.9 

Although the beam-pipe radii for the smaller rings are larger than for the HER, the transition sections 
are shorter because of the much smaller bend radii. 

4.2.5.4 Transfer Beamlines 
Three transfer beamlines connect the four rings. The focusing system at extraction from a smaller 

ring is generally quite different from that of the larger ring into which the beam is injected. The 
transfer beamlines must provide a transition from one ring to the other. One approach to designing the 
transfer lines is to make the transitions adiabatic. The distance required for an adiabatic transition is 
of the order of one betatron wavelength, that is, 

J-!*!L<i 

As an example, a 1-GeV beam at extraction from the MER has a betatron wavelength of 27.2 m and 
an undepressed phase advance O"o = 25.3°. At injection into the HER, the betatron wavelength is also 
27 m, but the phase advance is O"o = 80°. The half-lattice periods in the two rings are, of course, quite 
different. The transfer beamline is of the order of 30 m, with gradual changes of <Jg and half-lattice 
period that smoothly connect the two beamline configurations. In cases in which the betatron 
wavelengths differ at the two ends of the transfer line, the length is determined by the longer of the 
two betatron wavelengths. It is also possible to design a special matching section between two rings 
that does not invoke adiabatic transitions, but the present estimate probably provides an upper bound 
on the space needed for beam matching. 
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Symbols Used 
a average beam edge radius 
A atomic mass 
Ac area of core 
"m maximum edge radius 
im particle rigidity 
Pi dx/ds 
i vie 
fl peak/3 
Bd peak B 
B' quadrupole field gradient 
Bd dipole field 
B q quadrupole field at pipe radius 
AB flux swing 
AE energy acquired per lap 
AE± energy acquired per lap, for fcth lap 
4E, total energy acquired in a ring 
As lattice length for a transverse bend 
At. time of completing the fcth lap 
Ax axis displacement in a simple bend 
E particle energy 
e unnorrnalized emittance 
ec total core loss 
Cd total energy stored in dipole fields 
Ef final energy at extraction 
Ek beam energy at the end of the klh lap 
<* normalized emittance 
f=Q/2ir frequency of ringpng dipoies 
*t-tt.fr phase of sinusoid, time, and P at extraction 
*4.ft phase of sinusoid, time, and /3 at injection 
y Lorentz factor 
T\c*yi\, core loss/beam gain 
Vd occupancy factor for dipoies 
% quadrupole occupancy factor 
h,l be.>m current, line charge density 
/c induction core current 
K total number of laps 
K dimensionless line charge 
h betatron frequency 
L circumference of ring 
Lv* half-lattice period 
Lc length of each induction core 
Ld length of dipoies 
Lq quadrupole length 
ts space between adjacent quadruples 
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M mass of ions 
Nb number of beams 
Nc number of induction cores per ring 
Q total charge of beam 

e phase-advance angle Jtps 
r ratio of final speed to initial speed in ring 
R nominal interior radius of beam pipes 
P peak radius of curvature 
P nominal (average) lattice bend radius 
Ro outer radius of core 
Ri inner radius of core 
fin average lattice bend radius in matching arcs 
£ total volume of cores/ring 
s 
oo,(2o) 

distance along lattice axis s 
oo,(2o) undepressed phase advance (scaled OJJ) 
a depressed phase advance 
T pulse duration 
?k pulse duration in kth turn 
7-=tf- / i total residence time in a ring 
Vc voltage/gap 
i2 low angular frequency of sinusoidal ringing 
X transverse displacement of beam centroid 
Z charge state 
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5. Recirculator Subsystems 

5.0 Introduction 

This section describes conceptual designs for each of the major subsystems required by a T-design 
recirculating induction H1F driver. The descriptions are not meant to be detailed designs. The main 
emphasis was on determining the major issues associated with each subassembly and to identify high-
leverage areas for future development. In addition, we have prepared a cost estimate that is based on a 
point design and that can be used in comparing various 1CF driver concepts. The point design chosen for 
this analysis has not been fully optimized for cost or efficiency. Crude attempts were made to optimize 
the recirculator HIF driver, but much more effort will be required to optimize the entire system. 

This section is divided according to major functional subsystems such as accelerating systems, 
bending magnet systems, and focusing systems. Each subsection discusses the system requirements, 
identifies major issues, and presents a conceptual design. The conceptual design is compared with 
present-day technology, and requirements for component development are identified. Cost estimates for 
each system, and any scaling relations that were obtained, are presented. Cost estimates were made on 
the basis of the cost of building an operational (not an experimental) facility. We based our principal 
cost estimates on learning-curve reductions in cost or technology breakthroughs for the T-design 
recirculator. We made no assumptions about "tenth of a kind" types of discounts. 

5.1 Bending Magnet System 

5.1.1 Dipole Magnets 
In a recirculating induction accelerator, bending or dipole magnets are required to guide the heavy 

ions around their circular path. As discussed in Sees. 2 and 4, the dipole field must be time varying to 
keep the beam on the proper orbit as its energy is increased. The stored energy in the magnetic field for 
the HER alone amounts to many tens of megajoules for each acceleration sequence of the recirculation 
process. At any repetition rate such an energy loss would be totally unacceptable. It is imperative, 
therefore, to recover the energy required for the bending fields with minimum loss after each cycle and 
to reuse it in the next cycle. It is also very important that the energy recovery process be simple and cost 
effective because of the large investment. 

The efficiency and cost optimization process mu.,t also include the pulser, the cooling system, and 
operating costs. System optimization studies, used for many years in the design of magnets for high-
energy accelerators, have typically emphasized cost reduction and not necessarily energy efficiency. 
The design of magnet power system for the HIF recirculator has emphasized both efficiency and 
capital cost. 

In Sec. 5.1.1 we discuss the dipole magnets, and in Sec. 5.1.2, the pulsers for them. 
5.1.1.1 Requirements and Design for Dipole Magnets 
Design Technology 
The key component in the HIF bending system is the dipole magnet. Preliminary studies in the HIF 

system led us to the design of a dipole magnet with the approximate dimensions shown in Fig. 5-1. 
Dipole magnets similar to this have been used extensively in high-energy accelerators for many years; 
iheir properties and design are well understood, although they have typically been designed to 
minimize capital costs rather than power consumption.1 Because the dipole magnets for the recirculator 
must produce a ramping field to track the increasing beam energy, they cannot be superconducting. The 
energy budget for the IR and the LER can be relaxed somewhat in relation to the HER since the majority 
of the bending magnet energy will be in the HER. Consequently, we focus in this report on the HER 
dipole design. 
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Figure 5-1. Cross section of a typical 
dipoie (bending) magnet 

Optimizing the dipoie magnets for HIF drivers is critical in achieving high overall efficiency. 
The losses in a dipoie magnet come from the iron core and the current-carrying conductor. Most 
laminated magnets are made from sheet steel (1 to 2 mm thick) cut to shape by a punch and die 
operation.1 These types of magnets are acceptable for high-energy accelerators with DC fields but are 
too lossy for pulsed HIF drivers. A number of other magnetic materials are available that offer much 
lower hysteresis and eddy current losses. The conductor losses, which consist of the resistive and eddy 
current losses, can likewise be reduced by proper choice of conductor cross section and number of parallel 
windings to achieve the optimum current density.2 The present design for the HER calls for 3840 
magnets for the four beamlines. The total stored energy in the gap is IV = B2/2fig times the gap volume. 
The number of ampere-tums required is ni = 2RB/m>. The inductance of one dipoie magnet is 
L = rtjn2/4/2R, where A is the pole piece cross-sectional area and R is the beam pipe radius. Before 
deciding on the number of turns for the dipoie magnet, it is important to consider the cost and reliability 
of the pulser to drive it. There is a considerable difference in cost and reliability between a high-
voltage system that uses thyratrons and a low voltage system with silicon controlled rectifiers (SCRs). 
We have decided that the voltage levels should be kept at a few kilovolts so that solid state devices 
and electrolytic capacitors can be applied directly. A conceptual design of this circuit is considered 
below in the dipoie magnet pulser section. The HER dipoie magnet is chosen for this exercise where 
B = 0.9 T at 2.6 ms from the beginning of the acceleration sequence. 

We have designed the dipoie magnets to reduce energy losses while providing the required 
magnetic fields of 0.28 to 0.9 T over a distance of 1.5 m in the HER. To maintain a low pulser voltage 
(low inductance), the coil will consist of a few serial turns but will have many parallel windings to 
reduce losses. Conventional dipoie magnet coils are wound with conductors insulated by an epoxy-
impregnated layer of wrap, which cures when the whole coil is vacuum potted. Coil winding shops 
have fixtures that automatically wrap and wind the conductor on forms that match the magnet design. 
Most magnet designs hive axial regions for the return paths of the coil windings, and the beam 
lattice design must allow enough space that the conductor can be bent around in a continuous form 
(Fig. 5-2). For the HER Ring, a length of 1.0R at each end was allowed. For the HER ring, for 
which the beam pipe radius is R = 6.9 cm, the magnetic field length is 15 m, and the inductance 
L = (4n < ;0-W)(2RX1.5)/2R) = 320 uH for 13 turns. 

The energy stored per magnet for a 0.9-T field (end of the acceleration sequence) is 
(4)(0.9) 2(1.5)(0.069) 2/(8K X 10"') = 72 kj or 9.4 kj peak. The ni product required to achieve 0.9 T is ni = 
9.9 x 104 ampere-turns. For the magnet to be 95% efficient, the sum of the conductor losses and the cote 
losses must not exceed 470 J per pulse. The magnetic core volume of the magnetic dipoie shown in Fig. 5-1 
is approximately 0.1 m 3, and its core energy loss due to hysteresis and eddy currents is about 30 J.3 The 
conductor losses must, therefore, not exceed *40 J. Taking into account magnet costs, power supply cost, 
cooling system and operating costs, our stud,' indicates that a broad maximum in efficiency occurs when 
the current density in the conductors is about 500 A/cm2. The 13-turn conductor will have to carry one 
half period sinusoid of current with a peak value of about 8 kA and with a duration of about 10.5 ms. 

Magnetic 
material 

Multi-turn 
parallel 
copper 
conductors 

Beam pipe 
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Figure 5-2. Dipole magnet coil ends requiring additional axial length. 

The conductor losses stem mainly from the skin depth and eddy current losses. The skin depth, or rV, 
loss is {2BR/iitifipO.Tsinhx), and the coil eddy loss is (ffB)2Ah/24rp, where the conductor cr">s section 
of 1.0 cm2 has been chosen roughly to equal the skin depth at the dipole ringing frequency of M * jut 
47 Hz.2 This design must be optimized to ensure that the coil eddy current losses and the skin depth 
losses are less than 440 J. 

The dipole magnets for the LER, the MER, and the HER have similar magnetic field requirements, 
which are listed in Table 4-1. A design process similar to that discussed above for ihe HER was 
conducted for the other three rings. Table 5-1 summarizes dipole magnet parameters for each of the 
recirculator rings. 

Cosf Analysis 
As stated above, the goal of the magnet designer is to optimize efficiency and to minimize total 

cost. The total cost includes not only the magnet but the power supply, power distribution, cooling 
system, and operating costs. 
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Table 5-1. Summary of dipole magnet parameters. 

IR LER MER HER 
Magnetic field, B (T) at 60.6° 
Dipole ringing frequency,/ (Hz) 
Beam residence time, T (ms) 
Beam pipe radius, R (cm) 
Dipole length, L (m) 
Current (kA-rurns)" 
Peak energy stored, W (kj) per magnet* 
Total number of dipoles per beam 

0.68 1.18 1.2 0.9 
14.2 23.9 32.3 47.6 
8.75 5.17 3.83 2.61 
8.0 9.6 8.1 6.1 
0.20 0.3 0.49 1.5 
99.8 207 178 100 
13 8.4 9.7 9.5 
515 350 689 960 

> At peak B field. 
b Does not include fringe fields. 

The dipole magnets for all four rings will use thinner lamination than is normally used for 
synchrotron dipole magnets. This will yield higher efficiency and slightly higher capital costs. The 
magnet cost was obtained by summing the individual costs of magnetic core lamination, copper 
windings, porting of coil, assembly, and support. For a specific type of magnet, such as the bending 
dipole magnets for all four rings, it was assumed that the cost would be proportional to the mass of the 
magnet. Once the cost per unit mass was obtained for one magnet, the rest were costed on the basis of 
their masses. The dipole magnet cost is estimated using an algorithm described in Appendix E. 

5.1.1.2 Dipole Magnets: State of the Art 
To gain confidence that the 95% efficiency assumed in our studies was not an unreachable goal, we 

built a one-quarter-scale prototype magnet and pulser. Figure 5-3 shows the double-C magnet cores 
forming an H-type of dipole magnet with winding and simulated beam pipe at the center. (C refers to 
the shape of the cores while H refers to the space formed by two C cores as mirror images.) The 
magnetic material was Magnesil, which is commonly used in 60-Hz transformers. The windings 
consisted of four copper straps, each of 30 turns and all wired in parallel. The pulser circuit is described 
in Sec. 5.1.2.2. The resultant current and voltage wave forms are shown in Fig. 5-4. We conclude from the 
ringing half period of 375 (is that the magnet inductance was 180 p.H, as expected. The r< jo of the 
residual voltage to the charging voltage was 0.95, and, since the energy is proportional to the square of 
the voltage, we conclude that the energy recovery efficiency was 90%. The measured values agree 
closely with the calculated losses: at these low levels, the SCR switching losses were measured to be 
4%, the î R coil losses were 5%, and the core losses accounted for the remaining 1%. Even though this 
frequency of ringing of about 1.3 kHz was much higher than that in the point design, the combined eddy 
current, resistive, core, and switching losses were only about 10%. This simple test was carried out at 
very low levels and was smaller than the eventual dipole magnet, but it shows that the losses can be 
predicted and that, with some effort, a cost-effective magnet with over 90% efficiency should be 
achievable. 

5.1.13 Development Issues 
The dipole magnet for the recirculator must have an efficiency greater than 90%. The technology 

required to achieve such an efficiency is at the state of the art. The magnetic materials and the 
conductors required are basically off-the-shelf items. The development effort will concentrate on 
achieving high efficiency at the lowest possible cost. It will be mainly an engineering development 
effort on manufacturing the H-cores with the proper laminations and conductors to achieve efficiency at 
the required aspect ratio. The prototype will tell us if a dipole magnet with the small cross section 
shown in Fig. 5-1 can achieve this high efficiency. 
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Figure 5-3. Fre-prototype 1/4-scale H-type dipole magnet with 
SCR-driven bipolar capacitor bank. 

50 V/div. 

16 A/div. 

Figure 5-4. Current and voltage waveforms for 1/4-scale H-type 
dipole mag..eL 

Symbols Used 

B magnetic field (T) 
h conductor height 
n number of turns in the coil 
R pipe radius 
p resistivity of copper 
s length of conductor 
T pulse duration 
W energy (J) 
Wm magnet weight (kg) 
x conductor width 
Ho permeability of free space (4it x 1 0 - 7 H/m) 
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5.12 Dipole Magnets Pulsers 

5.1.2.1 Requirements and Design 
As discussed in Sec. 5.1.1, every recirculating ring in the HIF driver requires bending fields that 

track the energy gain of the ion beam; that is, the ramped magnetic fields should be linear functions of 
time. The simplest way to generate a quasilinear magnetic field is to use a portion of a sinusoidal 
current waveform. Other waveform generators will be investigated, but, for this point design, we have 
adopted the sinusoidal case. 

As in Sec. 5.1.1, we focus on the HER, which requires most of the energy needed in the bending 
fields. The HER requires a ramping magnetic field to 0.9 T in about 3.6 ms. To track the energy gain 
faithfully, the pulser circuit must maintain a ramp that deviates from linear by less than ±5%. We 
have chosen the 0.9-T value at end of beam pulse to occur at a conduction phase angle of 60.6°. The 
phase angle at which the beam is injected into the HER is 16°. Our study has investigated two similar 
systems: one is based on the least expensive technology (electrolytic capacitors), and the other is based 
on the more conventional bipolar capacitor. The system based on electrolytic capacitors will require an 
energy recovery system that maintains the proper polarity on the capacitors; the bipolar system will 
require a switching system that maintains the proper current flow through the dipole magnet with the 
polarity reversal in the capacitors.4 

Figure 5-5 shows one half cycle of the current waveform that will be generated by the circuits in 
Figs. 5-6 and 5-7 to produce the ramping magnetic field. In the circuit of Fig. 5-6, SCR1 and SCR2 are 
triggered simultaneously to inject the current into the magnet. The bipolar capacitors and the dipole 
magnet form a high-Q ringing circuit. The current will be one-half cycle of a sinusoid, and the SCRs 
will open (self commutation) as the current tries to reverse. The voltage waveform will be one-half 
cycle of a cosine, thus recharging the capacitors to the inverse polarity. Because of the system losses, 
the capacitor will be charged to a slightly lower voltage than the original charging voltage and will 
therefore need recharging between cycles. On the next HIF beam cycle, SCR3 and SCR4 are triggered to 
generate a magnetic field of the same polarity as the first. 

Corresponds to 
i-T field 

Diodes (D, & D 2) turn on 

Commutation 
time for pulser 
of Fig. 5-7 

Time 

Figure 5-5. Voltage and current waveforms to generate a quasilinear magnetic field in the 
dipole magnets. 
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Figure 5-6. Self-commutating capacitor bank and SCR system. 

Commutation 
circuit 

—W^- * 
SCR1 

Dipole 
magnet 
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D1 D2 

1 
Figure 5-7. Forced-commutation electrolytic capacitor bank and SCR. 

The simplified circuit shown in Fig. 5-7 is very similar to that in Fig. 5-6 with one major exception. 
SCRl and SCR2 are fired simultaneously, but, at the peak of the current waveform (zero voltage crossing), 
these SCRs are commutated off by a separate circuit, an action causing the current to transfer from the 
SCRs to diodes Dl and D2 with no interruption to the current flowing in the magnet. The commutation 
circuit forces current through the SCRs in the opposite direction. Because this reverse current is a short 
pulse with only high-frequency components, virtually none of it flows through the high-impedance 
dipole magnet. Diverting the current from the SCRs to the diodes recharges the electrolytic capacitors at 
the original polarity and to the original voltage minus the losses. If electrolytic capacitors are used with 
this circuit, the commutation circuits must operate efficiently. 
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Electrolytic capacitors have not usually been considered applicable to pulsed systems because of the 
limited peak current that could be drawn from them and because of the limited charging voltage (450 V). 
Since the early 1970s, however, they have been used to generate millisecond pulses in magnetic fusion by 
the use of many ganged capacitors in series/parallel banks. The maximum current extractable from an 
electrolytic capacitor is limited by the internal series inductance and resistance; this limit for most 
electrolytic capacitors is hundreds of amperes. Many can also be connected in series as long as they are 
properly protected by zener diodes. For the dipole pulser application, the maximum current per capacitor 
will be chosen so that the maximum energy loss due to the internal series resistance is less than 2% of the 
total stored energy. Using an electrolytic capacitor with internal resistance of 0.02 ft and an inductance of 
200 nH, our design would have a peak current of 100 to 200 A drawn from each, so that the required peak 
current of less than 8.0 kA would necessitate the ganging of 50 in parallel. 

We selected the pulser shown in Fig. 5-7 in our point design to satisfy the HER dipole magnet 
requirements. For this exercise, we assumed that each dipole magnet is driven by one pulser. In a fully 
optimized system, one pulser will quite possibly drive several magnets. As noted in Sec. 5.1-1, the 
dipole magnet inductance is given by L = f^n2A/2R, the ringing frequency is/= l/2rc(L/C)1 /2/ the 
magnetic field is B = nifb}/2R, and the voltageis v = jwti. By combing the above equations we find that 
v s= 2amBRz. The voltage limit sets the maximum number of turns n = 13, which gives L = 320 nH. 
Table 5-2 shows the pulser requirement to drive the dipole (bending) magnets. 

To use electrolytic capacitors, the maximum voltage is limited to ±450 V. To satisfy the current 
requirements of one dipole magnet, the energy storage consists of parallel electrolytic capacitors 
switched by commercial SCRs. The commutation system of Fig. 5-7 is a simple circuit that applies 
reverse current through the SCR to turn it off and to force the current through the diodes to recharge the 
capacitors with the same polarity. We estimate that it will be difficult to achieve an efficiency of 
98% in the dipole pulser. Since the dipole magnets require a large fraction of the overall operating 
energy, this high efficiency in the pulsers is essential. 

5.1.2.2 Dipoie Pulser State of the Art 
As described in Sec. 5.1.1, we constructed a quarter-scale prototype magnet and pulser to confirm our 

calculations at low power and with components already available. Figure 5-7 shows the H-type dipole 
msgnet with pulser, and Fig. 5-8 shows the waveforms generated by the circuit in Fig. 5-6. In this test 
dipole pulser, we used a 40-uF bipolar capacitor switched by a commercial SCR. The resultant current 
and voltage waveforms (Fig. 5-8) show that the recovered voltage was 95% of the initial voltage, and 
so the efficiency of energy recovery was about 90%. The sum of the calculated core and PR losses in the 
dipole magnet were about 6%, so that we estimate that the pulser losses were about 4%, about twice the 

Table 5-2. Summary of dipole magnet pulser requirements. 

IR LER MER HER 
0.68 1.18 1.2 0.9 
0 2 0.3 0.49 1.5 
0.O8 0.096 0.081 0.061 
99.8 207 178 100 
14.2 23.9 32.3 47.6 
1.3 8.4 9.7 9.5 
330 62 34 13 
27.4 1.5 0.71 0.32 

0.019 0.12 0.14 0.14 
+426 ±436 +438 +426 
515 350 689 960 

a Does not include fringe fields. 

Magnetic field, B (T) at 60.6° 
Dipole length, z (m) 
Seam pipe radius, R (m) 
Peak kiloampere-turns, ni 
Ringing frequency,/(Hz) 
Peak stored energy per magnet, w (kj)a 

Number of turns, n 
Inductance, L (mH) 
Total capacitance, C (F) 
Voltage, v (V) 
Number of pulsers per beam 
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Figure 5-8. One of 40 electrolytic capacitor bank modules that 
stored 6 MJ for a magnetic fusion experiment 
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predicted value of 2%. This result can be explained by the fact the SCR losses vary more nearly with i 
than with fl, since the junction forward potential drop is nearly constant. At high current this effect 
will be less significant since the switch losses will become a smaller fraction of the total. We believe 
that most of the features of the pulser were incorporated in this experiment despite the fact that we 
used bipolar rather than electrolytic capacitors. This experiment has confirmed one of our pulser 
designs and our predicted losses but not the viability of the commutation circuit. 

On the question of whether electrolytic capacitors are suitable in an application requiring high 
peak current, we refer to studies conducted in the construction of a 6-MJ capacitor bank (Fig. 5-8) by the 
Magnetic Fusion Energy program.5 It was found that the internal inductance of the electrolytic 
capacitor (Mallory LES21823-A, 1500 uF at 450 V) was 200 to 300 nH and that the internal resistance 
was 15 to 25 mQ, parameters well within the range of interest for our point design. 

Cost Analysis 
The cost of the dipole magnet pulsers was based on the least expensive technology of electrolytic 

capacitors and SCRs. The cost of bipolar capacitors : i currently higher; with development it could be 
reduced to be competitive with electrolytic capacitors, but at a higher voltage. A typical HER dipole 
magnet pulser was designed in detail. The cost was obtained by summing the published quantity cost of 
electrolytic capacitors, SCRs, commutation circuit, protection devices, bus network, assembly, and 
enclosure. The charging power supply was costed elsewhere. The total cost is $0.5 W, where W is the 
magnetic field energy in joules plus magnet and pulser losses. 

5.1.23 Development Issues 
The development required to establish efficiency and cost will consist of engineering prototyping 

of pulser to ensure that an efficiency of 98% is possible at the required current of 100 to 200 A per 
capacitor, a ringing frequency of 50 Hz, and a recirculator cycle PRF of 1 to 10 Hz with inexpensive 
electrolytic technology. If commutation to maintain the same polarity in the capacitors is not feasible, 
the development will concentrate on reducing the cost of the bipolar system. 

The development of alternative pulser technologies should also be pursued. As shown in Sec. 9, the 
use of a compulsator to generate linear ramps to drive the dipole magnets has very significant 
advantages both in cost and efficiency. This alternative technology should be aggressively 
investigated before a decision is made on the type of dipole pulser. 

Symbols Used 

z magnet length (m) 
W energy <J) 
L inductance (H) 
C Capacitance (F) 
Zo impedance (£2) 
V voltage (V) 
i current (A) 
f frequency (Hz) 
n number of turns 
B magnetic field (T) 
tt> permeability (H/m) 
Q quality factor (energy stored/energy dissipated per cycle) 
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5.2 Accelerating Systems 

The ion beam is accelerated during multiple passes through a series of induction cells. This 
subsection describes the conceptual designs for the induction cells and the induction cell drivers used in 
each of the accelerating rings. Major design issues are discussed and recommendations for a development 
program are presented. 

5.2.1 Accelerating Cells 
The induction cells in the recirculating linac provide the potentials required to accelerate the ion 

beams to the desired energies. Each induction cell is used multiple times by recirculation of the ion beam 
during a single acceleration sequence. The recirculating configuration has the potential for yielding 
significant savings in the amount of core material required over that required for a single-pass machine 
at the same output energy. The conceptual design presented in this report requires four different 
induction cells with significant variations in operating requirements. The operating requirements, 
design issues, the specific conceptual design and development needs are presented in this subsection. 

5.2.1.1 System Requirements and Designs 
The choice of operating requirements for the induction cells in each of the four acceleration rings 

was based on a number of factors. These factors include ion beam transport and acceleration issues, 
dynamic range limitations of components, the number of laps a beam will make during one acceleration 
sequence, switch capabilities, system cost, and overall system efficiency. These factors were evaluated 
in a system context to arrive at the induction cell requirements described below. 

The acceleration profile required to accelerate the ion beam is different in each of the four rings of 
the recirculator, resulting in four different induction cell configurations. Table 5-3 summarizes the 
induction cell requirements. The IR must provide acceleration pulses that range in duration from 189 to 
40.5 us with an average amplitude of 1 kV. Acceleration pulses in the LER range in duration from 40.5 
to 4.2 us with an average accelerating gap voltage of 3.5 kV. Constant pulse durations of 4.2 and 0.79 us 
are used in the MER and the HER, respectively. The gap voltage for the MER is 25 kV and the gap 
voltage for the HER is 100 kV. 

A number of major issues must be addressed in the design of the induction cells for a recirculating 
HIF driver, including beam transport and stability issues, the choice of magnetic material, magnetic 
material cooling and insulation, magnetic material losses, high-repetition-rate vacuum insulator 
breakdown, high-vacuum insulator seals, and system cost. 

The cells must be designed to minimize the growth of various beam instabilities, including beam-
breakup and longitudinal instabilities. This places constraints on the physical configuration of the cell. 
AMOS code development has been initiated for analysis of the cell structures for the presence of high-
frequency modes. This issue must be addressed for the specific cell design in each of the four rings. 

The magnetic material used in the induction cells has a significant impact on the initial cost of the 
accelerator and on its efficiency. Several alternatives could be considered for use in the induction cells, 
including ferrite, silicon steel, and various alloys of Allied Corporation's amorphous magnetic 
material, METGLAS. Ferrite induction cells would transfer the drive energy to the ion beam more 
efficiently than METGLAS or silicon steel, but ferrite was not chosen because of its low maximum flux 
density (0.3 T) and its relatively high cost ($100/kg). The low flux density would require the use of a 
much greater volume of ferrite than of METGLAS or silicon steel. 

Table 5-3. Induction cell requirements for each acceleration ring. 
Cell voltage 

(kV) 
Pulse duration 

(US) 
Repetition 

(kHz) 
rate 

Number of laps 
IR 1 189-40.5 3-9 50 
LER 3.5 40.5-4.2 7-13 50 
MER 25 4.2 6-19 50 
HER 100 0.79 9-27 50 
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Silicon steel is less expensive but was not chosen because it has higher losses than METGLAS.6 This 
is due to the higher conductivity of silicon steel and to a greater ribbon thickness. Silicon steel cannot be 
rolled in thicknesses less than 2 mils, as against 0.6 mils for some of the amorphous alloys.7 

METGLAS cores were found to have the best characteristics for trade-offs between core cost, flux, 
swing, eddy current losses, and pulser costs for the 1LSE experiment.7 METGLAS 2605-S2 was chosen as 
the magnetic material for this study because it has acceptable magnetic qualities and a potential for 
low cost. This choice of magnetic material for the recirculator study has not been thoroughly 
investigated and should be more carefully evaluated for each of the individual accelerating rings. 
Different magnetic materials, such as silicon steel or other alloys of METGLAS, may provide better 
trade-offs between system cost and efficiency in different rings of a recirculator configuration. 

Induction core losses affect the overall system efficiency and the cost of the core pulsers required to 
drive the cells. This cost can be substantial for large systems such as this recirculator. Estimates for core 
losses in this study were based on empirical data for square-wave excitation of small samples.8 The core 
energy losses E c of METGLAS 2605-S2 of ribbon thickness 22 urn were estimated using the expression 

Ec = K1VmMmdB& (5-1) 

In this expression (in which all units are SI), Kj = 133, Vm is the volume of the induction core. At is the 
pulse duration, ABm is the change in flux density in the core material, m = -0.8, and n = 1.8. Substituting 
an appropriate expression for the volume into Eq. (5-1), we obtain 

Ec = KwAmy^- + 2r\MmAB$, (5-2) 

In this expression, which assumes a uniform flux density, Lm is the length of the induction cell, Am is 
the axial cross-sectional area of the induction core, and n is the inner radius of the induction core. From 
Eq. (5-2) it is easier to see the dependence of the magnelic material losses on the core dimensions. The 
losses always decrease if the length of the cell is increased (for constant cross-sectional area), because 
the total volume of the core decreases. The losses also depend on the core cross-sectional area. It can be 
shown with Eq. (5-2) that over a certain range of cross-sectional areas, the total losses of a core can be 
decreased by increasing the cross-sectional area, which concurrently decreases ABm such that the total 
flux ABmAm is constant. Eventually, increasing the cross-sectional area begins to increase the total 
losses. The inner and outer radii r\ and r c for the minimum-loss configuration are related by 

'-*(£;) (5-3) 

Additional core cross-sectional area was used in the designs for the induction cells of the two higher-
energy rings to increase overall system efficiency. 

An expression for the average core loss current can be derived from Eq. (5-1). The average magnetic 
core loss current I c = E c/4Bm/4m is given by 

/ c = Kiff(r0 + r i )dt r a 4B^- 1 (5.4) 

where AB„,/At is the change in the magnetic flux density. Equation (5-4) is used to estimate the average 
drive current requirements of the induction cells neglecting the beam current term. 

System costs are affected by the packing fraction of the core material in an induction cell. The 
packing fraction is defined as the ratio of the cross-sectional area of the magnetic material to the 
combined cross-sectional areas of the magnetic material and the interlaminar insulating material. 
METGLAS cores must be wound with insulation between windings to prevent large eddy current losses. 
This insulation decreases the amount of magnetic material that can be wound into a given cross-
sectional area. As a result, the thicker the insulation between windings, the grer 'or the combined 
cross-sectional area of the core and the greater the volume of magnetic material required for a given 
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pulse format. This greater volume results in a greater cost and increased losses. Thinner insulator 
coatings and more uniform magnetic material thickness would increase this packing fraction, which 
would decrease the required material volume and thus decrease the losses and system costs. The cells 
in this study use 22-um-thick METGLAS 2605-S2 with a packing fraction of 0.8. This packing fraction 
is not available with present-day technology for coatings that will withstand 100-V interlaminar 
voltages, but a packing fraction of 0.8 is highly probable with the development of new insulator 
coating technologies.9"11 

Induction core losses also depend on the thickness of the ribbon used to wind the cores. Eddy current 
losses are proportional to d2/p, where d is the thickness of the METGLAS and p is the resistivity.12 

This study used 22-p.m-thick METGLAS 2605-S2 because loss data for this material are readily 
available, but thinner material should also be considered since the d2 dependence of losses provides a 
strong incentive to evaluate thinner materials. The decrease in core losses must, however, be traded off 
against the increased cost for thinner materials.13 

The insulators in the induction cells must hold off the gap voltage with a very low probability of 
flashover. The gap voltages vary from ring to ring and span a very wide spectrum of pulse durations and 
amplitudes, as shown in Table 5-3. One requirement is that all of the insulators in every ring must hold 
off voltage at high pulse repetition rates (<50 kHz). This is a relatively unexplored region of insulator 
operation for induction linacs and needs thorough investigation. In the conceptual designs of these cells, 
we have assumed that future experiments will satisfactorily address this issue. 

Another design issue related to the gap insulators is whether or not the insulators must be "hidden" 
from the ion beam. In electron beam accelerators such as ETA, ATA, and ETA II, it has been shown to be 
very important to shield the gap insulators from the beam because of beam radiation damage. Hiding 
the ;ap insulator for ion beams increases the complexity and cost of the induction cell and the cost of the 
gap insulator itself. This issue should be thoroughly investigated to facilitate a cost-effective cell 
design. For this conceptual design, the safe approach of hiding the insulator is used until experimental 
evidence indicates that it is not necessary. 

The last major design issue related to the induction core design is elimination of heat from the 
induction cores.14 Core heating is important for two reasons. Excessive core temperatures can result in 
irreversible degradation in the magnetic material and in the insulation of the induction core. 
Temperature variations in a core also change the flux density of the core material. Gross changes in this 
flux density could result in substantial and perhaps intolerable changes in the accelerating pulse. The 
design of the core cooling should address the maximum temperature change allowed from an operation 
standpoint The amount of heat dissipated in the cores is dependent on the dB/dt of the core. Heat 
dissipation in the core material varies from ring to ring but is most severe in the HER, where dB/dt is 
the greatest (1 to 2 T/us). The maximum heat dissipation per core is estimated to be approximately 
15 kW per cell at an average repetition rate of 500 Hz in the HER. The details and the analysis of the 
core cooling issues were not regarded as falling within the scope of this report, but they must certainly 
be investigated. 

The general conceptual designs of the four types of induction cells in the recirculator are very 
similar to those used on ATA and ETA II, except that METGLAS is used instead of ferrite and the 
insulator locations may vary. For estimating costs, stainless steel was used for cell housings and 
alumina was used for the gap insulator. The specific designs for each cell are described below. 

High-Energy Ring Induction Cell Description 
The accelerating cells in the HER are designed to accommodate four ion beams. This concept was 

chosen because it makes the most efficient use of the induction cell magnetic core material for a given 
beam load. Figure 5-9 shows a schematic drawing of the HER cell; Table 5-4 gives the approximate 
dimensions. 

The HER cell configuration consists of two back-to-back induction cells driven with pulses of 
opposite polarity. The superconducting quadrupoles and induction cells are coaxial. Each quadrupole is 
enclosed by two induction cells, and there is an acceleration gap at each end of the quadrupole. This 
configuration was chosen to minimize the total circumference of the ring and thereby to decrease system 
cost. The design of the quadrupoles must ensure that there is minimal interaction between the 
quadrupole magnetic fields and the magnetic material in the induction cores. 
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Figure 5-9. Conceptual design of an HER induction cell. Each cell has two accelerating gaps. Leads for 
the quadrupoles are admitted through a break in the METGLAS induction core. 
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Figure 5-10. Conceptual design of an induction cell for the IR, the LER, and the MER. Each cell has one 
accelerating gap. 

5-14 



Table 5-4. Summary of induction cell dimensions (in meters). 
A B C D E 

HER 1.18 0.303 0.519 0.674 0.061 
MER 1.0 0.404 0.946 0373 0.081 
LER 0.85 0.482 0.809 0.577 0.096 
IR 0.44 0.398 0.408 0.612 0.080 

The amount of core material in the HER induction cells is approximately 400% more than is 
required for the acceleration pulse. This was done to decrease the losses in the core material by reducing 
ABm in the material during a pulse, as discussed above. 

The magnetic material losses for a 22-|jm ribbon of METO" AS 2605-S2 were approximated using 
Eq. (5-1).15 The total magnetic material volume is approximately 1100 m3. The estimated dB/dt for 
cells in the HER is <0.7 T/us. The estimated loss for square-wave excitation of 22-um-thick METGLAS 
2605-S2 is approximately 60 J/m 3. The total loss for one accelerating sequence of a single beam is 
approximately 2.3 M] per beam pulse. At 10 Hz, this is a power loss of 23 MW. The required drive 
current per cell is estimated to be approximately 1 kA; total beam current ! s 136 A. 

Medium-Energy Ring Induction Cell Description 
The accelerating cells in the MER are designed to accommodate four ion beams, as in the HER cells. 

Figure 5-10 gives a schematic of the induction cell; Table 5-4 shows approximate dimension;. These 
cells also use the re-entrant quadrupole design. 

The amount of core material in the MER induction cells is approximately 200% more than is 
required by the drive pulse. The total magnetic material volume required for METGLAS 2605-S2 is 
approximately 370 m 3 The estimated dB/dt for cells in the MER is 0 20 T/us. The estimated loss for 
square-wave excitation of 22-um-thick METGLAS 2605-S2 is approximately 37 J/m 3. The total loss for 
one accelerating sequence of a single beam is approximately 480 k] per beam pulse. At 10 Hz this is a 
power loss of 4.8 MW. 

Low-Energy Ring Cell Description 
The accelerating cells in the LER are designed to accommodate four ion beams, just as in the MER 

and HER cells. The general cell configuration is the same as in the MER. Figure 5-10 gives a schematic 
of the induction cell; Table 5-4 shows approximate dimensions. 

The total magnetic material volume required for METGLAS 2605-S2 is approximately 110 m3, 
which does not include any excess core maferiaf. Trie decrease in induction core tosses for the LER 
resulting from additional core material in the induction cell has a negligible effect on the overall 
system efficiency, so no additional core material was used. The estimated dB/dt for cells in the LER is 
approximately 0.06 T/us. The estimated loss for a square wave excitation of 22-um-thick METGLAS 
2605-S2 is approximately 35 j / m 3 . The total loss for one accelerating sequence of a single beam is 
approximately 50 kj ;ier beam pulse. At 10 Hz this is an approximate power loss of 0.5 MW. 

Injection-Ring Cell Description 
The accelerating cells in the injection ring are also designed to accommodate four ion beams and are 

very similar to those in the LER and MER. Figure 5-10 gives a schematic of the induction cell; Table 5-4 
shows approximate dimensions. 

The total volume of METGLAS 2605-S2 is approximately 160 m 3. As with the LER, no additional 
core material was added to the cells. The estimated dB/dt for cells in the IR is 0.01 T'JJS. The estimated 
loss for a square wave excitation of 22-um-thick METGLAS 2605-S2 is approximately 12 J/m 3. The total 
loss for one accelerating sequence of a single beam is approximately 34 kj per beam pulse. At 10 Hz this 
is a power loss of 340 kW. 

Table 5-5 summarizes the induction cell parameters in each of the four rings in this recirculator 
conceptual design. These concepts are not intended to represent final designs because several issues such 
as BBU instabilities in a METGLAS-loaded induction cell, longitudinal instabilities, and vacuum 
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Table 5-5. Summary of induction cell parameters. 
IR LER MER HER 

Volume of core material (m3) 162 108 372 1120 
Weight of core material (metric ton) 1.2 0.77 2.7 8.1 
Required flux density, ABm (T) 2.6 2 3 0.9 0.56 
Available flux density (T) 2.9 2.9 2.9 2.9 
Total care losses per pulse, E c (kj) 2 3.7 13.5 66.S 

breakdown at high repetition rates need considerable investigation to be understood. The issues of BBU 
and longitudinal instabilities are covered in more detail in Sec. 3. The conceptual designs are 
reasonably conservative given the present knowledge base. For example, the average electric field 
stress across the surface of the insulators is <20 kV/cm in any of the induction cells in the four rings. 
Detailed induction cell designs must be preceded by a comprehensive development effort. 

5.2.1.2 State of the Art 
Some development will be required to reach the performance described in this report. In particular, 

4B will have to be raised to 2.9 T (AB for METGLAS 2605-S2 is 2.6 T), and the packing fraction will 
have to be raised to 0.8 (packing fractions of 0.65 to 0.7 can be achieved with METGLAS 2605-S2). The 
material thickness (22 urn) and the cost ($15/kg) of METGLAS 2605-S2 are satisfactory. 

Surface flashover of vacuum gap insulators has been the subject of many investigations.16"20 The 
optimum design of a vacuum gap insulator is a complex issue that must consider insulator material, gap 
geometry, insulator surface condition, pulse duration, and repetition rate. This should be a subject for 
intense investigations in any recirculator development program. No data have been found for vacuum 
insulator flashover at repetition rates comparable to those required for the recirculator. 

5.2.1.3 Development Areas 
Magnetic Material Development 
Several characteristics of the magnetic cores in the induction cells have a significant influence on 

the cost and efficiency of the overall system. These include the maximum flux density of the core and 
the thickness of the magnetic material windings. The maximum flux density of the core depends on two 
characteristics, the maximum flux density of the material and the packing fraction of the core, which 
is the ratio of the cross-sectional area of magnetic material to the total cross-sectional area of the core. 
The higher the packing fraction, the smaller the core cross section and the less the magnetic material 
volume. Reducing the volume not only reduces the cost but it also reduces the magnetic losses. METGLAS 
2605-S2 has a maximum flux density of approximately 2.6 T for 22-ujn-thick ribbon that is both 
insulated and annealed.21 The best packing fractior available for magnetic materials used under pulsed 
conditions is approximately 0.65 to 0.7. A developn^ it program to develop thinner magnetic materials 
with a more uniform thickness and a thinner interlaminar insulating material that will withstand 
annealing temperatures and pulsed voltages in the range of 100 V per turn would have significant 
impact on recirculator design. 

Magnetic lAuterial Characterization and Modeling 
The magnetic materia] loss current is a dominant component of the load that must be driven by the 

inducts* cell pulsers. Little information is available on the impedance characteristics of a METGLAS-
loaded induction cell. Characterization of METGLAS induction cells at the appropriate pulse durations 
must be conducted to design pulsers to drive (he cells. Characterization must also be studied as a 
function of temperature because of the burst nature of induction cell operation in a recirculator. In 
parallel with the material characterization measurements, models should be developed for these 
magnetic materials to serve as the basis for a thorough design and analysis capability. These models 
v/ould be critical to understanding and optimizing the overall system. Models should include both 
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circuit mode ls for designing the dr ive system and models for use in codes such a s AMOS for designing and 
evaluat ing the induct ion cell s t r u c t u r e . 2 2 

Induction Core Cooling and Dielectric Development 
The high-average-repetition-rate operation required for a recirculator will lead to significant core 

heating. Cooling techniques must be developed that do not compromise the magnetic characteristics of 
the core. Some work is being done at Sandia National Laboratory on channel cooling techniques.23 

Another consideration that must be investigated is the choice of dielectric fluid for insulating and 
cooling the induction cells. It has been demonstrated24 that the breakdown strength of some dielectric 
fluids varies with repetition rate.The choice of dielectric fluids must be carefully evaluated on the 
basis of heat capacity, dielectric strength, material compatibility, and environmental acceptability. 

Accelerating Gap Insulator Development 
Little information is available for insulator operat ion in the region of interest for a recirculat ing 

ion accelerator. These insulators mus t be able to opera te reliably at repeti t ion rates of u p to 50 kHz . 
There is certainly a significant payoff for maximiz ing the vol tage tha t a n insula tor can p r o p e r l y hold 
off. The relation be tween m a x i m u m insulator surface voltage stress and pulse repeti t ion ra te i s 
u n k n o w n , and defining this relation will require a very thorough research and deve lopment p rogram. 

Symbols Used 
Am cross-sectional area of magnetic material in induction cores 
Ec energy loss in magnetic material 
/ c loss current in core 
Ki empirical constant for METGLAS loss calculation 
L„, length of magnetic material in induction cores 
m empirical constant for METGLAS loss calculation 
n empirical constant for METGLAS loss calculation 
p resistivity 
r> inner r ad ius of magnet ic material in induct ion core 
ra ou te r r ad ius of magnet ic material in induct ion core 
Vm vo lume of magnet ic material 
ABm flux dens i ty in magnet ic material 
At pulse duration 
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5.2.2 Accelerating Cell Pulsers 
This subsection describes conceptual designs for the induction cell pulsers that provide the 

accelerating potential to the ion beam. Two basic types of pulsers are used in the four accelerating rings, 
a fixed format pulser and a variable format pulser. This initial study uses existing technology where 
possible to provide credible cost estimates and to provide a sound basis for comparisons. The 
descriptions of the individual pulsers and their attributes are organized according to the accelerating 
ring in which they are used. The pulser concepts chosen are not unique solutions for driving the induction 
cells but are feasible configurations of existing components whose cost can be accurately estimated. 

5.2.2.1 System Requirements 
The accelerating system for the recirculating accelerator consists of four separate rings, each 

requiring different pulse formats from the induction cell pulsers. The IR and the LER each require 
induction cell pulsers with the capability of a variable pulse format. Each pulser in these two rings 
must be capable of changing the pulse amplitude, shape, duration, and repetition rate during one 
acceleration sequence. The acceleration schedules in the MER and the HER do not require pulsers with 
same agility as those in the two lower-energy rings. In these two rings, the pulser outputs are instead 
fixed in duration and amplitude and vary only in repetition rate. In these two rings, pulse compression 
of the beam occurs during the last few laps of the acceleration sequence. The relative timing between 
the induction cell pulsers and the ion beam is varied to provide a ramped energy profile on the beam. 
This method makes possible the tailoring of the beam energy profile with an induction cell pulser of 
fixed pulse duration. Table 5-6 lists the induction cell drive requirements for each of the four rings. This 
subsection describes the conceptual designs for pulsers in each of the four rings. Detailed requirements on 
wave shapes and accuracy have not been addressed. 

High-Energy Ring Pulsers 
The accelerating system for the HER consists of approximately 2370 induction cells, which must be 

repetitively driven by high-voltage, high-repetition-rate pulsers. An accelerating schedule was 
chosen that maintains a constant-duration beam pulse and a constant energy gain per induction cell 
throughout each lap of the accelerating sequence. This scenario was chosen to simplify the accelerator 
cell pulser design and to permit the use of a closing switch to discharge a pulse-forming line (PFL) of 
constant length. Acceleration schedules that required variable acceleration pulse durations were not 
considered in this design because they would require extrapolation of the performance and cost of future 
switch technologies. This extrapolation is addressed in the C system design. 

A pulser that supplies a 400-J output pulse was chosen as a baseline design example for cost and 
efficiency estimates. Table 5-7 shows the specifications for this pulser. The system costs for the 
induction cell pulsers for the HER are scaled from this conceptual design. 

Figure 5-11 shows the conceptual design of the HER pulsers. This design relies on thyratrons in four 
parallel channels to transfer the energy at low voltage (33 kV) into the primary of a 1:3 step-up 
resonant transformer with a coupling coefficient of k = 0.6. The four parallel channels are fired 
successively in "Gatling gun" fashion, each for a different lap of the beam. The step-up transformer, 

Table 5-6. System requirements for induction cell pulsers. 
IR LER MER HER 

Cell voltage (kV) 1 3.5 25 100 
Cell drive impedance (ft) 14 30 100 110 
Drive current per cell (A) 72 116 250 910 
Pulse width (us) 189-403 40.5-4.2 4.2 0.79 
Peak repetition rate (kHz) 3-9 7-13 6-19 9-27 
Number of induction cells 730 526 950 2370 
Average repetition rate (Hz) 500 500 500 500 
Number of pulses per sequence 50 50 50 50 
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Table 5-7. HER pulser output specifications. 

Output pulse energy 
Output voltage 
Peak output current 
Peak output power 
Average output power 
Drive impedance (constant pulse to pulse) 
Pulse width 

400J 
100 kV 
5 k A 

0.5 GW 
200 kW 

2012 
0.79 US 

Figure 5-11. HER induction cell pulser conceptual design. 

which is operating in the dual-resonant mode, charges the Blumlein PFL to 100 kV in approximately 
2 (is. A magnetic switch constructed of amorphous alloy material switches the energy out of the PFL 
into the induction-cell load. 

Thyratrons were chosen for the low voltage switching section because they are the cheapest switch 
available in cost per unit peak power with a cost of approximately $10~ 5/W peak. The recovery times 
of thyratrons that would be appropriate for this application range from 15 to 25 us. The configuration 
with four parallel circuits was chosen so that the maximum repetition rate for each thyratron would 
not exceed 10 kHz. The time allowed for thyratron recovery in this configuration is approximately 30 to 
40 us, depending on the exact times chosen for charging and discharging of the energy stored in the 
capacitors. Operating voltages were chosen to match the manufacturer's specifications for thyratrons 
now available. Table 5-8 shows the requirements of each of the switches in this configuration. 

A resonant transformer is used to step up the voltage from 33 kV to the 100 kV required on the 
Blumlein PFL, 2 5 - 2 6 similar to systems that were used on ATA. Bidirectional switches S2 are required in 
the PFL charging circuitry (Fig. 5-11) because the charging current is bipolar. Figure 5-12 shows the 
resonant transformer voltage waveforms. Figure 5-12(a) shows the voltage on the already-charged 
capacitor C2 beginning at T = 0, which is the time at which S2 closes. At T = 15 us, all of the energy has 
been transferred out of C2. Figure 5-12(b) shows the charging voltage waveform on the PFL as C2 is being 
discharged. The PFL reaches full voltage at T = 15 us, at which time the magnetic switch S3 saturates 
and discharges the PFL into the induction cell. The PFL discharge occurs at 15 us and is not shown in 
Fig. 5-12(b). 
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Table 5-8. Switching requirements for HER pulsers. 
Switch 1 Switch 2 Switch 2' Switch 3 

Switch type Thyratron Thyratron Thyratron Magnetic 
V o p <kV) 18 33 33 . 100 
ip«k <kA) 1.8 8 4 5 
J,»(A) 3.5 6 2 2 
Maximum repetition rate (kHz) 10 10 10 27 
Average repetition rate (Hz) 125 125 125 500 
Unit cost ($ thousands) 1.25 each 1.25 each 1.25 9 
Quantity required 8 12 8 1 
Total switch cost ($ thousands) 10 15 10 9 

Primary circuit voltages (b) Secondary circuit voltages 

5 10 
Time (us) 

5 10 
Time (us) 

Figure 5-12. (a) Primary and (b) secondary circuit voltages for dual resonant charging. 

Dual resonance charging was chosen to eliminate the need for a separate pulser system for resetting 
S3 and the induction cell. The magnetic switch is reset by the bipolar voltage waveform that appears 
on the transformer secondary, as shown by the waveform labeled S3 in Fig. 5-12(b). The integral of this 
waveform, also shown in Fig. 5-12(b), is symmetric about the zero crossing, which provides the 
necessary reset conditions for the magnetic switch. This is a proven technique that has been 
implemented on the FXR trigger system at LLNL. The charge time for the FXR pulser was 7.7 us. 2 7 

Reset of the induction cells also occurs during the charging of the PFL. A shunt magnetic switch 
configuration was chosen to allow the PFL charge current to flow through the accelerating cells to 
provide the necessary current in the right direction to reset the induction cores between each pulse. The 
charge time of the PFL must be chosen to provide adequate reset current for the number of cells driven by 
the PFL. 

A Blumlein pulse-forming line (PFL) with a water dielectric is used to generate the pulses that are 
delivered to the accelerating cells. The choice of dielectric and the required output pulse duration 
determine the physical length of the line. The propagation velocity of an electromagnetic wave is 
given by 

v = (ltoUieoer)-°-5 (5-5) 
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where /io is the permeability of free space (4jt x 10""7 H/m), jur is the relative permeability of the 
dielectric material, £o is the permittivity of free space (1/36K x 10"' F/m) and eT is the relative 
dielectric constant. 

In water fa = 80), we have v = 3.3 x 107 m/s. The physical length of a standard Blumlein for a 
500-ns (FWHM) pulse would be approximately 8.25 m long. Methods of "folding" the line should be 
investigated to shorten the physical length but maintain the electrical length. Discrete PFN Blumleins 
should also be investigated for a cost comparison. 

The radial size of the Blumlein is determined by the impedance and the maximum electric field 
stresses of the dielectric. The minimum radius ^ for the inner conductor of a PFL is given by 

/ .JLjJ. (5-6) 
2nr\ Z 

where V is the maximum charge voltage on the PFL, £ is the maximum electric field stress in the PFL, Z 
is the impedance of the PFL, and (i and e are the permeability and permittivity, respectively. 

A magnetic switch constructed out of METGLAS alloy 2605-S2 is used in this conceptual design to 
transfer the energy from the Blumlein PFL to the induction cells. A magnetic switch was chosen because 
of the peak power2 8 and peak repetition rate requirements. Accurate reset at these high repetition 
rates is probably the most difficult issue to deal with in designing the system around a magnetic switch. 
There do not appear to be any fundamental reasons why a magnetic switch cannot operate a repetition 
rates up to 50 kHz,2 5 but the engineering challenges are significant. 

The predominant losses in the HER pulsers are due to losses in the switching elements. The losses in 
the output magnetic switch are the greatest single loss component in the pulser. The magnetic losses are 
estimated to be approximately 60 J, including reset losses for the magnetic switch, for the 15-us resonant 
charging waveform. 

The thyratron switch losses can be roughly approximated by assuming a 100-V drop across each 
tube during conduction. The total thyratron switching losses are estimated to be approximately 32 J. 
Other losses include fiR losses in the copper and ESR losses in the energy storage capacitors. If these 
losses can be kept below 8 J, the total pulser efficiency can be estimated to be 78%. 

Jitter of the output pulse will be determined by switches % and S3. Thyratrons typically have sub-
nanosecond jitter, so the contribution of S2 to the output jitter will be negligible for a 500-ns output pulse. 
The switching time of S3 is determined by the integral of the voltage on the PFL and the reset 
conditions. Variations of the charge voltage on the PFL will result in variations of switch saturation 
time. The dual resonance charging waveform reduces the sensitivity of switch S3 to charge voltage 
fluctuations because of the integrally symmetric waveform that appears across S3.3 0 Magnetic switch 
jitters of less than a nanosecond have been demonstrated at low repetition rates.31 The precise jitter 
requirements for the recirculating accelerator have not been defined. 

High-Energy Ring Pulser Cost Algorithm 
The cost of the pulsers was estimated in a "bottom-up" fashion; the cost of the total system was 

based on a per-joule cost of energy delivered to the induction cells. The pulser costs were estimated 
based on the design of the induction cell pulser presented in this subsection, which is capable of 400 J per 
pulse at a 50-kHz peak repetition rate and a 500-Hz average repetition rate at the voltage required. 
The cost for the HER pulser system is approximately S240/J. 

Medium-Energy Ring Accelerating Cell Pulsers 
The accelerating system for the MER consists of approximately 950 induction cells, which must be 

repetitively driven by high-voltage, high-repetition-rate pulsers similar to those in the HER. An 
accelerating scenario similar to that of the HER was chosen that maintains a constant-duration beam 
pulse throughout each lap of the accelerating sequence. This scenario was chosen for the same reasons as 
the HER pulsers. Below we present a conceptual design for a pulser to meet these specifications and 
address feasibility and cost. 
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A pulser that supplies a 4U0-J output pulse was chosen as a baseline example for the design and cost 
estimate for the MER pulsers. Table 5-9 shows the specifications for this pulser. Total system costs for 
the MER accelerating cell pulsers will be scaled from this design. 

Figure 5-13 shows the conceptual design of the MER pulsers. This design is nearly identical to the 
HER pulser concept and relies on thyratrons in four parallel circuits to transfer the energy at low 
voltage (25 kV) into the primary of a 1:1 step-up resonant transformed with a coupling coefficient of 
k = 0.6. This transformer, which is operating in the dual-resonant mode, charges the Blumlein PFN to 
25 kV in approximately 15 us. A magnetic switch, constructed out of amorphous alloy material, 
switches the energy out of the PFN into the accelerator cell load. 

Thyratrons were chosen for the low voltage switching section in the MER cell pulsers for the same 
reasons they were chosen for the HER pulsers. The configuration with four parallel circuits was chosen 
so that the maximum repetition rate for each ihyratron would not exceed 10 kHz. The time allowed for 
thyratron recovery in this configuration is approximately 30 to 40 (is, depending on the exact times 
chosen for charging and discharging of the energy stored in the capacitors. The operating voltages were 
chosen to match the manufacturer's specifications for thyratrons now available. Table 5-10 shows the 
requirements of each of the switches in this configuration. The thyratron switching requirements are 
the same as those in the HER, but the magnetic switch requirements are different because of the lower 
output voltage. 

This conceptual design uses a Blumlein pulse-forming network (PFN) constructed of discrete 
components. The number of stages depends on the pulse fidelity required to accelerate the ion beam. 
As with the HER cell pulsers, this PFN is charged with a resonant transformer operating in the 

Table 5-9. MER pulser output specifications. 

Output pulse energy 
Output voltage 
Peak output current 
Peak output power 
Average output power 
Drive impedance 
Pulse width 

400 J 
25 kV 
3.8 kA 
0.1 GW 
200 kW 
6.5 SI (constant, pulse to pulse) 
4.2 us 

I* 
I* 
I 
I 

SI L1 C1 T1 

.9. 

.9. 
¥ 

- O T C T T P T T I 
-*- L'f 11J u i 

~H resonant v 

W > _ Z _ J C transformer nic/-rm«>-«i«m»n» ninmiain 

Discrete-element Blumlein 

F% 

^h 
Figure 5-13. MER induction cell pulsers. 
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Table 5-10. Switching requirements for MER pulsus. 
Switch 1 Switch 2 Switch 2' Switch 3 

Switch Type Thyratron Thyratron Thyratron Magnetic 
V„p(kV) 18 25 25 25 

Ipe,k (kA) 1.8 8 4 4 

I „ <A> 3.5 6 2 2 
Maximum repetition rate (kHz) 5 5 5 20 
Average repetition rate (Hz) 125 125 125 500 
Unit cost (S thousands) 1.25 each 1.25 each 1.25 3 
Quantity required 8 12 8 1 
Total switch cost (S thousands) 10 15 10 3 

dual-resonant mode. The transformer waveforms are similar to those shown in Fig. 5-13 but with 
slightly different time scales. 

A magnetic switch constructed out of METGLAS alloy 2605-S2 is used in this conceptual design to 
transfer the energy from the Btumlein PFN to the accelerator cells. A higher saturated inductance can 
be tolerated in this switch than in the HER cell pulser, so more turns can be used to reduce the cross-
sectional area and thus the volume and switch cost. It was assumed that the number of turns could be 
increased a factor of 2. The additional turns and the lower operating voltage make the cross-sectional 
area of the switch one-fourth that of the HER switch. 

The predominant losses in the MER pulsers are also due to losses in the switching elements, as was 
the case in the HER cell pulsers. The magnetic losses are less in this pulser because of the lower switch 
volume. The estimated magnetic loss is approximately 11 J. The loss due to the thyratron switching is 
approximately the same because the charging waveforms are similar. These losses were estimated to be 
32 J. If the other pulser losses are assumed to total 81, as in the HER estimate, the total pulser 
efficiency is approximately 80% including reset losses for the magnetic switch. 

Medium-Energy Ring Pulser Cost Algorithm 
The cost of the pulsers was estimated with the same method used for the HER pulscrs. The pulser 

costs were estimated based on the design of the induction cell pulser presented in this section, which is 
capable of 400 J per pulse at a 50-kHz peak repetition rate and a 500-Hz average repetition rate at the 
voltage required. The cost for the MER pulser system is approximately S200/J. 

Low-Energy Ring and Injection Ring Pulsers 
The acceleration voltage waveform at each induction cell in the IR and the LER must be carefully 

tailored as the beam gains energy and must be capable of repetition rates in excess of 10 to 25 kHz for a 
50-pulse burst. These waveforms provide current amplification, acceleration, and longitudinal beam 
control by adjusting the pulse amplitude and duration. The required precision of this control has not 
been defined, but the conceptual design for the pulser allows for large variability and tight control. 

The injection ring accelerates the heavy ions from 3 to 30 MeV. Hence the induction cell pulsers 
must provide a pulse whose duration decreases from 189 to 40.5 us as the beam bunch velocity increases. 
The LER accelerates the ions from 30 to 100 MeV with a variable pulse duration from 40.5 to 4.2 us. The 
pulse-to-pulse amplitude for both rings must be variable to fit the ramping field in the bending 
magnets and must be capable of providing intra-pulse corrections to ensure longitudinal stability. 

A number of approaches have been considered for generating waveforms of variable amplitude and 
duration. One approach, which may be one of the more economical, consists of using bipolar PFN pulsers 
for most of the acceleration and then using a few wide-band pulsers to provide the correction waveform. 
Preliminary computer simulation for the bipolar PFN, shown in Fig. 5-14 indicates that waveforms 
from triangular to square wave can be generated by tuning the six resonant circuits and by adjusting the 
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charging power supply. After a brief study, the bipolar PFN was abandoned in favor of the high-power 
modulator. Although the PFN approach offered some economic advantages, the serious limitation of 
repetition rate, bandwidth, and flexibility made it a very risky approach without a long development 
effort. 

Two types of nigh-power modulators were investigated for the IS and L.H* pulsars. The first type 
of modulator incorporates a hard tube, and the other uses a combination of series/parallel solid state 
devices (MOSFETs). The hard-tube modulator has been used extensively for decades to power high-
ene.-gy accelerators. It offers practically unlimited flexibility in repetition rate and bandwidth. The 
operating range of such a modulator is from 10 to 100 kV; output power is from 1 to 10 MW at a few 
hundred amperes. 

The high-power MOSFET modulator technology is in its infancy compared to the hard rube, but it 
has been tested in several research applications.32^ The operating range for the solid state modulator 
is 1 to 5 kV; output power is 10 to 100 kW. There is little doubt that with a serious development effort 
over the next several years the solid state modulator will achieve all the required parameters with 
high reliability and practically unlimited life, which is required in HIF drivers. 

Figure 5-15 is a block diagram of a modulator for generating accelerator-cell voltages of any pulse 
duration and amplitude. The programmable waveform generator outputs a sequence of 50 pulses and 
serves as a reference voltage in a feedback system. By comparing the desired waveform to the actual 
output from the modulator, an error signal is generated that, when amplified, adjusts the modulator 
impedance to maintain the output within 0.1 % of the desired waveform. This type of active modulator 
lends itself to an eventual computer optimization system based on the actual beam parameter 
requirement 

Figure 5-16 is a simplified schematic. The modulator for the 1R consists of two parallel and two 
series MOSFETs drivea by photo-isolated wide-band operational amplifiers for voltage, isolation. The 
high-power MOSFETs are state of the art and are available from several companies. These devices 
offer sufficient bandwidth for intra-pulse correction as well as the repetition rate required by the IR. 

The LER will likewise use the same solid state module that was used in the IR. Since the cell 
current and voltage are higher for the LEE, a combination of modules in series/parallel will be used. 
Photo-isolation can be used to achieve MDSFET stack operation at the 3.5 kV and approximately 110 A 
required by the LER. 

To cover the broad range of parameters, two types of solid state modulators were designed and 
costed. The component costs were obtained from recent pricing information and by applying quantity 
discounts. Assembly costs were added, but not development costs. Because these pulsers are operated in 
burst mode with a 10-Hz cw repetition rate, it was found that the cost could be expressed more 
accurately as a function of peak power output. That is, the solid state modulator cost without 
installation is equal to $0.04VpJp, where Vp and Ip are the peak voltage and current required by the 
induction cell. 

5.2.2.2 State of the Art 
The conceptual designs proposed in this section for the pulsers in all four accelerating rings rely 

entirely on available components. Although the required components exist, considerable engineering 
development would be required to achieve the required system performance. Appendix C discusses the 
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switch alternatives that could be used in the pulser designs. Tables 5-11 and 5-12 compare the 
recirculator pulser requirements and demonstrated pulser performance specifications. 

State-of-the-art high-power solid state devices are used mainly as on/off switches. The 
modulator required to drive the cells in the IR and LER will be a combination of switch and linear 
response devices to achieve voltage adjustment during the pulse. The linear response will require a 
bandwidth of several megahertz at several tens of kilowatts output power. These modulators are not 
off-the-shelf devices but require some engineering development to achieve the powers required by the 
HIF recirculator. 

5.2.2.3 Development 
An induction cell pulser development program must address a wide spectrum of engineering issues 

related to performance, reliability, and cost. This program would have two major components, switch 
development and pulser engineering development. The details of these two components are discussed 
below. 

Switch Development 
The point design discussed in this report requires an induction cell pulser system capable of meeting 

four sets of operating requirements. The operating requirements of this point design are only one 
example of many possible induction cell pulser requirements for recirculating accelerators. The 
requirements defined in Table 5-13 should be used only to provide a general idea of the types of 
switches needed and should not be regarded as optimum choices. The general switching requirements 
are high repetition rate capability, high reliability, system compatibility, and low cost. Specific 
switch choices for development are not defined in this section, but a viable switch development 
program will be outlined. 

A good development program should address both the short- and long-term needs of the HIF 
program. The first steps in the development program should be directed at solving the short-term 
needs, but those solutions should be synergistic with the long-term development objectives. The switch 
type must be chosen on a systems level by trading off system performance, cost, and reliability. A switch 
development program should focus on developing switching capability that will provide the most cost 
effective and reliable system performance. The switch development program should include three 
major phases: a study and goal definition phase, individual switch component testing and feasibility 
assessment phase, and a full scale switch development phase. 

Table 5-11. Comparison of HER and MER pulser requirements with existing pulser designs. 

HER MER (A) (B) ( O 
Operating voltage (kV) 100 25 100 25 40 
Energy per pulse (J) 400 400 380 625 20 
Peak repetition rate (kHz) 30 20 5 5 1 
Pulse width (jis) 0.8 4.2 0.05 3.7 0.05 

(A) Mag 1-D at LLNL. [D. Prono et al., "High-Average-Power Induction Linacs," Proc. 1989 IEEE 
Particle Accelerator Conference, Chicago II, March 1989, Vol. 3 (Institute of Electrical and Electronic 
Engineers, New York, NY, 1989, Cat. No. 89CH2669-0), pp. 144-145.] 

(B) ETA II thyratron modulators. [M. Newton, D. Birx, C. Ollis, et al., "Design and Testing of the 5 
kHz, 3 MW Thyratron Modulators for ETA II," IEEE Conference Record of the 1988 Eighteenth Power 
Modulator Symposium, Hilton Head, SC, June 1988 (Institute of Electrical and Electronic Engineers, 
New York, NY, 1988, Cat No. 88CH2662-5), pp. 71-74.1 

(C) LAMPF at Los Alamos National Laboratory. (H. Rhinehart, R. Dougal, and W. Nunnally, "Design 
and Analysis of a High Power 1 kHz Magnetic Modulator," Proc. 5th IEEE Pulsed Power Conference, 
Arlington, VA, 1985, M. Rose and P. Turchi, Eds. (Institute of Electrical and Electronic Engineers, New 
York, NY, 1985, Cat. No. 85C2121-2), pp. 660-663.] 
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Table 5-12. Comparison of LER and IR pulser requirements with existing pulser designs. 
IR LER (A) (B) 

Operating voltage (kV) 1 3.5 2 7.5 
Peak current (A) 70 100 700 200 
Maximum pulse width (ps) 189 40.5 20 0.1 
Peak repetition rate (kHz) 9 15 10 N S ' 
Type Linear Linear on/off on/off 

(A) B. Strickland, J. Cooper, F. Cathell, ct al., "A Solid State Modulator Using Energy Recovery to 
Deliver 23 kVA to an Inductive Load from a 2.S kj/s Power Source," IEEE Conference Record for the 
1990 Nineteenth Power Modulator Symposium, San Diego, CA, June 1990 (Institute for Electrical and 
Electronic Engineers, New York, NY, 1990, Cat. No. 90CH2839-9), pp. 503-506. 

(B) A. Vomer and C. Bredenkamp, "Mosmalrix—A Replacem^ ' fcr Thyratrons," IEEE Conference 
Record for the 1990 Nineteenth Power Modulator Sympoi. .. -o, CA, June 1990 (Inititute for 
Electrical and Electronic Engineers, New York, NY, 1990, Cai. ^ri2839-9), pp. 3(7-370.1 

• Not staled. 

Table 5-13. Range of switch requirements for recirculator induction cell pulsers. 

Operating voltage 2-100 kV 
Peak repetition rate 10-30 kHz 
Pulse duration 0.7-200 us 
Possible switch types Linear, opening/closing, closing 

The long- and short-term objectives for a switch development program should be defined during the 
first phase. This phase should include an interactive process of comprehensive system studies to 
identify the high-leverage pulser system scenarios and feasibility assessments of possible switches and 
pulser configurations. This phase should result in a list of possible switches to test in the next phase. 

The individual component testing phase should address the feasibility of the possible switch 
types under consideration for the final system. Feasibility assessment should include performance, 
reliability, and cost considerations. The goal of this phase should be to identify a switch or switches to 
be developed in the full-scale switch development phase. 

The last phase of the development program should be to develop the full-scale switch (or 
switches) required for the optimum recirculator configuration. This phase would include development, 
design, testing, and characterization. Considerable effort should also be devoted to the development of 
switch models to facilitate the design of the induction cell pulsers. The completion of this phase should 
result in a cost-effective and system-compatible switch that will reliably exceed all system 
requirements by a substantial margin. 

Pulser Engineering Development 
Several other major engineering issues must be addressed in a pulser development program, 

including high-repetition-rate operation, pulse stability, pulse shaping, induction cell reset, 
efficiency, cost, and reliability. Each of these issues is critical to overall system performance and 
feasibility. A viable pulser development program must be integrated with the switch testing program 
and must include pulser design and evaluation of both sub-scale and full-scale pulsers. A comprehensive 
modeling effort should proceed in parallel with pulser development. Strong modeling capability 
will permit the design of robust and optimized pulscr systems The completion of this phase should 
result in a robust pulser that exceeds all system requirements with proven reliability and a well-
documented cost. 
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5.3 Focusing Systems 

5.3.1 Superconducting Quadrupoles 
Superconducting quadrupoles are used throughout the accelerator for focusing. We examined the 

option of conventional quadrupoles (Appendix D) but chose superconducting quadrupoles primarily 
because of efficiency, but also because they permit us to go to higher fields. In this point design, 
however, we have generally kept the fields relatively low to keep the cost down and to ease the 
engineering requirements for compact arrays. We describe here the design procedure and the costing 
algorithm for the quadrupole arrays. A brief description of the objectives of a possible development 
program follows. 

53.1.1 Superconducting Quadrupole Requirements and Design 
We note from the outset that whereas the superconducting quadrupoles are cold, the conventional 

dipoles must be warm since time-varying dipole fields over millisecond time scales are essential. The 
beam pipe is warm, and the beamline consists of alternating cold and warm elements. Hence the 
configuration of quadrupoles and dipoles is as indicated in Fig. 5-17. 

A single quadrupole, as shown in Fig. 5-18(a), will consist of a pipe of radius ao, surrounded by a 
layer of insulation to radius a\ with NbTi superconductors of thickness ai - a\ wound around. To keep 
the superconductors from quenching, collais of thickness a$ - a^ must be tightly fitted around the 
conductors. Outside the collars is an iron yoke that provides some field enhancement in the low-field 
quadrupoles. In our design, each of the four quadrupoles in an array has its own set of conductors and 
collars, but the iron yoke may be shared. Finally, there is another layer of insulation to separate the 
superconducting quadrupoles from the inner radius of the induction core, which lies outside (he 
quadrupole assembly. 

He return 

»*^' !^s^*' '*^:^^ 
Figure 5-17. Section of accelerator beamline, showing alternating superconducting quadrupole magnets 
and conventional dipole magnets. 
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Figure 5-18. (a) Cross section of superconducting quadrupole magnet 
(b) Iron-dominated quadrupole. (c) Current-dominated quadrupole. 
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We first consider the number N of conductors, each carrying current /, required to generate a 
gradient B' and inner conductor radius a\. In an iron-dominated quadrupole, N is calculated easily by 
noting that around loop / in Fig. 5-18(b) we have 

= I ~dr + [iron path] + [path X to field] = 2-?L 
Jo " o * o 

NJ. 
8 

(5-7) 

Hence, for iron-dominated quadrupoles, we have 

N/ =—B'(2ai) 2 (iron-dominated quad) 
Ho H (5-8) 

Next, if we consider a purely current-dominated quadrupole, as in Fig. 5-18(c), where a uniform current 
density X] (with X being the superconductor packing fraction) covers each of four segments of 60° each, N 
can be calculated from*1 

N / = - S ? r ^ ( B ] + f l 2 ) 2 (5-9) 
3VJ«> 

NJ = 1.9—(a; + a2>2 (current-dominated quad) 
^ ° (5-10) 

Finally, if iron is placed outside the current-carrying conductors as in Fig. 5-18(a), the quadrupole field 
is enhanced, and the required conductor amount is reduced by a factor F"1, where 

N / =X=2.—(aj + ai'f (iron-assisted quads) 
f » (5-11) 

and 

f . ^ C i + 'd'fri2**!) ( 5 . 1 2 ) 

8a£ 
For our design, F is typically -1.5. 

If the current density X] is known, the outer radius of the conductors a.i can be calculated from 

82 = a\ exp *B' 
|.V3F«)tt/)J 

(5-13) 

The current density that can be carried by a superconductor increases when the field is low. However, 
the amount of copper in the conductor (which provides protection in the case of a catastrophic quench) 
must also be increased for safety in low-field applications. Figure 5-19 shows the fraction of copper and 
the resultant averaged current density X] as a function of field strength.35 At a field strength of 3 T, for 
example, the current density is 3.66 x 108 A/m 2, and the copper fraction is 0.855. For each of the designs 
in the four rings, we use the current density from Fig. 5-19 for the appropriate design field values. 

The inner radius ai of the conductors is obtained from the design value for the pipe radius ao with 
an added insulation layer, assumed to be 1.2 cm thick. 
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 i n NbTi superconductors vs operating 
magnetic field. (Figure courtesy of J. R. Miller, 
Lawrence Livermore National Laboratory, 
Livermore, CA.) 

The collar thickness is computed by Heim36 by direct scaling from Fermilab quadrupoles. The 
scaling assumes that hoop stress dominates. The Fermilab quadrupoles carry a maximum field of 5.37 T. 
The magnetic pressure is 

p _ B a v g 
2^0 (5-14) 

We assume B a v g = 2B m a x /3 and calculate P = 5.055 MPa. The average hoop stress in the collars can be 
estimated from 

r - P«2 
A3 — fl2 (5-15) 

For the Fermilab quadrupoles, a2 = 3.81 cm and collar thickness is 2.63 cm. Hence we estimated average 
hoop stress in the Fe.milab quadrupoles to be 

c?= 7.32 MPa (5-16) 

For any new quadrupoles, we assume the same hoop stress to calculate the thickness of collar, 

a 3 - f l 2 = ^ I = 0.0244 Blaxa2 (5-17) 
o* 

where B m a x is the maximum quadrupole field in tesla. 
Finally, to estimate the thickness of iron required, we note that for a single-beam configuration, we 

must have enough iron to allow flux return. One could therefore calculate the outer radius of the iron 
an from 

fl4 - "3 = »(*/) 4 4 
« 2 - « l 

* B r s . 4« | -
(5-18) 

We assume the iron to be nearly saturated so that the average field in the iron is B r s= 1.5 T. 
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We use two algorithms in estimating the size of the four-quadrupole assembly and the inner radius 
of the enclosing induction core. The first assumes that each quadrupole has its own conductors, collars, 
and iron shell as calculated by Eqs. (5-13), (5-17), and (5-18). A 2-cm insulation surrounds this assembly. 
Figure 5-2(Ka) shows the four-quadrupole array. The inner radius of the core for this assembly is 
calculated from 

i?ic = U +V2)a} + 2cm (independent quads) (5-19) 

A different approach assumes some sharing of the iron for flux return. The space required is calculated 
by assuming square iron frames around individual collars, as shown in Fig. 5-20(b). In this case, the 
inner radius of the core is calculated from 

Rjc = 2V2" 03 + 2 cm (square frames around each quad) (5-20) 

Our present design of cells is based on the square-frame algorithm Eq. (5-20). 
Table 5-14 lists the various quadrupole parameters calculated for each of the four rings. 

53.1.2 Superconducting Quadrupole Cost Algorithm 
We begin by calculating the cost of the superconducting wires. 3 5 These wires consist of a mixture of 

NbTi and copper, which are estimated to cost $300/kg and $50Ag, respectively. The unit cost of the 
superconductors is therefore 

C££ e = $(300-250/cu)/kg 

The total mass of a superconducting quadrupole is calculated to be 

(5-21) 

A W = 7926 kg/m 3 - J - x (NI) x / , 
(Aj) 

(5-22) 

Table 5-14. Parameters of superconducting quadrupole arrays in the T design. 

IR LER MER HER 
B(T) 
«o(cm) 
fl](cm) 
<)2< cm) 
03 cm) 
04 (cm) 
Ric«>(cm)<»> 
Rjc

("'(cm)<W 
R i c «' /a 0 

R i c

( "Va 0 

F 
Nl (A-turn) 

2.0 2.0 2.0 2.0 

8.9 9.6 8.1 6.1 
10.1 10.8 9.3 7.3 
10.7 11.4 9.9 7.9 
11.9 12.7 11.1 9.0 
16.4 17.4 15.3 12.4 
41.7 44.1 38.9 32.0 
35.8 37.9 33.3 273 
4.7 4.6 4.8 5.2 
4.0 3.9 4.1 4.5 
1.57 1.58 1.56 1.52 
931 978 879 753 

(a) Computed from independent-quadrupole assumption, Eq. (5-19). 
(b) Computed from square-frame assumption, Eq. (5-20). 
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Figure 5-20. Two alternative configurations for a four-beam quadrupole 
array inside an induction cell, assuming (a) independent quads and (b) 
square frames around each quad. 
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where 'q is the length of the quadrupole. The total cost of a quadrupole is then 

Cwire=<^ e M w i r e (5-23) 

The unit cost of the conductors depends on the field strength. Using the formulas above and Fig. 5-19 for 
the appropriate current density X] and copper fraction fc u, we compute the cost of superconducting wires 
per kA-m to be $1.75 at 2 T, $1.86 at 3 T, and $2.03 at 4 T. Our designs have fields centered around 2 T, so 
we approximate the cost of superconductors in this field range as $2/(kA-m). This cost includes expenses 
for cabling. 

The collar is assumed to be made of corrosion-resistant steel (CRES) at $25/kg.36 The density of 
CRES is 0.008 kg/cm3 and the volume of collar required is computed by 

V«U.r-*(«J-«?)*, ««4> 

The iron yoke is estimated to cost $10/kg. Its density is again 0.008 kg/cm3, and the volume can be 
computed given the details of the quadrupole array design. For a circular geometry, as in Fig. 5-20Xa), 
the voVflTne oi iron is 

Kiron = t(a 4

2-fl3 2)/ q (5-25) 

for the square flange geometry, as in Fig. 5-20(b), we have 

Viron = < 4 - 1 ' ' f l 3 k <5-26) 

The superconductors, collar, and yoke constitute the bulk of the quadrupole costs. For one example, based 
on a Fermilab-type quadrupole, we computed in full detail the cost of miscellaneous items, including 
the insulation, the beam tube, the supporting structure for isolating the cold superconductors from the 
warm environments, and other parts, and found it to be 28% of the total quadrupole cost. We assume the 
same ratio for the miscellaneous items. Using this algorithm, we have computed the cost of the 
quadrupoles in our four rings as shown in Table 5-15. 

5.3.1.3 Superconducting Quadrupole Development Program 
The key goals of a superconducting quadrupole development program are two: 
1. Engineering of compact multiple beam arrays with particular attention to the ends. 
2. Cost reduction measures. Extending the high-field limit, which is a major activity for many 

si3perconriuctog magnet applications, is not perceived, to be an essential requirement for recirculator 
drivers- On the other hand, if future innovations permit the design of high-fii;ld magnets that can also 
be made compact and low cost, further improvements in the design and economics of a recirculator driver 
are possible. 

Table 5-15. Cost breakdown of 1-m-long quadrupolt (costs in $ thousands). 
IR lER" ~ MER HER ~^Z^^L 

C-wije 

Ccollar 

'-iron 

Mnjul 

Clol 

1.7 1.8 1.6 1.4 
1.8 ZO 1.6 1.1 
1.0 11 0.9 0.6 
1.3 14 1.1 0.8 
5.8 6.3 5.2 3.9 
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To achieve these two major goals, we believe that the design and construction of a single four-beam 
superconducting quadrupole array would be an extremely useful first step. In addition, three questions 
mus be answered: 

1. Superconductors. What is the highest current density possible for reliable operation at low 
fields? What fraction of copper is required for safety? The number of conductors and the cost are 
minimized by operating at the highest current density and lowest copper fraction permitted for 
practical operation. The present design is based on NbTi superconductors. If significant advances in 
other alloys such as NtsSn take place, their possible use for HIF recirculators will be determined again 
on the basis of compactness and economics. 

2. Collars. The present design philosophy is to scale from the technology of SSC quadrupoles at 
Fermilab. TUs may be too conservative, since our quadrupoles are much shorter than standard SSC 
quadrupoles. We must study the requirements for the protection of these short, low field quadrupoles 
from quenching. In addition, one might consider other collar configurations that take advantage of the 
mulu'pole-array geometry unique to HIF. 

3. Iron yokes. Iron yokes in our low field arrays provide mechanical support and field 
enhancement. The iron and conductor arrangement required to give acceptable field quality in the 
multiple-beam array will have to be worked out. It is also possible to use the collar for additional field 
enhancement. 

Symbols Used 

N number of conductors (= twice number of turns) 
i current in each conductor 
B' quadrupole field gradient 
ao pipe radius 
«1 inner radius of superconducting coil 
«2 inner radius of collar 
«3 inner radius of iron yoke 
"4 outer radius of iron yoke 
X superconductor packing fraction 
' • / current density 
P magnetic pressure 
Bavg average field in superconductor 
Bmax maximum field in superconductor 
a average hoop stress 
B,s average field in iron at saturation 
Kic inner radius of induction core 
C<0) unit cost of superconductors 
/cu fraction of copper in superconductor 
Mwiro total mass of superconductors in one quadrupole 
'q mechanical length of quadrupole 
Cwire total cost of superconductive wires in a quadrupole 
^collar volume of collar in a quadrupole 
"iron volume of iron in a quadrupole 
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53.2 Quadrupole Magnet Auxiliary Systems 
The helium refrigeration system and the high-current dc power supplies account for a significant 

part of the cost of the superconducting magnet system. The methods used for estimating the costs of 
these two systems are briefly discussed. Both of these systems are considered to be mature technologies 
having no technical risks but significant cost impact. 

Helium Refrigeration System 
The helium refrigeration system provides the cooling necessary to maintain superconducting 

temperatures in the quadrupole magnets. The size of the refrigeration plant is determined by the 
amount of heat that must be removed from the system. There are three major sources of heat within the 
system: radiation through the surface area of the quadrupole, conduction losses through the magnet 
support structure, and conduction losses in the leads to the magnet windings. The following relations 
were used to estimate the heat loads and ultimately the cost of the refrigeration system. 

The radiation heat per quadrupole QR that must be removed can be estimated from37 

Q R = M ° - 6 $ (5-27) 

Here As is the surface area of the quadrupole package including the outer shell, the four beam tubes, 
and the magnet ends. 

The second heat source is conduction through the support structure. This conduction heat per 
quadrupole set can be estimated from37 

Qc= WJlxKr»H.) 
(5-28) 

where W is the weight of a quadrupole set (four quadrupoles). 
The third heat source is heat dissipated in the leads to the superconductors. This can be estimated 

using the expression37 

Ql = h[8—®-A (5-29) 
\ kA-pair/ 

where I\ is the current in the external leads. The lead losses were calculated with the assumption of 
1 kA per lead pair and one lead pair for every 10 magnets. A lead pair is defined as the copper 
connections outside the thermal shields that connect to the superconductor. In this configuration, ten 
magnets would be operated in series. 

The total refrigeration system cost Cqr (in dollars), based on the total heat that must be removed 
from the quadrupole system, was obtained from37 

J l .5 [ (Q r +Q c )N q + Q L N L j | ° - 7

1 5 x l 0 6 

I 12X103 I (5-30) 

where Nq is the number of quadrupole sets and Nj is the number of external leads. This cost is 
normalized to the cost of the MFTF refrigeration system. 

In addition to the refrigeration costs, the cost of the distribution system must also be included. A 
cost of $6000 per quadrupole set was used to estimate the cost of the helium distribution system and 
miscellaneous system costs. 

Power Supply and Protection 
Low voltage dc power supplies are used to energize the superconducting quadrupole magnet system. 

Experience on the Magnetic Fusion Test Facility (MFTF) and the Large Coil Test (LCT) at LLNL3» 
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Table 5-16. Summary of quadrupole support system requirements (loads in kilowatts; costs in 
$ millions). 

KER MER LER IR 
Radiation heat load 2.8 2.1 0.7 0.5 
Support structure conduction load 1.2 0.7 0.4 0.3 
Lead dissipation load 0.9 0.6 0 3 0.4 
Total system heat load 4.9 3.4 1.4 1.2 
Refrigeration system costs 10.4 8.3 4.4 4 
Helium distribution costs 6.4 4.6 2.6 2.8 
Power supply and protection costs 0.2 0.2 0.1 0.1 
Instrumentation and controls' 3 NA NA NA 
Total support system costs 20 13.1 7.1 6.9 

* Instrumentation and controls for the power supplies in all four rings is shown in the HER for 
simplicity only. 

indicates that power supply and protection system costs are approximately S3 million per gigajoule of 
energy stored in the quadrupole fields. The relation 

^ q* OP (5-31) 

was used to estimate the cost of the dc power supplies and protection circuitry based on the energy Eq 
stored in the quadrupole fields. The protection circuitry includes circuit breakers, diagnostic 
instrumentation, and dump resistors. An additional $3 million was added for miscellaneous 
instrumentation and controls. 

Table 5-16 summarizes the support system requirements and costs for the superconducting 
quadrupole system. 

Symbols Used 

QT radiated heat per quadrupole set 
As surface area of quadruple set (four quadrupoles) 
Q c heat conducted through support structure for single set 
W weight of single quadrupole set 
Ql heat loss per lead pair due to conduction from external leads 
1 quadrupole lead current 
Cqr cost of liquid helium refrigeration system 
N q total number of quadrupole sets 
Nj total number of lead pairs 
Cps total cost of quadrupole power supply and protection systems 
£q energy stored in magnetic field of quadrupole system 
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5.4 Injector Systems 

5.4.1 Requirements and Design 
Injector and ion source research has been ongoing at LBL for the last several years. The current and 

pulse duration required of the injector for the recirculator are about an order of magnitude greater than 
in the 1LSE concept.39 We expect that the same technology will be applied and that some development 
will be required to achieve the higher current and longer pulse. Table 5-17 shows the injector 
requirements and the expected ILSE parameters. Note that while the recirculator has higher voltage 
and current, the greatest differences are the much longer beam pulse, about 200 |is instead of 1 us, and 
different ionic species, Pb+ instead of C*. 

The recirculator injector pulser uses a 20-stage Marx multiplier circuit (Fig. 5-21).40 The voltage 
multiplication of almost 20 will be obtained by charging the PFNs in parallel and discharging them in 
series into a load of higher impedance than the PFN, whose circuit appears in Fig. 5-22. The PFNs are 
charged in parallel through resistors Rn and are subsequently discharged in series by firing spark gaps 
SG. The capacitive reactance resulting from the high-voltage enclosure and accelerating column acts as 
a load during charging; the sum of these stray capacitances is about 1 nF and is denoted by Q. The 
resistive part of the injector load stems from beam loading, the injector voltage divided by the beam 
current, and is typically several megohms. On the firing of the SGs, the charging resistors R„ serve as 
dummy load resistors; since their resistances are typically much lower than the resistive part of the 
injector load (only about 50 kii), the voltage appearing on the &node is fairly insensitive to beam 
current fluctuations. 

The following criteria are used for the injector design: 
1. The impedance of the 20 series PFNs is much less than the total load Z„ = (L/C)'1 / 2 = R„/20, 

where L and C are the values of the inductance and capacitance in each stage of the PFN. 
2. The pulse rise time is much less than the pulse flat top. That is, 20RgCs « 200 us, where Kg is 

the output resistor in each PFN. 
3. The capacitance C g of each of the 20 series output capacitors is much greater than the stray 

capacitance Cs. 
4. Twenty sections in the PFN is adequate to reduce the overshoot and flat-top to less than 1%. 

We expect that the output pulse will be similar to the idealized waveform shown in Fig. 5-23. 
5. The fall time Tf is about the same as the pulse duration or longer. 
To meet the injector design parameters, the components shown in Fig. 5-22 will have 

approximately the values C g = 100C5 <= 100 nF. The rise time will be 20RgCs - 10 us or Kg » 500 a. The 
fall time is determined by the dummy load and beam current. Since the dummy load current is much 
greater than the beam current, for a fall time Tf = (R„/2)(Cg + 20C) = 50 to 100 us, the charging resistor 

Table 5-17. Injector parameters. 
USE Recirculator 

Ionic species C* mass = 200 
Output energy (MeV) 2 3 
Current/beam (A) 0.34 0.61 
Beam radius (cm) 1.25 5 
Emittance (normalized; mnvmrad) 0.5n 0.5n 
Repetition rate (Hz) 0.1 10 
Pulse duration (us) 1 200 
Pulse flatness (%) 1 1 
Number of beams 16 4 
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3-MV injector 
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Figure 5-21. Simplified schematic of 3.0-MV injector consisting of 
20-stage PFN-fed resistively charged Marx multiplier. 
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Figure 5-22. Twenty-stage type-B Guillemin network for each stage ot the Marx multiplier. 
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Time-

Figure 5-23. Idealized output voltage of Marx multiplier. 

R„ should be -5 kii. The PFN impedance is chosen to be much less than the dummy load impedance 
Z n = Kn/20 = 250 £J. Since Z n = (L/C)*'2 and the pulse duration T = 2n (LQX'2 = 100 us, the values of the 
distributed inductance and capacitance can be calculated to be L = 625 uH and C = 10 nF, respectively. 

The actual output voltage is given by VQ = 20Vch(l 0/11). Since Vo 'S 3 MV, we therefore have 
Vc(, = 166 kV or ±83 kV where Vch is the Marx charging voltage. 

The actual physical plant will be very similar to the ILSE injector, but somewhat larger. The 
20-stage Marx PFN will be housed in a high-pressure tank containing 20% CO2 and 80% nitrogen. The 
four-beam accelerating column will also be similar to the ILSE, but designed for the higher voltage of 
3 MV. The electrostatic dome that houses the ion sources will be powered by a shaft-driven alternator. 
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5.4.2 Issues to be Addressed in a Development Program 
The injector requirements for the recirculator are quite different from those of the ILSE under 

development at LBL.39 Pulse duration is much longer, number of beams is four rather than sixteen, and 
the voltage is 3 MV. The technology will be very similar, however, and it is expected that once the 
ILSE injector is fully developed the recirculator will borrow heavily from this design. 

All issues associated with the acceleration column, the insulator interfaces, and the electrostatic 
focusing should be fully developed. The ion source for the recirculator may differ from the current ILSE 
design, however, and it is expected that a development program will have to be initiated. The type-B 
Guillemin network was chosen for this exercise, but other types will be investigated. 

5.4.3 Cost Analysis 
The cost of most mechanical components such as high-voltage electronics, insulators, column, and 

vessel were obtained from the existing system. The PFN-fed Marx multiplier and miscellaneous support 
electronics costs were derived from the conceptual design components costs and estimates of assembly 
time. No development costs were included in these estimates. The 3-MV injector cost is projected to be 
$5 million. 

Symbols Used 
Z„ impedance of a a stage (£» 
L inductance (H) 
C capacitance (F) 
Rn charging resistance of a stage (£1) 
Cs stray capacitance (F) 
Vo output voltage (V) 
7"r rise time (s> 
T( fall time (s) 
Rg Gibbs PFN output resistor (£2) 
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5.5 Kicker System 

In the acceleration process, the heavy ions are sequentially transferred into and out of four 
recirculating rings. The large aperture and high magnetic field required to kick the heavy ions in and 
out of each recirculator will require very high ampere-turns. The magnetic field rise time of an injection 
magnet is determined by the recirculation time minus the beam pulse duration for the last lap. The fall 
time of the injection magnets must be short enough that it does not affect the beam just injected. That is, 
the fall time is determined by the recirculation time for the next ring minus the beam pulse duration for 
the first lap. The injection/extraction system is different for each ring and is dictated by the energy of 
the beam, the betatron period, and the time interval between the head and tail of the pulse. 

5.5.1 Injection and Extraction Kicker Magnets 

S.5.1.1 Requirements and Design 
Table 5-18 summarizes the pulsed-field requirements for beam injection and extraction. The beam 

format for a heavy ion recirculator is quite different from that of a synchrotron: a heavy ion 
recirculator accelerates a continuous torn with a fill factor of less than 50%, while the synchrotrons 
accelerate RF microbunches that have relatively small separation. The magnetic field rise time 
requirements are therefore not as demanding for a recirculator. The recirculator must, however, keep 
the current in the flat top of the pulse constant within 1%, so that there are stringent requirements for 
low beam loss or emittance degradation. 

The kicker magnets are dipoles with several important differences from the other ring dipole 
magnets.41 Two conventional magnet geometries were considered. The modified H-type is shown in 
Fig. 5-24. The beam dynamics require a rectangular aperture in the beam pipe to allow for beam 
position movement in the x or y direction. The orientation for the kicker dipole shown in this figure is 
appropriate for a horizontal displacement. Figure 5-25 shows a second type of kicker dipole magnet, 
the C-type. Each type has advantages and disadvantages. The C-type permits easier servicing of the 
beamline. The H-type has. better two-fold symmetry about the centerline, which is good for keeping 
the unwanted harmonics small; depending on the location of the pole pieces, however, the C-type may 

Table 5-13. Injection and extraction kicker magnet requirements. 
IR LER MER HER 

Beam pipe radius, R (cm) 8.0 9.6 8.1 6.1 
Half-lattice period, L (m) 0.82 1.35 1.67 2.86 
Extraction 

Magnetic field B (T) 0.49 1.01 0.46 0.21 
Length of kicker magnet (m) 0.20 0.31 0.49 1.5 
Energy per kicker magnet (kj) 0.30 4.7 1.1 0.37 
Pulse duration (us) 50 5.0 1.0 0.2 
Rise time (us) 50 65 45 30 
Occupancy factor, r/d (%) 0.24 0.23 0.29 0.52 
Total number per beam 11 6 11 11 

Injection 
Magnetic field, B (T) 1.23 1.85 1.45 0.66 
Length of kicker magnet (m) 0.20 0.31 0.49 1.5 
Energy per kicker magnet (kj) 3.1 15.6 10.6 3.8 
Pulse duration (us) 200 50 5 1 
Fall time ((is) 150 150 140 95 
Occupancy factor, TJJ (%) 0.24 0.23 0.29 0.52 
Total number of dipoles per beam 3 3 3 3 
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Figure 5-24. Cross section of modified H-type kicker magnet 
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Figure 5-25. Cross section of C-type kicker magnet 

require more iron core. All lacker magnets are normally off and are activated when injection and 
extraction is required. 

For this point design, we have chosen the simpler C-type kicker dipole. In this study, we are 
attempting to obtain only an estimate of the magnet size and specifications for costing purposes. Details 
such as the actual placement of current-carrying conductors or the magnet core contours to achieve the 
desired field uniformity will bo worked out in future studies. The volume of magnetic material in 
Fig. 5-25 is approximated as 2R(x + y)z, where z is the length of the magnet and R is the beam 
pipe radius. 

As indicated in Table 5-18 there are demanding requirements for high fields with short rise/fall 
times, which leads to high voltages (40 to 50 kV) between the magnet windings and from the winding 
to the core. Consequently, extra care will have to be exercised in the winding and impregnation process. 
Since the rise and fall times are determined by the ratio of the kicker dipole inductance to the output 
impedance of the dipole pulser, we have chosen the number of turns consistent with the timing 
requirements and reasonable drive voltages (Sec. 5.5.2). 

The best method of reducing the drive voltage while maintaining the desired magnetic field and 
rise time is to use a bipolar pulser. By this method each end of the magnet is pulsed by opposite-
polarity pulses to a voltage of amplitude V/2. As the potential drop will be distributed along the 
length of the coil winding, one should be able to configure the winding pattern so that the turns closest 
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to the core will be at near the mid-potential and, therefore, near ground. This technique reduces the 
hazard of breakdown in the coil, permits one to use pulsers developing one half of the total potential 
drop (thereby greatly easing the task of selecting the pulser components), and effectively doubles the 
output impedance of the dipole pulser and halves the rise time. The number of rums needed to achieve 
the desired rise and fall time is worked out in the next section in conjunction with the pulser. 

We must address the following dilemma. We want the pulsed dipole field to penetrate the beam 
pipe completely,42 but it is not wise to permit the return current or the wake-field of the beam to 
interact with ferromagnetic material. Fortunately the rise times of the two fields are very different. 
One approach would be to adjust the resistivity of the beam pipe so that the dipole field with the 
longer rise time could fully penetrate the beam pipe wall, but the higher-frequency return current could 
not. In this approach, the beam pipe might be a ceramic tube of rectangular cross section with an 
appropriate resistive coating. When the dipole kicker magnet is pulsed, eddy currents are induced in 
the coating. Since the kicker has a dipole field, the angular distribution of the eddy current induced by 
a fast-rising voltage excitation decays exponentially with a characteristic time constant T = 2nR/Ra 

nanoseconds, where R is the pipe radius in centimeters and Rs is the coating resistance in H/square.4 2 

This coating must be thin enough to allow penetration of the kicker field, but thick enough to contain 
the beam return current. Since the rise time of the different types of kicker magnets is tens of 
microseconds, the optimum coating should not be difficult to achieve. For example, to achieve a rise 
time of 10 us with a beam pipe radius of 10 cm, a resistance of 0.01 Q/square is required. This 
resistivity corresponds to a very thick coating or to a very thin wall stainless steel pipe. 

Another way to provide image current return path and appropriate penetration time of the kicker 
field is to use a One-turn twist of many conductors parallel to the beam axis within the magnetic field 
boundary. This technique, which has been used in synchrotrons, provides cancelling of induced voltages 
in the conductors from the applied current but allows a lossless return path for the beam current. 

Field uniformity of about 1% is required across the aperture of the magnet and along its length. 
Profile configuration and detail analysis will be worked out in future studies. 

Cost Analysis 
These dipole kicker magnets resemble the bending dipole magnets in configuration.43 Because 

these magnets have much higher voltage applied to them, the actual construction will be somewhat 
more complicated. The cost of components and assembly were estimated to be about 50% greater than 
those of the standard dipole bending magnets, because of the thinner laminations required in the 
magnetic material and the higher-voltage insulation between turns. 

5.5.1.2 Kicker Dipole Magnet State of the Art 
The asymmetry of the magnet with respect to the rectangular beam pipe makes the shape of this 

magnet different than that of existing synchrotron magnets. All components, however, are state-of-the-
art for several manufacturers. 

5.5.1.3 Kicker Dipole Magnet Issues and Development Program 
The large aperture and moderate magnetic field of the kicker magnets will require somewhat 

higher voltage than state-of-the-art magnets used in synchrotrons. Engineering development will 
therefore be required to ensure voltage holding and mechanical reliability, but we do not anticipate the 
need for any basic research or advancements in the present technology. It will be necessary to build a 
full-scale prototype and drive it to full voltage to confirm the magnetic field parameters and high-
voltage integrity. 

Symbols Used 

x, y dimensions perpendicular to beam (m) 
z dimension along beam axis (m) 
B magnetic field (T) 
V voltage (V) 
R beam pipe radius (m) 
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552 Injection and Extraction Kicker Pulser 

5.5.2.1 Introduction 
The magnet field requirements to accomplish injection and extraction for the different rings are 

summarized in Table 5-18. To achieve those requirements, a number of different pulsers will be designed 
to suit the particular magnet. Each type of pulser and magnet will be specifically designed as a system 
to achieve the desired rise/fall time, flat lop, and magnetic field. There will be basically eight types 
of pulsers and magnets. Table 5-19 summarizes the pulser and magnet parameters. 

As described in the magnet section (5.5.1), to ease the high-voltage problem the pulser will be 
designed with a bipolar output (Fig. 5-26). The positive and negative power supply charge the pulse 
forming network (PFN) with a constant current (ramping voltage) in about 100 ms. At the appropriate 
time, the switch in the PFN will discharge its energy into the kicker magnet through many parallel 
RG-220 type of cables. 4 4 

The design for each magnet will vary. For the MER and the HER, in which the pulse flat top is 
shorter than the rise or fall time, the PFN will simply be a lumped capacitor. The magnet inductance 
and the capacitance will form a ringing circuit much like the bending magnets. The half sinusoid of 
current provides sufficient flat top at the peak of the pulse to satisfy the 1% requirement. The 
extraction rise time or the injection fall time will establish the ringing period. 4 5 That is, the quarter 
cycle of the sinusoidal ringing will be less than the specified rise/fall time 7 = ^/.C)' ' 2 . From magnet 
parameters we obtain the inductance L = flon2z, the ampere-turns ni = 2RB//Uo, and the energy W = 
B2(2i?)2z/2rt). From the circuit equations we obtain the ringing frequency / = 1 /liALCpl2 the impedance 
Zo = (L/C)1 / 2 , and the voltage v = jcoLi. The magnet inductance will be chosen to maintain operating 
voltages that are achievable by either series solid state devices or conventional thyratrons (-25 kV). 
Solid state devices are the preferred choice if the rate of rise of the current is within their 
specifications. 

We illustrate the design of the injection kicker system with the HER as a typical example. The 
magnetic field B = 0.66 T, the fall time Tf = 95 us, and the flat top T = 0.5 us. By combining the 

Table 5-19. Injection and extraction kicker magnet pulser requirements. 
IR LER MER HER 

Extraction 
Magnetic field, B (T) 
Rise time, Tr (us) 
Length of magnet, Z (m) 
Number of turns, n 
Inductance, L (uH) 
Current, i (kA) 
Voltage, V (kV) 

Injection 
Magnetic field, B (T) 
Fall time, T{ (us) 
Length of magnet, Z (m) 
Number of turns, n 
Inductance, L (uH) 
Current i (kA) 
Voltage, V (kV) 
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0.49 
50 
0.20 
41 
414 
1.5 
±20 

1.23 
150 
0.20 
49 
592 
3.2 
±20 

1.01 
65 
0.31 
14 
74 
11.2 
±20 

1.B5 
150 
0.31 
17 
117 
16.3 
+20 

0.46 
45 
0.49 
16 
152 
3.8 
±20 

1.45 
140 
0.49 
16 
148 
12.1 
±20 

0.21 
30 
1.5 
10 
186 
2.1 
±20 

0.66 
95 
1.5 
10 
189 
6.4 
±20 
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Figure 5-26. Block diagram of bipolar injection/extraction kicker magnet pulser. 

previous equations we obtain a relation between the voltage and the number of turns to satisfy the 
required field. The number of turns n = V/2<uRzB (where V is the voltage, & is the radial frequency, R is 
the beam pipe radius, Z is the length of the magnet, and B is the magnetic field) is selected to maintain 
a voltage of less than ±20 kV. We find that for n = 10 we have L = 188 uH and a peak current / = 6.4 kA. 
The half period, which is set by the fall-time requirement, is T = 2Tf = 190 |is. Figure 5-27 shows a 
simplified schematic of this pulser. The 20-kV switch consists of 40 SCRs in series, capable of di/dt = 
500 A/us, which is well within the rating. The actual flat top (within the specified 1% amplitude 
variation) is about 16 |ts, which is considerably longer than the 0.5 |is needed. With this type of pu'ser 
the waveforms will be the same as those for the dipole magnets except, of course, for the ringing period. 
Energy recovery could likewise be implemented. Because the energy of the kicker magnets is such a 
small fraction of the total (less than 1 %), the additional cost and complexity required by the energy-
recovery circuit may not be warranted. 

In the 1R and the LER, the pulsers must maintain a 1% amplitude variation for a large fraction of 
(he total period. For these pulsers, the top of the ringing sinusoid does not provide sufficient flat top. 
For these pulsers, a PFN rather than a lumped capacitor can be used to achieve the required flat top. 4 6 

The injection/extraction pulsers have differing pulse duration, rise/fall time, and magnetic field. 
The basic technology used, however, will be the same. To arrive at a reliable cost estimate, a typical 
pulser for the HER injection was designed in some detail. All the components were priced at current 
market value, and labor cost was estimated for assembly of all components. Since all the pulser 
components will be similar, it is expected that (within some bounds) the cost will be directly 
proportional to the energy per pulse. Once the cost per joule was obtained for the HER injection pulser, 
the other costs were simply prorated according to their energy content, which is shown in Table 5-19. 
The actual pulser cost was $30Wp, where Wp is the total energy delivered. 

Injection/extraction 
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bank 
or PFN 

-20kV 
DCPS 
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Figure. 5-27. Simplified schematic of a kicker magnet pulser. This is typical for a magnet requiring a 
pulse flat top much shorter than the rise or fall time. 
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5.5.2.2 Kicker Magnet Pulser State of the Art 
Components such as PFN capacitors, solid state switches, protection circuits, and inductors are 

currently available state-of-the-art from several manufacturers. Their unit cost may well come down in 
the future as there is continuing development in both capacitors and solid state switches. 

5.5.2.3 Development Plan 
Other than what is currently under development for other pulsed-power applications, no 

development is expected in any of the devices applied to the pulser design. Engineering development of 
a pulser and magnet is certainly expected. This development will address the issues associated with 
high-voltage, solid state device protection, and failure modes. 

Symbols Used 

B magnetic field (T) 
R beam pipe (m) 
W energy (J) 
Z axial length (m) 
rt> permeability of free space, 4n x 10~7 H/m 
L inductance (H) 
C capacitance (F) 
T, rise time (s) 
Tt fall time (s) 
Zo impedance (£2) 
(0 frequency (rad/s) 
n number of turns 
V voltage (V) 
i current (A) 
Wp pulser energy (J) 
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5.53 Quadrupoles for Extraction/Injection 
Special superconducting quadrupoles with large apertures are required for the extraction and 

injection sections. In these sections of the beaniline, the focusing quadrupoles have gradients, occupancy 
factors, and half-lattice periods that are identical to those of the main lattice, but they have 
rectangular apertures. To assure that the exiting beam can clear the main ring and enter the transfer 
beamline during extraction, we demand that the width w of the aperture be as large as 2R, while the 
height h stays at 7R, where R is the pipe radius in the main ring. A rectangular quadrupole of 
dimensions quite similar to those of our recirculator point design was constructed by Hand and 
Panofsky47 in 1959. The magnet aperture has a height h = 58.4 cm and width w = 10.2 cm. The magnet 
length is / = 101.6 cm. Figure 5-28 shows a schematic, and Fig. 5-29 shows the field pattern. The 
quadrupole field in the rectangular aperture was quite linear.47 In fact the field nonlinearity with 
distance was measured to be better than 2% over the full gap. The gradient of the Hand-Panofsky 
magnet was 055 T/m. 

Table 5-20 gives the dimensions of the largest quadrupoles in the four rings and the required 
gradient in our recirculator example. 

The coil configurations required to generate the field gradients will be quite similar to those of 
Hand and Panofsky. The use of superconducting wires allows much higher currents and field gradients. 

Figure 5-28. Rectangular Tanofsky" quadrupole. The coils constitute four 
independent assemblies. 
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Figure 5-29. Field lines of B in an ideal 
rectangular quadrupole consisting of uniform 
current sheets inside a rectangular iron frame. 

The number N/ ( r ) of conductors required for these large quadrupoles (which have an aperture of 2R) is 
roughly 4 times greater than the corresponding value N/ ( 0 ) for the main ring quadrupoles: 

N i ( " _ F h 
(5-32) 

where F is the ratio of the iron enhancement factors for the quadrupoles. In our cost estimates, we 
assume that each extraction quadrupole is 4 times more expensive than the regular ones. 

The aspect ratio of the extraction quadrupolcs in the IR is quite high. Fortunately the fringe fields 
in a Panofsky quadrupole are controlled by the narrow dimension. But the coils and the iron surrounding 
them must be carefully shaped to minimize distortion on the quadrupole fields. 

Table 5-20. Size and magnetic field gradients required for the Fanofsky quadrupoles in the injection and 
extraction regions of each recirculator ring. 

IR LER MER HER 
w(m) 
him) 
Mm) 
B' (T/m) 

0.16 0.19 0.16 0.12 
0.56 0.67 0.57 0.43 
0.25 0.61 0.75 1.00 
25 21 25 33 
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5.6 Control and Diagnostic System 

The control system is made up of two separate but linked subsystems. The supervisory control 
system is responsible for direct control and monitoring of devices. It is concerned with control of power 
supplies, vacuum systems, interlocks, etc. The beam control system is responsible for measuring beam 
parameters such as position, current, energy, and cross section, and using that information to control the 
magnetic fields in the beam transport system, accelerator timing, pulse power voltages, etc., to achieve 
the desired beam characteristics. Additionally, in this section we consider the diagnostics needed for 
these control systems. 

Since the recirculator is in the conceptual design phase, we have not performed a detailed design of 
these controls and diagnostic systems. To estimate their costs, we have used 5% of the cost of the rest of 
the recirculator, a value determined by historical analogy. 

5.6.1 Supervisory Control System 
The supervisory control system does not, in general, represent new technology. The requirements are 

basically the same as those associated with many other facilities. Although specific requirements are 
not known, general requirements and capabilities can be identified by comparison with other facilities 
such as large RF accelerators and a large induction accelerator such as ATA. Many precedents indicate 
that it should be a distributed hierarchical control system."18 Almost every modern control system uses 
graphical operator consoles with menu-driven configuration editing. This approach minimizes the 
effort required to apply the control system to a specific task and makes it easier to modify and improve 
the system. 

Accelerators are typically made up of many identical building blocks. For this reason it is 
appropriate to use standard approaches in controlling power supplies, vacuum systems, interlocks, 
etc. 4 9- 5 0 This has proven to be extremely effective on ATA, where an effort was made to use identical 
cabling, control hardware, and software to control all power supplies and vacuum systems. This approach 
minimizes design effort and installation and maintenance support. 

Another requirement of the supervisory control system is that it must interface to a wide variety of 
instrumentation standards, e.g., GPIB, VXI, CAM AC, and programmable logic controllers. This makes it 
possible to minimize the hardware costs and maximize the flexibility in choosing the best commercial 
I/O hardware. It must also have a foreign-function interface that allows other systems, such as the 
beam control system, to monitor and control individual devices. 

5.6.2 Beam Control System 
The control of the beam orbit is provided by a hierarchical approach.51 The first level is 

intrapulse energy regulation. Variable drive voltage to a few modules will be used to correct for 
cumulative energy errors and to tailor the energy profile of the pulse from head to tail to overcome 
longitudinal space charge effects. Energy variations must be corrected relatively quickly because they 
will result in charge variation through the beam, which will cause further energy variations through 
beam loading. It is not acceptable to wait until the beam goes all the way around the ring and returns to 
apply the energy correction. Variable drive is provided by an induction module driven by a hard-tube 
modulator. A few variable accelerating modules will be substituted for fixed drive modules in each 
ring. The drive voltage can be directly modulated by driving the hard-tube modulator with a correction 
waveform. This waveform is the sum of a waveform that applies a systematic energy correction and a 
dynamic energy correction. The dynamic energy correction waveform is produced by measuring the beam 
energy upstream. Feed-forward compensation is possible because the heavy ion beam is nonrelativistic, 
so that signals can outrun the beam. A feed-forward magnet might be placed about one or more betatron 
periods beyond a diagnostic station; the minimum transit time would be about 0.5 us, which is ample 
time to synthesize the signal, compute the correction and feed it forward. 

When the beam is injected and extracted there will be unavoidable displacement errors. These 
errors will be corrected by an intrapulse dipole steering system. This system is an outgrowth of the Fast 
Correction Coil (FCC) project that was developed for correcting beam displacement errors at the output 
of the ATA accelerator.52-'5 It is not clear whether electrostatic or magnetic deflection is best in this 
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case. The FCC used what amounts to a combination of electrostatic and magnetic deflection. The 
steering coil consists of four bars running parallel to the beam and sized to have a characteristic 
impedance of 10012. The FCC driver was demonstrated to have a bandwidth of -30 MHz. 

A dipole steering system is used to correct orbit errors. The steering system must be able to produce a 
different steering field for each lap within a acceleration sequence. The steering effort is uniform for 
the duration of a pulse but varies between pulses in the acceleration sequence. The amplitude of the 
steering corrections can be determined in two ways, depending on the required response time. If the 
system is expected to compensate for time-varying parameters on a sub-second time scale, a dedicated 
data acquisition and control system is required. The types of parameters that might result in this 
requirement are vibration or uncorrected field errors in any of the beamline components. Correlated 
errors, or those that are reproducible from shot to shot, do not require this kind of approach. In this case 
the steering corrections can be calculated by the model-based control system discussed below. For the 
purposes of this report it is assumed that the relevant errors are all shot-to-shot reproducible. It is 
assumed, however, thai custom corrections are required for each lap within an accelerating sequence. 
The implication of this requirement is that the bandwidth of the steering system must be high enough 
to change the steering effort in the interpulse period. 

The highest level of control functionality is provided by a model-based control system. The model-
based control system is based on the MAESTRO system56 developed for use with linear induction 
accelerators. MAESTRO is used to control ETA II. The model-based control system includes both an orbit 
model and an envelope model. It can do orbit and envelope prediction and control, optimization, and 
multiparameter nonlinear estimation. 

During the design phase, the modeling system gives us another capability. It can be used to model 
the entire machine with realistic errors included. This makes it possible to predict accelerator 
performance, analyze design trade-offs, develop control strategies, and compare different layouts. The 
differences between the MAESTRO model and other physics models are that it is designed to be used 
real-time in the control room, it is directly interfaced to the control and diagnostics systems, and it is 
interfaced to a multiparameter nonlinear estimator. 

5.6.3 Beam Diagnostic System 
The beam diagnostic system measures various beam parameters, e.g., centroid position, envelope, 

current, energy, and emittance. The measurement results are used to characterize machine performance 
and are also used as input to the beam control system. Ideally, the diagnostic instruments should be 
nonintrusive, time-resolved, and accurate. Some significant trade-offs may be involved in achieving 
these objectives. 

Beam bugs should be capable of monitoring beam current and may be useful in monitoring beam 
position. The decay time for beam displacements has been measured at ~200 ns for the bugs used on ETA 
II. The beam duration in the HER is 400 ns, so data would have to be post-processed, but this may not be 
too unreasonable. 

Beam position monitors (BPMs) were developed to measure electron beam position within a 
wiggier.57 They are an outgrowth of the techniques used in RF accelerators and measure dl/dl by means 
of a poloidal pickup loop. The major difference is that the processing electronics must process pulsed 
signals rather than RF signals. BPMs are compact, can be immersed in an external DC magnetic field, 
and can have high accuracy. In this application, they should have adequate sensitivity. The BPM 
development experiments conducted on ATA suggest that it should be possible to perform measurements 
with accuracy better than 100 um. 

An alternative diagnostic of the beam centroid might be pairs of capacitive pickups such as those 
developed for use on the ALS.58 

Energy measurements are generally made using magnetic deflection. Given the magnetic field and 
the deflection angle, the energy can be calculated. Magnetic deflection comes automatically in a 
recirculator. An appropriate collection of displacement monitors at the input and output of a bending 
magnet gives an energy measurement anywhere in the ring. 
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5.6.4 Development Flan 
A controls and diagnostics development program should focus on three main areas: MAESTRO 

development, diagnostic technique development, and development of beam correction techniques such as 
the fast corrector coil used on ATA. Several modifications to MAESTRO are required to model an H1F 
recirculator. The model must accommodate a curved geometry, which is typically handled by 
calculating only displacements from the design orbit. It must also model electrostatic and magnetic 
quadrupoles. An accelerating module circuit model, combined with an explicit pulse description that 
includes variable energy and current, can model many important features of an HIF accelerator. The 
variation in current and energy through a pulse, combined with longitudinal space charge, are necessary 
to model longitudinal dynamics. 

All of the beam diagnostic techniques described in the previous section will require further 
development of some kind. Some combination of beam bug or BPM technology should be capable of 
supplying basic current and displacement measurements that are nonintrusive and sufficiently accurate 
to characterize the machine and control the beam orbit. 

The fast corrector coil technology was developed for an electron beam accelerator, ATA. The 
technology may be very similar for heavy ions, but considerable development effort will be required to 
implement this technology on a heavy-ion accelerator. 

5.7 Vacuum System 

The requirements for the vacuum system stem from the considerations discussed in Sec. 3.1. To avoid 
excessive beam loss because of collisions with background gas and to avoid gas buildup from 
sputtering/desorption cascades, the average residual gas pressure in the beam pipe at the beginning of 
each recirculator pulse is roughly 10~10 Ton- at 20°C, or about 3.5 x 106 molecules/cm3. Without 
consideration of pumping impedance, this pressure implies a distributed pumping speed of several 
hundred liters per second-meter. Because of sputtering and/or desorption stimulated by ions lost from 
the beam, the effective outgassing rate can be several times the intrinsic outgassing rate. 

We also place requirements on the vacuum system that proceed from considerations of practicality. 
The roughing pump-down period from atmospheric pressure to about 10~3 Torr should take no more than 
about 1 hr. There should be capability of pumping in the iO~3 to 10 - 6 Torr regime during helium leak-
checking and during purging of any sorption pumps. There should be some capability for residual gas 
analysis to facilitate system debugging. The controls and monitors should be fully integrated into the 
system control network. 

We envision a vacuum system that has a pumping station every L meters in the ring (Fig. 5-30). If P 
is the pressure midway between two adjacent pumping stations and P, is the pressure at the throat of 
the pump, then the pressure drop is 

P-p.=Q?L (5-33) 
2C 

where Q is the effective outgassing rate per unit area, B is the perimeter of the pipe, and C is the 
pumping conductance of the beam pipe.59 At the quiescent pressure, the conditions in the beam pipe are 
far into the molecular flow regime, and the beam pipe conductance is 

C = 3.64 A i p T L/s 
V M (5-34) 

where T is the temperature in kelvin, M is the molecular mass of the gas in amu, and A is the cross-
sectional area of the pipe in cm 2. 5 9 For air at 20°C, the conductance on a single beam pipe is (37 L/s)r„2, 
whe'e r p is the beam pipe radius in centimeters; typically, the predominant gas being outgassed under 
these conditions is hydrogen, but the selection of air poses a more conservative estimate of the 
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Beam pipe 
(four in 
parallel) 

Figure 5-30. Layout of pumping stations on a section of the recirculator beam pipe, showing the four 
beam pipes as one common cylinder having a specific outgassing rate <t>. Pumping stations are separated 
by the distance L. The pressure midway between stations is P; that at the pump throat is P t. The 
pumping speed at the throat is St; the pumping speed at the pump itself is S p. 

conductance. If a pumping station is placed between every other accelerator module (either 
induction/quadrupole cell or bending magnet), then the distance between pumping stations is about 
200 cm. The ring with the lowest pumping conductance in the T design is the HER ring with r p = 6.1 cm. 
In this ring, the pressure drop will thus be 2.8 x \0ru Torr, about one quarter of the operating point. 
There is, therefore, little pressure rise because of beam pipe pumping impedance, even under the worst 
of circumstances. 

The required pumping speed St at the throat of the pump is 

IQB 
(5-35) 

where B now represents the perimeter of the entire pumped volume, that is, four times the perimeter of 
one pipe, so that St = 4400 L/s. Since the pumping sr**ed S p at the pump itself is related to the pumping 
speed at the throat by 

Sp St C| (5-36) 

where Q is the conductance of the pump throat, which can range from 5 to 15 kL/s for 20°C air, S p can 
reasonably be roughly twice S(. 

In this pressure regime, we have the choice of several types of pumps: getter pumps, ion pumps, or 
cryopumps. Since boil-off He and N gases at temperatures of roughly 6 and 80 K will available from 
the superconducting quadrupole magnets without the imposition of an excessive additional thermal 
load, cryopumps, which have the greatest pumping capacity, are the reasonable choice. A prototype 
for a large cryopump has been developed at LLNL for evacuating magnetic fusion chambers.*0-6' With 
the use of charcoal bonded to an aluminum substrate with ceramic cement, such a pump can accommodate 
the required pumping speeds and capacities. 

Every tenth pumping station would include a turbomolecular pump to maintain pressure during 
helium leak checking and during the roughing from 10"3 to 10"5 Torr. These secondary stations would 
also have quadrupole analyzers for use in leak checking and for residual gas analysis. 
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5.7.1 Cost Analysis 
Table 5-21 shows a cost breakdown of primary and secondary pumping stations. The cost of the 

secondary pumping stations include the additional expenses of the turbomolecular pumps and 
diagnostics. We have assumed here that the LLNL cryopump will cost about $15 thousand for the 
quantities required (over 1000 pumps); this is a very conservative estimate and is a cost slightly greater 
than that of the Batzer/Call prototype 6 1 in 1991 dollars. The cost of the roughing pumps (to take the 
system from atmospheric pressure to 10""3 Torr) is not explicitly included since it is so much lower than 
the other costs. 

The cost estimates for the three recirculator designs presented in Sees. 7,8, and 9 scale the cost of 
the vacuum system by the total pumping speed in the pipe, the sum of all S|. Averaged over nine 
primary and one secondary stations, the estimated cost per unit pumping speed is about $4.7/(L/s). 

5.7.2 Vacuum System State of the Art 
All of the components described above are well within the state of the art. 
The LLNL cryopump prototype 6 0- 6' had total pumping surface of 1.25 m 2 , capacity of 50 x 10 3 

Torr-L for helium and 20 x 10 3 Torr-L for hydrogen, and a pumping speed of 7.5 kL/s for helium. Speeds 
and capacities tor more active or more readily condensible gases should be even greater. 

The intrinsic outgassing rates for well prepared vacuum materials are roughly 1 0 - 1 2 Torr-L/(s-cm2), 
an order of magnitude below the value used in the calculations above. With bakeouts at 250°C for 30 hr, 
cleaned stainless steel has an intrinsic outgassing rate 6 2 of 2 x 1(H 2 Torr-L/(s-cm2). More severe 
preparations of stainless steel and aluminum attain outgassing rates of about 10~ 1 3 Torr-L/(s-cm2). 

5.73 Vacuum System Development Plan 
The induction cells pose unique vacuum challenges that merit more study. The insulators in the 

acceleration gaps may have higher outgassing rates than those of the materials already studied. The 
metal-insulator bonds in the induction cell should be examined closely to guarantee leak-free operation 
after thermal cycling in a bakeout sequence and after many hours of high-voltage operation. 

Some of the fundamental collision cross sections and sputtering/desorption yields that govern the 
sputtering/desorption cascade instabilities discussed in Sec. 3.1 should be measured more accurately. 

Table 5-21. Cost breakdown for vacuum system. We cite first the current costs of the most common 
pumping station, the primary pumping station; then we show the component costs for the secondary 
pumping station, which occurs every tenth station. 

Cost M thousands) 
Primary pumping station 

Cryopump 15 
Piping 2 
Temperature measurements 1 
Total 18 

Secondary pumping station (one every ten locations) 
Cryopump 15 
Piping 2 
Temperature measurements 1 
Turbomolecular pump (500 L/s) 10 
Valves 4 
Gage 2 
Quadrupole 9 
Total 43 
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The center-of-mass energy involved in the beam-beam charge exchange process is several tens of keV 
and has been well measured.63 The ionization and stripping cross sections for singly charged energetic 
heavy ions have not been measured, but they are bounded by dipole sum rules64; these cross sections 
therefore merit more study but with scaled experiments at lower mass but with the same E/M since no 
existing accelerators produce singly charged ions of the requisite energy E. The sputtering/desorption 
yields for low-velocity gas molecules driven into beam pipe are quite well known,65 but the experiments 
determining the yields for energetic heavy ions in bulk metals may not be definitive.66 Measurements of 
these yields are strongly recommended. 

Symbols Used 

A beam pipe cross-sectional area 
B beam pipe perimeter 
C beam pipe conductance 
Ct pump throat conductance 
£ heavy ion energy 
L distance between pumping stations 
M heavy ion mass 
P pressure midway between pumping stations 
P, pressure at the pump throat 
Q effective specific outgassing rate 
r p beam pipe radius 
s, pumping speed at pump throat 
sp 

pumping speed at the pump 
T temperature 
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5.8 HIF Recirculating Induction Accelerator Alignment System 

5.8.1 Alignment Requirements 
The requirements for alignment of a HIF recirculating induction accelerator are strongly driven by 

the need to maintain beam stability and accurate ber.m positioning. Instabilities driven by magnetic 
and induction cell offsets and tilts must be suppressed to achieve the beam positioning and omittance 
limits needed to focus the beam to a small spot size.67 Both the accelerating gaps and the magnetic 
field must be aligned. However, this discussion will focus on the magnetic field, since it is far less 
identifiable than the more tactile hardware of the accelerator gap. It is only recently that techniques 
have been developed that permit the identification of magnetic centerlines in quadruDoles and 
solenoids to less than 10 urn. 6 8 ' 6 ' The alignment requirements for the recirculator have yet to be 
determined. Thus for the purpose of this report, we have chosen a set of parameters as our alignment 
system target criteria that are subject to modifications as beam dynamics calculations are refined. 
Table 5-22 summarizes the general alignment requirements for each of the major sections of the 
recirculating HIF induction accelerator. The estimates in Table 5-22 are based on estimates from Sec. 3 
and scalings from the ILSE sti dy 6 7 and are a factor of 4 to 10 smaller for offsets. Errors in roll &6Z (where 
8 is the angle about the z axis; are unchanged from the ILSE report. It must be emphasized that there is 
iittle basis for these tolerance estimates, but a thorough modeling effort is in progress to determine 
substantiable values. The closest tolerances that have been considered so far are 10 urn, and although 
this maybe an appropriate tc erance for magnets, it is somewhat arbitrarily assigned to the 
fiducial assemblies. 

5.8.2 Critical Issues in Alignment 
Development of the alignnent system can be divided into four principal issues, each of which poses 

a challenge to HIF alignment: 1) identifying the magnetic axis of components, (2) creating the 
reference system, (3) creating the link between the magnetic axis and the reference system, and 
(4) building the accelerator such that it is stable between fiducials but positionally controllable at 
the fiducials. 

Fortunately, quadrupoles :ommonly have high field gradients, which aids in identifying their 
centerlines. Stretched-wire magnetic alignment techniques (see Sec. 5.8.4) may work well for 
identifying magnetic centerlines through quadrupoles, and the technique provides a convenient 
method of translating the magnetic centerline position to the fiducial positions. Hall probes and low-
energy-electron-probe (LEEP) techniques may be useful in detecting local perturbations in the fields. 
Careful design and testing wil' be required to assure that the magnets remain stable over the life of 
the accelerator or at least a substantial calibration period. 

The circular geometry of HIF places severe demands on a "global" alignment reference system. 
One of the problems for a global alignment system is that there is no proven way to make alignment 
monuments stable to within 10 urn over a nearly 1-km radius. However, global alignment may not be 
as important as "smoothing," vhich is alignment over locally overlapping references. The Stanford 

Table 5-22. Summary of alignment requirements for recirculator elements. These values represent 
educated guesses, made to provide some perspective to alignment planning. 

Component 

Focusing elements (quadnipole) 
Defocusing elements (quadrupc !e) 
Bending elements (dipole) 
Accelerating elements 
Fiducial assemblies 

AB. (mrad! 

±0.025 ±1.0 
±0.025 ±1.0 
±0.100 ±1.0 
±0.100 ±0.5 
±0.010 ±0.01 
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Linear Collider (SLC) is a good example of relatively loose global tolerance of 1 cm (over a 1-km 
section) but tight tolerances on the smoothing of better than 100 urn (over a 10-m section). Attention to 
the significant difference between global alignment and smoothing over a small fraction of a betatron 
wavelength may produce significant cost advantages. 

If the alignment reference system cannot be placed along the magnetic axis, as is most likely the 
case, then a fundamentally new type of offset alignment target will be needed. This type of targeting is 
commonly called fiducialization. With offset fiducials, great care must be taken to prevent or account 
for tilt, which may cause Abbe errors. Abbe errors result from the fact that the location of the fiducials 
used in the alignment measurement is offset from the location of the component. Conventional optical 
fiducials have a fundamental sighting error on the order of 25 um plus a line-of-sight proportional 
factor; thus new fiducials will need to be developed with approximately an order of magnitude smaller 
"sighting error." 

Finally, there are a limited number of points in an accelerator that can be monitored, so extremely 
stable designs are needed for supporting components between monitored points. The monitored points, at 
which the fiducials are located, are chosen to be as close as possible to the most critically aligned 
components. Components between fiducials are aligned in a calibration procedure, generally in a 
separate facility before installation. This necessitates checking for distortion caused by temperature 
changes and distortions induced in moving. 

The technology required to assure that alignment specifications are satisfied depends on many 
variables; the smallest alignment tolerance is a dominant consideration. The most stringent tolerance 
above is 10 urn, which is a factor of 10 smaller than for any other accelerator, although it is 
comparable to or even greater than the tolerances for the final focus section of colliders. The most 
accurate "global" alignment system is the laser based/Fresnel zone plate system used at SLAC.70""72 The 
Fresnel zone plates now provide resolution of approximately 25 um, 7 2 although the alignment of the 
beam path remains at about 100 ujn due to uncertainties in the offset tooling and alignment errors 
between fiducials. SLAC was designed to operate with substantially larger alignment tolerances than 
they can now achieve. Substantial alignment margin is important to all accelerators since, in the past, 
alignment systems have been passive, i.e., components are placed in position and remain aligned for 
extended times with little intervention. However, ground motions tend to consume alignment margins 
and are a costly problem, even where relatively generous tolerances are permitted.73.74 If an order-of-
magnitude improvement in alignment precision is required, passive alignment will no longer suffice. 
Buildings with characteristic dimensions greater than a few tens of meters cannot be built sufficiently 
stable to permit open-loop, or passive, alignment. Wck is now under way to develop techniques to 
continuously align the final focus beams in linear colliders to the 1-um range.75 Active, closed-loop 
control of alignment is needed in these situations, and these alignment schemes rely in part on one's 
ability to define and build stable alignment reference systems, a problem that is significant in linear 
accelerators and as yet unsolved in recirculating accelerators. 

5.83 Alignment Perspective 
In evaluating the requirements for the alignment of a HIF recirculator, it is worthwhile to examine 

the state of the art in alignment and to consider where the technology is headed in the next ten years. 
The problems associated with the precision alignment of large structures such as the HIF driver have 
been under study for the past 30 years. Most notable in the accelerator community are the 2-mile-long 
linear accelerator at SLAC and the larger ring accelerator at CERN. It is only recently, however, that 
there is new and greater interest in improving alignment accuracies by at least an order of magnitude. 
Traditionally these machines have been installed and aligned using computer-aided theodolite and 
Invar tape surveying techniques, which can ultimately yield alignment accuracies on the order of 
100 (un locally over distances of a few tens of meters, and to a few millimeters globally over distances of 
a few kilometers. 

At present, most machines are aligned statically; that is, there are no active feedback controlled 
micropositioning systems in these machines to automatically maintain alignment. Unfortunately, the 
earth's surface is rather dynamic, producing displacements of a few to a few hundred micrometers per 
kilometer per day. An example of drift at the SLAC linear accelerator is shown for several years in 
Fig. 5-31. This level of drift has continued throughout the years of operation at SLAC, and regular 
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Figure 5-31. Horizontal drift at SLAC linac £ I I I I I I I 
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pariod* b u m w 19CS and 1983. 

manual realignments are required. To meet the requirements of the recirculating HIF accelerator, 
greater initial alignment accuracy is required, and better long term stability is essential. Any large 
system that requires alignment stability to greater than 100 urn will require a form of closed-loop 
feedback control. 

5.8.4 Alignment System Conceptual Design 
Many steps are involved in the alignment process, not the least important of which is thorough 

planning and close cooperation with people designing other aspects of the HIF driver. Alignment tends 
to break down into four broad categories: 

1. Locating the magnetic centerline. 
2. Locating a fiducial relative to the magnetic centerline. 
3. Defining a reference line along which the fiducials will be aligned. 
4. Building the magnets, and the structure that they are mounted on, in a very stable fashion. 

These steps are necessary but probably not sufficient to achieve the operating potential of the HIF 
driver. The final alignment (or tuning) will be carried out using the beam. However, tuning tends to be 
time-consuming, so the alignment system will not only be needed to initially get the beam through the 
system, but also to maintain the stability of the system. 

5.8.4.1 Locating the Magnetic Centerline 
Stretched-wire alignment techniques have been used for many years to identify magnetic 

centerlines. The technique can be implemented with a number of variations concerning how alignment 
errors are detected. However, the fundamental technique remains the same. A fine, highly compliant 
wire, such as 100-nm-diam BeCu, is stretched between two reference points through the center of a 
magnet (multipole or solenoid). A short current pulse, on the order of 2 A for 1 ms, is applied to the 
wire. If any transverse magnetic fields are present, the Lorentz force oF produced on an element dl of the 
conductor is given by df = I dl x B. The force on the wire will cause the wire to deflect by an amount 
proportional to the magnitude of the transverse field errors. This deflection propagates as a traveling 
wave along the stretched wire. The amplitude of the traveling wave can be detected to the submicron 
level using photo-optical detectors. The accuracy of the stretched-wire technique is enhanced by 
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moving the magnet or the wire such that the magnetic field is aligned with the wire, so that all 
signals are nulled out. This nulling process eliminates calibration errors. Errors due to wire sag and tilt 
can be accounted for computationally.76'77 Tilts and offsets of the magnetic axis relative to the wire 
produce different types of vibrations, which are valuable in directing the alignment. A pulse is 
typically placed on the wire at 0.5 to 1 Hz to allow reflected waves to damp out. The signals from the 
photo-optical detectors are averaged in a digital oscilloscope to reduce the effects of noise. 

A valuable variation of the stretched-wire technique is used at Los Alamos National Laboratory 
in aligning the permanent magnet quadrupole (PMQ) drift tubes. In this approach an RF signal is 
applied to the wire with a coaxial cavity. An RF current is induced on the wire and is detected by four B 
loops that provide signals to electronics to determine the x-y position of each PMQ. The bandwidth of 
the system is driven by the spacing of the PMQs (a few centimeters). Resolution of 10 urn is observed at 
35-kHz bandwidth, but where lower bandwidth is applicable the signal-to-noise ratio is improved and 
this improves resolution.69 

There are other approaches for finding the magnetic centcrline, such as vibrating a stretched wire 
and observing the induced current (SLAO, using Hall probes and low energy electron beams.78 All of 
these techniques are intrusive, so they cannot be used while the accelerator is in operation. For this 
reason, easily arid precisely recognized fiducials are attached to accelerator components. The fiducials 
are aligned relative to the alignment reference system, so their position must be precisely known 
relative to the magnetic axis. 

5.5.4.2 Fiducialization 
The process of transferring from the system (such as the stretched wire) that locates the magnetic 

centcrline to a fiducial is called fiducialization. This is a difficult problem that spans a wide range of 
industries, and has led to a national committee to promote development of better fiducials for 
coordinate measuring. Most of the alignment or measuring techniques that use fiducials are optical: 
these include computer-aided theodolites, alignment telescopes, and optical levels. These instruments 
are fundamentally limited in resolution to approximately 25 urn + kl, where k = 1 x 10~* to 5 x 10"* and 
/ is the distance over which the observation is taken. The shape and even the color of the fiducial also 
influence the resolution. Another problem is that, because of differences in shape, the types of detectors 
that will sense the position of the wire accurately will not necessarily sense the position of the fiducial 
accurately. Because the fiducials are substantially offset (by a meter or more) from the magnetic axis, 
the tilts must be monitored and controlled to a few parts per million. 

Many of the costs and errors of fiducialization can be eliminated by adjusting the fiducial position 
for groups of components (i.e., a module).79 The components would be mounted on a strongback arid 
aligned relative to two points, say the terminal points of a stretched wire. Now, the fiducial(s) can be 
adjusted for each module relative to the same terminal points. The exact offset of the fiducial relative 
to the magnetic axis might never be known, but this would be unimportant since the offsets would be the 
same for each module. Although tilts remain a problem even with this technique, machining costs are 
reduced and precision is improved. 

5.8.4.3 Alignment Reference 
A recirculator is much harder to align than a linac because of the difficulty in producing a 

reference. A laser, operating in a vacuum between two fixed points, provides an excellent straight-line 
reference. Unfortunately, there is no analogous reference for a circle. Surveying techniques have been 
used to align storage rings, colliders, and synchrotrons. The same general techniques would apply to the 
HIF driver, with some significant modifications. The HIF site survey would be initiated with the 
Geodetic Positioning Satellite (CPS) system for construction. After construction, the alignment reference 
system begins to take on an unconventional nature. 

There are approximately 660 half-period sections (modules) in the largest recirculator ring (2 km 
circumference). The alî  nment reference system would align the modules along straight lines between 33 
monuments evenly distnbuted around the ring. The curvature that must be built into each module and 
the sagitta of the modules can be accommodated on the calibration bench during fiducialization (see 
Fig. 5-32). 

It is generally acknowledged that it is far more important to maintain close alignment of adjacent 
or nearly adjacent magnets than it is to maintain alignment of magnets that are remote from one 
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Figure 5-32. Layout of accelerator half-period sections around reference monuments. 

another. Final alignment will probably depend on feedback from the beam, however, and this requires 
that the beam can traverse the recircuiator.80 The actual tolerances required to traverse the 
recircuiator are not yet known, but indications are thai they will be stringent. To provide the most 
accurate system of monuments possible, a two-line hydrostatic level would be used to define the 
horizontal plane and a strongly overconstrained trilateration network would be used to fix coordinates 
in the horizontal plane. The concept of the trilateration network is fhown in Fig. 5-33. Trilateration 
relies only on the distance measurements between monuments, so these measurements should be made in 
vacuum using a laser interferometer. The actual coordinates are determined using a least-squares 
algorithm incorporated in a program such as GEONET, developed at SLAC for the alignment of the 
Stanford Linear Collider. The accuracy of trilateration is improved by increasing the number of 
connected points, which is the reason for the concentric polygons, portions of which are shown in the 
exploded view in Fig. 5-33, and transverse lines of sight crossing to opposite sides of the ring. 8 1 ' 8 2 

Monument-to-monument movement of 50 to 500 urn per day should be expected, so all but one of the 
monuments would be servoed to maintain a constant spatial relation. For this reason the hydrostatic 
level and the laser interferometers would operate continuously. 

5.8.4.4 Active Alignment 
As was noted earlier, alignment on ihe order of a few micrometers or even a few tens of micrometers 

is a highly dynamic problem. Thermal stresses, load changes, changes in local hydrology, and other 
movements conspire to continuously realign an accelerator. To keep components aligned to levels much 
below 100 |±m, it will be necessary to use active alignment schemes that sense these movements and 
automatically make the necessary corrections. 

Two approaches to active alignment are possible. The first technique is to use a stable reference 
system, and servo the components (or modules of components) to maintain their position relative to the 
reference. The second approach is to use beam-position monitors (BPMs), mounted on critical 
components, to sense misalignments.83 More work will be needed on BPM resolution and algorithm 
development to reach the alignment accuracies anticipated for the H1F driver. 

It is a relatively straightforward process to maintain module position relative to a straight line 
reference (SLR) operating between two monuments. SLR systems are well understood and documented at 
LLNL and SLAC.7 1'8 3 Each module is tied to the SLR through the module's fiducials. The height and 
tilt of each module would be monitored by the hydrostatic level system. With proper sensing of pitch, 
yaw, and roll and the x-y position, it would be possible to control micropositioners (Fig. 5-34) to 
maintain module position. 

5.8.5 Alignment System Costs 
The costs presented in Table 5-23 are catalog prices for the alignment equipment needed for 

alignment of a recirculating accelerator. The total costs listed in Table 5-23 are for a single 2-kni ring, 
and the costs for each of the four rings of this recircuiator design are scaled from this estimate. 
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Figure 5-33. Monument network for the alignment of components on the recirculator ring. 
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Figure 5-34. Positioner and sensor system for module alignment relative to an SLR. 
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Table 5-23. Alignment cost estimate for the HIF driver. 
Item Number Unit cost ($) Total cost ($) 
Linear distance measuring 
(Interferometers) 

HP 5507A Transducer elec. 
HP OPT32 Axis board 
HP5517A Laser Head 
HP10793A Laser Head Cable 
HP10780C Receiver 
HP10790C Receiver Cable 
HP10701A Beam Splitter 
HP10702A Interferometer 
HP10703A Reflector 

Interferometer data cable 
Computer (includes com. software) 
Vacuum line of sight (cross ring) 
Vacuum line of sight (circumferential) 
Monuments 
Uninterruptible power supply 
Hydrostatic level 

2-in. OD SST tube 128 at «0 urn 
Polished ID & OD 32 at 2um 
0.065-in. wall $4.95/ft 8 at 634 um 
inert fluid tube half full I quires 12.58 m 3. 

Assume SlOO/gal. (264 gaUm3) 
Inductive sensor 
includes; electronics, sensor and 
10-ft cable (Kaman Inst. Corp.) 

Poisson Alignment Reference 
Collimating lens 
Focusing objective 
PZT mirror (Burrleigh) 
PZT mirror mount 
Quadrupole cells (UDT Spot-9D) 

PZT high-voltage power supply 
PZT controller 
Vacuum interface 
Offset tooling 
Array positioners 
(Klinger 330550 or similar, includes frame, 
motors, controller) 

Calibration equipment 
Optical tables (1.5 x 3 x 0.61 m) 
Vibration isolation (includes 
supports, and air supply) 
Clean air supply 
Electronics (Oscilloscope, power supply, 
pulse generator, laser, etc.) 

Axis translation interferometer 
Computer/printer (HP150, 33440) 
Precision translators (Klinger) 

Grand total 

28 4400 123,200 
168 2040 342,720 
84 6730 565,320 
84 230 19,320 

168 660 110,880 
168 210 35,280 

84 550 46,200 
168 2040 342,720 
168 610 102,480 
32 6000* 384,000 

1 250,00 0 b 250,000 
8 567,000' 4,540,800 

160 2400 389,760 
32 670 42,880c 

1 48,000 48,000 

16.24/m 

stages. 

32,256 

208,132 

332,100 
6 6 0 x 3 760 1,553,440 

+ 64 

32 8000 256,000 
32 100 3,200 
32 780 24,960 
32 400* 12,800 

660 64 46,336 
+ 64 

32 20D0d 64,000 
32 200 d 6,400 
32 iWllfi 128,000 

660 300 96,000 
32 20,910 669,120 

9,371 
9,750 

5,348 

32,256 

18,742 
19,500 

10,695 

2 37,180 74,360 
1 12,844 12,844 
2 20,910 41,820 

$10,911,385 
* Cable costs are based on the average cost of cables pulled in the Advanced Test Accelerator. 
b This is an estimate based on other similar projects. 
c LLNL Plant Engineering Level F estimate. 

Based on an LLNL design developed for LIS and BRP. 
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5.9 Accelerator Power Systems 
This section describes the primary power systems that provide the AC power required by the 

accelerator and the DC power systems that provide DC power for the induction cell pulsers and the 
dipole magnet pulsers. The system requirements for each system are presented. Each system is described 
briefly and a detailed cost estimate of each system is included. 

5.9.1 Accelerator Cell Power Supplies 
The induction cells in each ring of this recirculator design require different operating voltages. The 

eel) voltages range from approximately 1.5 kV in the injection ring (IR) to approximately 110 kV in the 
HER. Table 5-24 summarizes the DC power supply requirements for the recirculator. 

Solid state regulated AC-to-DC converters are used to convert the AC distribution power at 13.8 kV 
to the required DC voltage for each accelerator ring. We have estimated costs for the distribution 
system based on the conceptual one-line diagram shown in Fig. 5-35. Each converter is located near the 
loads it supplies, and high-voltage DC is distributed to the induction cell pulsers through solid-
dielectric cable. DC switches in conjunction with converter control are used to isolate faults of 
individual induction cell pulsers. 

The DC voltage is adjustable by remote control from 80% to 100% of nominal, and voltage is 
regulated to 0.1%. The technology assumed is derived from that of HVDC power transmission. 
Converter transformers that step up or step down the voltage to the appropriate value for the DC 
requirements are fed at 13.8 kV. The converters are air-insulated, air- or water-cooled, solid state, 
fully controlled bridges using SCRs or gate-turn-off (GTO) thyristors. 

These HVDC converters are fully redundant, with DC switching to enable isolation of a faulted 
unit. The DC-side isolation switches cannot interrupt direct current, so the sequence in the event of a 
converter fault is to trip the 13.8 kV AC circuit breaker, automatically isolate the faulted converter, 
and re-energize the HVDC system from a good converter. Thus, accelerator operation can resume in 
seconds, and the generating plant need not be tripped. 

Accelerator Cell Power Supply Costs 
Total costs for the HVDC system are estimated at $45 million. Table 5-25 shows the detailed cost 

breakdown. Converter transformer costs were estimated using the most recent catalog data available 
from Genera] Electric and Westinghouse. These manufacturers used similar methods to price power 
transformers. The list prices calculated from these catalog data were escalated to 1990 levels using 
Means' Historical Cost Indexes.84 No discount or multiplier was assumed. The same method was used 
for the auxiliary transformers, and the transformer costs that resulted were within a reasonable 
tolerance of the actual cost of fairly similar transformers recently acquired by LLNL. Converters were 
assumed to cost about the same as their respective converter transformers. Installation costs for both 
transformers and converters are the figure given in Means for comparable size transformers. The Means 
cost was not used for transformers because it was felt that even "old" manufacturer's cost data should be 
more reliable. The Means cost estimate for the transformers is, however, quite close to the estimate we 
present here. Cable costs were derived from the distances and reasonable routes for the cable runs, 
including cable trays. For all cable tray routes, we assumed 30-in. galvanized steel tray and obtained 
costs from Means. For simplicity, all high-voltage cable, both AC and DC, is priced from Means as 
three-conductor shielded 15-kV-class cable. This should be a good estimate for the AC cables and 

Table 5-21. Summary of induction cell power requirements. Regulation used for estimate was 0.1% in 
all cases. 

IR LER MER HER 
Cell voltage (kV) 
Pulser input power (MW) 

1.0 
0.51 

3.5 
0.89 

25 
14.8 

100 
89.7 
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13.8 kV Bus A-1 13.8 kV Bus B-2 13.8 kV Bus C-1 13.8 kV Bus A-2 13.8 kV Bus C-2 

$ 

ULLU ullJ UjLl 

UUUU uJLu uJLu 

J 

) ) 
J; 4; 13.8 kV step voltage 

J]jj UJJU regulator (typical) 
1 HVDC converter transformer 

£ }£ 30 MVA, 13.8 kV primary (typical) 

HVDC converter 100 kV DC 
output (typical) 

T f t ¥ 
100 kV DC switchyard 

100 kV DC feeders to high-energy ring cell pulsers 

Figure 5-35. DC power supply system for HER induction cell pulsers. 

Table 5-25. Detailed cost breakdown of accelerator cell DC power supply system. 
Price/ Subtotal 

Item Units Unit Source unit (S) ($) Total ($) 
Rectifier transformers 14 Each Below 756,925 10,596,948 
Installation 420 MVA Means 530 222,t>0G 
RT total 10,819,548 

Converters 14 Each 1,000,000 14,000,000 
Installation 420 MVA Means 530 222,600 
Converter total 14,222,600 

HVDC switchgear 
Switches, two-pole motor op. 23 Each Means 24,500 563,500 
Other HVDC apparatus 1 Lot 1,000,000 1,000,000 
Switchgear total 1,563,500 

Control and protection 14 Each 500,000 7,000,000 

Site work 14 Each 500,000 7.000,000 

100- and 200-kV DC cable in tray Below 4,173,220 

Total electrical system 44,778,868 
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Table 5-25. (Continued) 

Transformer Calculations 
25,000 kVA, 13.8 kV-20 kVDC or 

Year 

FOA rating 
Pricing kVA 
S 
K 
List price (S) 

Percentages 
Delta primary 
Low LV winding voltage 
Split LV winding 
FOA cooling 
Front-of-wave 
Station auxiliary 
Rectifier duty 
IEEE loading 
Total 

Adders 
Surge arresters 
Current transformers 
Impulse tests 

Total 
Escalation 
Cost index at price year 
Cost index 1990 
List price 1990 

Cable calculations 
Description 
500MCM20kVDC 
250 A 20 kV to 20 kVDC cells 
30-in. cable tray for above 

500MCM100kVDC 
555 A 20 kV to 100 kVDC cells 
30-in. cable tray for above 

Total 15-kV cable installed 

3.8kV-100kVDC 
GE 

1977 

30000 
18000 

5.65 
208000 

309,700 

3% 
0% 

-10% 
0% 

10% 
0% 

50% 
5% 

58% $169,795 

$12,200 
$12,000 

$513,526 

53.1 
100 

$967,092 

Cond. 
Feeders each Length 

2 1 1000 
2 1000 

2 1 5000 
2 5000 

West 
1979 

30000 
18000 

5,54 
48400 

148,120 

3% 
6% 
0% 
9% 

10% 
25% 
50% 
5% 

108% $159,970 

$16,500 
$12,000 
$2,400 

$338,990 

62 
100 

$546,757 

Length, Cost/ foot Total 
ft. ($) ($) 

3280 33 216335 
3280 20 131,233 

16404 33 1,082,675 
16404 20 656,167 

$2,086,610 
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conservative for DC cable, since DC cables will be only one-conductor cables with shield. HVDC 
switchgear is assumed to be physically identical to 69-kV-cIass AC switchgear, which operates with 
repetitive peak voltages of over 100 kV. The Means cost for three-pole switches is used, even though 
only two-pole switches are required for this application. This assumption introduces slight 
conservatism into the switchgear estimate. 

5.9.2 Dipole Pulser Power Supplies 
The dipole magnet systems in each ring of the recirculator have the same DC voltage requirements, 

although the total power requirements of each ring are different. Table 5-26 summarizes the dipole 
system requirements. 

The dipole pulsers are fed at approximately 600 VDC. Figure 5-36 shows a conceptual one-line 
diagram of a single rectifier unit in the DC power supply system for the dipole magnets. Each of the 25 
rectifier units includes two rectifier transformers and two rectifiers, arranged as a standard secondary-
selective unit substation, which gives flexibility in feeding each rectifier from either step-down 
transformer. This arrangement makes possible quick rerouting of DC power in the event of a power 
supply fault. A single three-phase, six-pulse bridge rectifier is fed from each half of the secondary bus. 
Each transformer of the unit substation is fed from one of the redundant 13.8-kV loop feeders. 

The output of each rectifier energizes a 600-VDC feeder busway. For pricing purposes this is treated 
as an AC busway; the actual DC busway will probably be somewhat less costly because it has only two 
conductors. Each pulser is tapped onto the DC busway as close as possible to its location, minimizing the 
runs of small-size cable that could cause problems with resistive voltage drop. Low-voltage DC circuit 
breakers at each tap provide short-circuit protection. 

Costs 
Total cost for the accelerator dipole power supply system is estimated at $22 million. Table 5-27 

shows detailed costs. All costs are from Means except the transformers. We used Saylor's costs85 for the 
transformers because Saylor gives a "clean" cost for a transformer installed and tested. Rectifier costs 
were assumed at $100,000 each, about 50% higher than the associated transformer. Busway costs were 
derived from the distances and reasonable routes for the busway runs. For all busway routes, we assumed 
2500-A, 600-V feeder busway and obtained costs from Means. Costs of the short cable runs from the 
busway to the pulsers are neglected, since they will b<r low enough not to contribute materially to the 
power system cost. 

5.93 Primary AC Power Systems 

Methodology 
The Primary AC power system for the recirculating accelerator provides AC power to all of the 

accelerator systems. Few of the accelerator systems described in this study have been designed in 
enough detail to know exactly what the AC power requirements are, but estimates of the ranges of these 
requirements have been made based on conceptual designs. The conceptual design and cost estimates for 
the AC prime power system was done using fuzzy set8 6 techniques, which use expected ranges of system 
requirements and expected ranges of power supply characteristics to estimate the total AC power 
requirements for the recirculator system. 

A fuzzy number is actually a function of real numbers, with a value from 0 to 1 inclusive, that 
expresses the degree to which it is possible that the quantity in question will have the specific value. 
The algebra of fuzzy sets allows us to perform numerical operations on these fuzzy numbers, to 
understand their possible implications. 

Table 5-26. Summary of dipole magnet power requirements. Regulation used for estimate 0.1% 
throughout 

IR LER MER HER 
Dipole voltage (V) 
Pulser input power (MW) 

500-600 
2.6 

500-600 
9.28 

500-600 
21.9 

500-600 
34.2 
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Note: 
Bus numbers shown are examples, loads 
are distributed among all 6 13.8 kV buses 

13.8 kV Bus A-1 13.8 kV Bus B-1 Note 

1 High-energy ring: six feeder pairs serve 24 substations 
Medium-energy ring: four feeder pairs serve 15 substations 
Low-energy ring: two feeder pairs serve 8 substations 
Injection ring: one feeder pair serves 3 substations 

Typical high-energy ring dipole 13.B kV feeder pair 

/ / / / / Convert* 
uuLu uLu uJUu aJLu uXu f«inform« 
nrrh rrrn rrfn rrrn 

t t t t 
i £ 
t t 

800 V DC 
to pulsers 

600 V DC 
to pulsers 

rrrn 3,000 kV A 
f 13.SkV-480V 

} ') (typical) 

i 5» MOV,3,000A 
X®~ "&X unit •ubttatlon 
? T itypici) 

X X3^'h"•' 
g j g]«-PUI»« 
T T brldg* racllflar 
I I (typical) 

600 V DC 
to pulsers 

Figure 5-36. Typical dipole pulser DC power supply system. 

Table 5-27. Cost estimate of dipole pulser DC power supplies. 
Price/ Subtotal 

Item Units Unit Source unit ($) ($) Total ($) 
Dipole substations 50 Each Below 205,903 10,295,145 

Rectifiers 100 Each 100,000 10,000,000 

650- VDC bus 2500 A 5249 10-ft. sect. Means 375 1,968,500 

Total power supply system 22,263,645 

Dipole unit substations, 3000-kVa double-ended 
13.8 kV-480 V/277 
Load interrupter switch 2 Each Means 15,100 30,200 
Station class arresters 2 Each Means 4,775 9,550 
Transformers 2 Each Saylor 67,389 134,778 
LV breakers 5 Each Means 5,075 25,375 

Instrumentation 2 Each Means 3,000 6,000 

Total per dipole substation 205,903 
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The methodology explained in the next few paragraphs was implemented with fuzzy-set algebra 
to estimate the AC system capacity design requirements given the DC requirements of the specific 
recirculator systems. First the real or active component P^c of the apparent power is calculated from 

PAC = PDC/V (5-37) 

where PDC is the power required by the specific recirculator system and the efficiency r/ is an assumed 
range of probable efficiency for the DC power supply. The apparent power P a p p is then calculated using 

P>PP = PAC/PF (5-38) 

where the power factor PF is the cosine of the phase angle between the load current and the load 
voltage and is expressed as a range of probable values. The range of values calculated for P a p p 

represents a range of probable values for the total apparent power required by the system. 
The required AC capacity is then estimated from the values of P a p p . The AC capacity figure 

requires some explanation. Capacity ratings for power apparatus are stated at nominal rated voltage 
(13.8 kV for the equipment selected here). However, only generators are truly rated according to power, 
where the power is limited by the mechanical input. Transformer, voltage regulator, and other 
MVA-rated apparatus ratings are implicitly expressions of current-carrying capability. Thus, a rating 
of, for example, 10 MVA at 13.8 kV is actually a current rating of 

/ = 10 MVAA13.8 kV x 3 1 ' 2 ) = 418 A (5-39) 

If the system is operating at a voltage lower than the nominal value V n o m , the current that the 
apparatus can carry remains constant, so the actual MVA capability S at a lower voltage V is 

(5-40) 

Note that S is the magnitude of the complex apparent power P + jQ, where P is active power, in watts, 
and Q is reactive power, in VARs (volt-amperes reactive). It is not strictly correct to add values of S at 
different power factors, but we do so here for simplicity and because the errors introduced in these cases 
are far less than the other uncertainties at this stage of the system design. 

Regulated power supplies supply constant power to their DC loads (since they are furnishing 
constant load voltage) as the AC input voltage varies. Over a reasonable range of input voltages, we 
can expect the AC power and actual MVA requirements to be approximately constant. If we expect the 
AC system voltage to vary (and all such voltages do), we cannot choose AC apparatus rated for the 
actual load MVA, since the load current will increase as the AC voltage drops. Instead, we need to 
increase the MVA ratings of the supply apparatus to carry the actual load current, using Eq. (5-40). 
Thus, to size apparatus, it is necessary to have an idea of the range of voltages to be expected. For this 
analysis, we have used the range of voltages given in ANSI Standard C84.1-1982, expressed as a fuzzy 
set shown in Fig. 5-37. The ANSI voltage ranges were chosen to be reasonably achievable in power 
distribution systems and still meet the requirements of standard types of load equipment (mainly 
motors, but most other industrial equipment is rated for the same voltage ranges). Applying Eq. (5-40) 
to the calculated (fuzzy) load MVA values in the figures and the fuzzy ANSI voltage gives the 
"Capacity" values, which can be directly compared with apparatus ratings. 

5.9.3.1 AC Power Requirements 
Each of the four accelerator rings requires two major types of pulsed power, dipole magnet pulsers 

and accelerator cell pulsers, both distributed throughout the ring. All power supply voltages must be 
adjustable by remote control from the accelerator control system. This is a "tuning" type of adjustment, 
and would not be expected to change after the accelerator is operating successfully. Figure 5-38 is an 
example that shows the estimated loads (DC megawatts input to the pulsers) for the induction cell 
pulsers in the HER. In this figure, the vertical axis represents the level of certainty of an estimate and 
the horizontal axis represents the magnitude of the quantity being estimated, which in this case is 
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Figure 5-37. Range of input voltages assumed for 
system design. 
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Figure 5-38. AC power system capacity 
requirements for the HER cell pulsers. 

power in units of megawatts or megavolt-amperes. The four curves in the graph are estimates of the 
probable ranges of the required DC load; the real AC power required to supply that load assuming the 
efficiency profile shown in Fig. 5-39; the apparent power (real power combined with reactive power) 
required assuming a power factor profile also shown in Fig. 5-39; and the AC capacity curve. The latter 
is the probable range for which the system should be designed, as explained in the previous section. 
The DC load curves for the cell pulsers in each of the four rings are based on estimates for the input 
power to the pulsers accounting for pulser losses, induction cell losses, and beam load. Only the AC 
capacity calculations for the HER induction cell pulser power supplies have been presented here, but 
the same calculations were done for the power supplies in each of the four rings. 

Similarly, Fig. 5-40 shows the same curves for the dipole systems in the HER. The DC load 
estimates were calculated from the specific ring geometry, the value of the dipole fields, and the 
estimated efficiency of the dipole pulser circuitry. The probable ranges of the DC power supply 
efficiency and the power factor for the 600-VDC dipole magnet supplies are shown in Fig. 5-41. The 
design value for the AC capacity was calculated using the same method as that used for the induction 
cell pulser power supplies. Although the only curves presented here are for the HER, the AC capacity 
requirements for the dipole power supplies were calculated in the same manner for each of the 
four rings. 

Similar estimates were done for the auxiliary systems, including the cell pulser auxiliary power, 
vacuum system, cooling system, and superconducting cryogenic system. For example. Fig. 5-42 shows the 
ranges of estimated requirements for the superconducting cryogenic system. All of these estimates are 
summed to arrive at the total system capacity for which the primary power system was designed. The 
total system capacity estimate is shown in Fig. 5-43. The "total" curve in this figure is the sum of the 
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Figure 5-39. Assumed characteristics for the cell 
pulser power supplies. 
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Figure 5-40. AC power system capacity 
requirements for the HER dipole pulsus. 

other two curves representing, respectively, the sum of all of the auxiliary system requirements and the 
sum of the accelerator requirements. 

5.9.3.2 Reliability Considerations 
An "accelerator-critical" system is defined to be one whose failure would cause an accelerator 

outage. Examples include all the accelerator power supplies, magnet and lead cooling systems, 
vacuum system, and some diagnostics. An accelerator outage would cause an outage o/ the generating 
unit (steam plant and generator), which would result in loss of utility revenue of millions of dollars 
per day of outage. The high cost of a generating unit outage is caused by the fixed cost of the station 
and by replacement power costs. Therefore, considerable attention to accelerator reliability is 
appropriate. 

In the design presented here, relatively inexpensive components and subsystems whose failure 
would result in an accelerator outage have complete redundancy. An on-line spare is automatically 
switched into service to replace any failed unit. This switching takes place less than a second, to 
permit continued generation at rated load through the accelerator shutdown and restart. The only 
exceptions are components with very high reliability that would be difficult to bypass, such as 
switchgear buses. All accelerator-critical components and subsystems are accessible for maintenance and 
repair during continued plant operation, to the extent possible. 

It is not possible to isolate a faulted unit auxiliary transformer from the generator bus without 
tripping the generator, since suitable circuit breakers are not practical. Circuit breakers for the 
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generator bus are available, and one is shown in Fig. 5-44, but the size, expense, and exotic nature of 
these circuit breakers makes their use in every auxiliary transformer's primary circuit impractical. 
Therefore, a short circuit or other failure in any one of the unit auxiliary transformers will require the 
generating unit to trip to clear the fault (see Fig. 5-44). The primary disconnect switch feeding the 
faulted unit auxiliary transformer then opens automatically, the feeder from the reserve auxiliary 
transformer to the buses normally fed from the faulted unit auxiliary transformer closes, and the 
generator can be restarted. Note that it is not necessary to shut down the steam system for this type of 
fault; steam can be bypassed to the condenser so the station can be on line again in an hour or less. 

In general, no redundancy is provided for systems whose failure cannot cause an accelerator 
shutdown. Examples are lighting systems and convenience outlets. 

5.9.3.3 Auxiliary Loads 
Sections 5.7 and 5.10.2 discuss the assumed loads for the various auxiliary systems. The same 

methodology was used to estimate the AC power system capacity required for the auxiliary systems. 
Table 5-28 shows the estimated auxiliary AC system capacities at a certainty of 0.8. 

5.93.4 Total Loads 
Once the required system capacity is determined, choice of the design depends on the degree of 

conservatism desired. According to Fig. 5-42, the most likely accelerator capacity requirement is 210 to 
240 MVA, with good assurance that it will not exceed about 355 MVA nor be less than 125 MVA. Taking 
a reasonably conservative certainty of 0.8 at the high side of the possible opacity requirements, we 
arrive at a total power system capacity of about 300 MVA. 
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Figure 5-43. Total capacity requirements for the 
AC power system. 
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Table 5-28. Estimated auxiliary loads for a recirculating accelerator. 
DC or mechanical Load AC capacity 

(MW) (MVA) 
Auxiliaries 2.0 3.7 
Vacuum system 2.0 3.7 
Cryogenic system 6.0 11. 
Total 10 18.4 

5.9.4 System Description 

5.9.4.1 Auxiliary Transformers 
Unit Auxiliary Transformers 
Accelerator unit auxiliary transformers, each rated at 100 MVA, are provided to furnish 

accelerator power during normal operation. (Fig. 5-44). These are energized from the turbine-generator 
via a branch of the isolated phase bus that feeds generator output to the generator step-up transformer. 
The accelerator unit auxiliary transformers step the generator voltage to 13.8 kV for distribution to the 
accelerator power supplies. A fault in one of these transformers cannot be cleared without tripping the 
generating unit. Disconnect switches in the primary circuit for each transformer allow a faulted 
transformer to be removed from service quickly, and the station can be restored to operation as described 
above. 

Reserve Auxiliary Transformer 
An 100-MVA reserve auxiliary transformer is provided, fed from the high-voltage transmission 

system at the station switchyard. This provides a power source for system testing and maintenance 
when the system side of the generator circuit breaker is out of service, for example for maintenance of 
the generator step-up transformer. In the event of a failure of a unit auxiliary transformer, the reserve 
auxiliary transformer can supply the same power to the accelerator and allow generating unit operation 
to resume at full load. 

5.9.4.2 Medium Voltage AC System 
The medium voltage AC system distributes three-phase AC power at a nominal voltage of 13.8 kV 

to the accelerator cell power supplies, the dipole pulser rectifier transformers, and the unit substations 
of the Low voltage System. The major components and subsystems are non-segregated phase bus from the 
auxiliary transformers to the 13.8-kV switchgear, 13.8-kV metal-clad switchgear assemblies, cable 
systems from the metal-clad switchgear to the power supplies and the low-voltage unit substations, 
and the associated protection equipment. 

Grounding 
The medium-voltage AC system neutral is grounded through a resistance of about 20 £1 to limit 

ground fault current and hence the damage done by a ground fault. The grounding resistors are furnished 
and priced with the unit auxiliary and reserve auxiliary transformers. 

Non-Segregated Phase Bus 
Standard non-segregated phase bus is used for the feeders from the Unit Auxiliary Transformers 

and the Reserve Auxiliary Transformer to the 13.8-kV distribution switchgear assemblies. This type of 
bus is generally the most economical type of feeder for high currents (-4000 A) for short runs. 

Smtckgear 
Six 13.8-kV industry-standard metal-clad switchgear assemblies are provided to distribute 

medium voltage power to the various loads and to allow cross-connection of the various sources. This 
switchgear uses drawout-mounted vacuum circuit breakers as the switching and interrupting elements. 
Each switchgear assembly includes a metering and telemetry section and the breaker sections. 
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Each switchgear assembly is configured as a conventional double-ended bus. Each bus half has a 
feeder from one Unit Auxiliary Transformer, the Reserve Auxiliary Transformer, and a bus tie to one 
other bus half. This provides the operator with a great deal of flexibility in arranging loads for 
optimum usage of available capacity. Dipole power supplies are relatively numerous, and are arranged 
as primary-selective systems fed via a loop-feed arrangement from redundant 13.8-kV cables. 

Distribution 
Medium voltage AC power is distributed to the loads via cable bus for high-current feeders and via 

cable in cable tray for lower-current feeders. Cable bus is a system in which multiple cables per phase 
are mounted in cable trays, with wood spacer blocks to ensure adequate cooling air circulation and with 
careful control of the physical arrangement to cancel the inductance of the cables and minimize reactive 
voltage drop. Cable bus is normally the most economical method of transmitting high current for long 
distances at medium and low voltages. 

Protection 
Circuit protection components are incorporated into the metal-clad switchgear, as in normal 

industry practice. Each feeder breaker unit includes overcurrent and ground-detection relays to detect 
short circuits and trip the associated circuit breaker. In addition, each incoming line breaker unit 
includes overcurrent and ground-detection relays, set for more delay than those in the feeder units, to 
trip the incoming line breaker in the event of a feeder breaker failure. Undervoltage relays in the 
switchgear detect loss of primary voltage, such as that resulting from a unit auxiliary transformer 
failure. 

5.9.43 Low-Voltage AC System 
Low-voltage AC power is used for the induction cell pulser auxiliary systems, accelerator vacuum 

systems, cooling systems, and helium refrigeration (cryogenic) system. To meet these needs, service is 
provided at 11 480-V, three-phase, three-wire secondary unit substations. Each is a secondary-
selective arrangement. Further distribution to drive motors and other equipment would be via motor 
control centers if the extent of such distribution requirements were known. Large motors (between 75 and 
250 hp) are controlled and protected directly by the unit substation circuit breaker, and for this 
analysis we assume that all auxiliary loads are fed directly from unit substation circuit breakers. 

Switchgear 
Low voltage switchgear is of industry-standard unit substation construction, close-coupled to the 

13.8 kV-480 V step-down transformers. Manually operated air-break power circuit breakers are used 
for distribution to motor control centers; breakers that control motors directly are electrically operated. 

Distribution 
Low voltage AC is distributed to loads along the accelerator by individual cables in cable tray. 
Protection 
All low-voltage power circuit breakers have built-in solid state trip devices that detect both 

phase overcurrents and ground faults. Backup tripping is provided by the 480-V main circuit breaker's 
overcurrent and ground-fault protection. 

5.9.5 Primary AC Power System Costs 
Total costs for the Primary AC Power System are estimated at $25 million. Table 5-29 shows the 

detailed cost breakdown. High-voltage (primary voltage 30 or 115 kV) transformer costs were 
estimated using the most recent catalog data available from General Electric and Westinghouse. These 
manufacturers used similar methods to price power transformers. The list prices calculated from these 
catalog data were escalated to 1990 levels using Means' Historical Cost Indexes.84 No discount or 
multiplier was assumed. The transformer costs that resulted were within a reasonable tolerance of the 
actual cost of fairly similar transformers recently acquired by LLNL. Installation costs for transformers 
are the figure given in Means for comparable size transformers. The Means cost was not used for 
transformers because it was felt that even outdated manufacturer's cost data should be more reliable. 
The Means cost estimate for tho transformers is, however, quite close to the estimate we present here. 
Medium-voltage (13.8-kV) switchgear costs were estimated in some detail from the Westinghouse 
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Table 5-29. Total AC power system costs. 
Price/ Subtotals 

Item Units Unit Source unit ($) ($) Totals (S) 
Accelerator UAT 3 Each Below 1,025,599 3,076,798 
UAT installation 300 MVA Means 495 148,500 
UAT total 3,225,298 
Accelerator RAT 1 Each Below 1,158,931 1,158,931 
RAT installation 100 MVA Means 530 53,000 
RAT total 1,211,931 
15-kV, 750-MVA switchgear 
3-kA incoming line 9 Each W 47,000 423/100 
2-kA feeders 40 Each W 31,000 1,240,000 
Metering, relaying W 665,200 
Price adder W 605,332 
Escalated total from 1988 Means 2,415,145 
Installation, bkrs 49 Each Means 3,105 152,145 
Installation, M & R 3,105 60,858 
Switchgear installation 213,003 
8000-A isolated phase bus 2000 Ft., 1-Ph. W 215 430,000 
Disconnecting switches 4 Each, 
3-Ph. W 11,795 47,180 
Terminations 12 Each, 
1-Ph. W 1,410 16,920 
Subtotal 494,100 
Escalated total from 1965 Means 994,165 
Isolated phase bus installation 300,000 
13.8-kV non-s(;g. phase bus 1600 Ft., 3-Ph. 130 20B,000 208000 
Non-seg. phase bus inst. 200,000 
15-kV cable in tray Below 12,591,018 
480-V unit substations 11 Each Below 282,028 3,102,307 
Total electric*} system 24.460M7 

100,000-kVA, 28-13.8/13.8 kV, 10%Z, station auxiliary 
GE West. 

Year 1977 1979 

FOA rating 100000 
Pricing kVA 60000 
S 5.8 
K 175000 
List price 

Percentages 
Split LV winding 0% 

523,400 

100000 
60000 

4.45 
52700 

10% 

319,700 
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Table 5-29. (Continued) 

100,000-kVA, 28-133/13.8 kV, 10%Z, station auxiliary (ConBnued) 
FOA cooling 0% 9% 
Front-of-wave 10% 10% 
Station auxiliary 0% 25% 
IEEE loading 5% 5% 
Total 15% $78,450 59% 

Adders 
Iso-phase bus flanges $2,400 
Non-seg. bus flanges $1,200 
Current transformers $7,200 
Grounding resistor $20,000 
Impulse tesls 

Total $632,250 
Escalation 
Cost index at price year 53.1 62 
Cost index 1990 100 100 
List price 1990 $1,190,678 

$188,623 

$2,400 
$1,200 
$7,200 

$12,000 
2,400 

533,523 

860,521 

100,000-kVA, 115-13.8/13.B-kV, 10%Z, station auxiliary 

Year 
GE 

1977 
West. 

1979 

FOA rating 100000 100000 
Pricing kVA 60000 60000 
S 5.65 4.48 
K 208000 80200 
List price $547,000 

Percentages 
Delta primary 3% 3% 
Low LV winding voltage 0% 6% 
Split LV winding 0% 10% 
FOA cooling 0% 9% 
Front-of-wave 10% 10% 
Station auxiliary 0% 25% 
IEEE loading 5% 5% 
Total 18% $98,460 68% 

Adders 
Surge arresters $12,200 
Non-seg. bus flanges $1,200 
Current transformers $12,000 
Grounding resistor $20,000 
Impulse tests 

349,000 

237,320 

16,500 
1,200 

12,000 
12,000 
$2,100 
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Table 5-29. (Continued) 

100,000-kVA, 115-13.8/13.8-kV, 10%Z, station auxiliaiy (Continued) 
Total 
Escalation 
Cost index at price year 
Cost index 1990 
List price 1990 

690,860 

53.1 
100 

$1,301,065 

62 
100 

$630,420 

1,016306 

Cable calculations 
Description 

Cond. Length, Cost/foot Total 
Feeders each Length ft ($) ($) 

500MCM15-kV 
1-kA 15-kV to 20-kVDC cells 
30-in. cable tray for above 

1.1-kA 15-kV to 100-kV cells 
30-in. cable tray for above 

1-kA 15-kV to auxiliaries 
30-in. cable tray for above 

1-kA 15-kV dipoles A 
30-in. cable tray for above 

1-kA 15-kV dipoles B & F 
30-in. cable tray for above 

1-kA 15-kV dipoles C & E 
30-in. cable tray for above 

1-kA 15-kV dipoles D 
30-in. cable tray for above 

250 820 33 162,401 
250 820 20 32^08 

300 984.25 33 389,763 
300 984.25 20 78,740 

1000 3280 33 1,299,210 
1000 3280 20 262,467 

300 984.25 33 389,763 
300 984.25 20 78,740 

1150 3772 33 1,494,092 
1150 3772 20 301337 

1950 6397.625 33 2,533,460 
1950 6397.625 20 511310 

1100 3608 33 714366 
1100 3608 20 144357 

Total 15-kV cable installed 8394,012 

Auxiliary unit substations, 3000-kVA double-ended 13.8 kV-480 V/277 

Item Units Unit Source 
Price/ 

unit ($) Total ($) 
Load interrupter switch 2 Each Means 15,100 30,200 
Station class arresters 2 Each Means 4,775 9350 
Transformers 2 Each Saylor 67389 134,778 
LV breakers 20 Each Means 5,075 101,500 
Instrumentation 2 Each Means 3,000 6,000 

Total per unit substation 282,028 
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catalog, with prices escalated to 1990 using Means' Historical Cost Indexes. Switchgear installation 
costs are from Means. The isolated phase bus that connects the generator to the UAT primary terminals 
was estimated using the 1965 Westinghouse catalog, with prices escalated using Means. No industry 
source was readily available for isolated phase bus installation costs, so we estimated them at about 
30% of the apparatus cost. Cable costs were derived from the distances and reasonable routes for the 
cable runs, including cable trays. For all cable tray routes, we assumed 30-in. galvanized steel tray and 
obtained costs from Means. For simplicity, all high-voltage cable is priced from Means as three-
conductor shielded 15-kV-class cable. Pricing for the 13.8 kV-480 V auxiliary unit substation was done 
in the same way as that for the dipole power supplies described above, except that the auxiliary unit 
substation have no rectifiers. 

5.10 Facilities 

The following discussion of the conventional and special facilities includes conceptual designs and 
cost estimates for the major systems. The conventional facilities include the standard equipment 
associated with the building required to house the driver. Special facilities will include any facilities 
required for the driver that are not included in the conventional facilities. 

5.10.1 Conventional Facilities 
This conceptual design summary outlines the conventional facility structures, which will house the 

HIF four-ring accelerator, its injector, supporting electrical and mechanical systems, and office space for 
the staff. This design includes site preparation, buildings, concrete work, electrical systems for lighting 
and occasional use, dry water, insulation, and HVAC systems. 

We have based this plan on the assumption that the chosen site will be relatively flat and that 
inside building temperatures of ±1°F are required. All of the accelerator will be at ground level except 
the HER, which will run underground for shielding. Figures 5-45 and 5-46 show plan and sectional 
views. 

For this discussion we divide the conventional facilities into four parts: {1) the office building, (2) 
a main building housing the injector, the IR, the LER, and a portion of the MER, (3) a building housing 
the rest of the MER, and (4) a tunnel and building housing the HER and associated power equipment. 

5.10.1.1 Office Building 
This is a 50,000-ft2 steel and concrete slab office building equipped with the usual conveniences 

such as rest rooms, meeting rooms, stock rooms, and coffee areas. This facility will be used to house the 
accelerator administrative and engineering staff. 

5.10.1.2 Main Building 
The main building is a high-bay type steel and sheet metal structure that will house the injector, 

IR, LER, part of the MER, and all the required power equipment. Because of the large amount of heavy 
equipment required in this part of the machine, the building is high enough to permit the use of 
overhead cranes to assist with the placement and maintenance of this equipment. This building will 
also house maintenance shops for the mechanical and electronic technicians and the accelerator 
control room. 

5.10.13 MER Building 
This is a 50-ft-wide Butler type building that runs the length of the portion of the MER that is not 

within the main structure. Housed within this elongated building are a portion of MER accelerator 
components and the power equipment supporting them. Access to this area will be through side doors; 
equipment will be moved with forklifts and air skids. 

5.10.1.4 HER and Tunnel Building 
Inside the main building the ion beam will leave the MER and transition down into the runnel 

structure where the HER is located. This 15-ft.-diam tunnel will be of the steel arch type, constructed in 
a trench approximately 12 ft. deep by 18 ft. wide. The steel arch sections will be embedded into a 
concrete base that will also serve as the tunnel floor. The entire assembly will be waterproofed and 
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covered with about 6 ft. of compacted earth to shield any radiation generated by the accelerator. A 
vertical concrete wall will parallel one side of the tunnel, forming one wall of the equipment building 
above and providing shielding for personnel working in the equipment building. This above-ground 
building will be of the Butler, steel frame, sheet-metal-covered type. It will be 30 ft. wide and will 
parallel the accelerator tunnel along its inside diameter. The electrical pulses that drive the 
accelerator cavities and power the magnets will be transmitted through cables that will enter the 
tunnel through ports. The tunnel and the equipment building will be fully air conditioned. Tunnel access 
will be through side alcoves; accelerator hardware will be moved throughout the tunnel with air skids 
or small forklifts. 

Table 5-30 gives the estimated the cost of these conventional facilities. 

5.10.2 Special Facilities 

5.10.2.1 Support Structure 

System Requirements 
The beamline support structure supports the bcamline components and forms the interface between 

the earth and the beamline component alignment system. The cost of the concrete pad on which the 
mechanical structure is set is part of the conventional facilities and is not included with this estimate 
for the beamline support structure. 

Major Issues 
The major design issues for the beamline support structure are the need for structural rigidity and 

for a method for accommodating the spatial variations in the floor on which the support structure is 
mounted. Typical beamline component alignment requirements will be small fractions of a millimeter. 
An active alignment system is assumed, so support structure alignment variations due to thermal 
variations within the beam tunnel will be accommodated by the alignment system. An active alignment 
system also allows greater spatial variation in the module mounting pads, and this will lower the 
fabrication and installation costs of the support structure. The cost of the support structure was 
estimated based on the assumption of an active alignment system, but the active alignment System costs 
have not been estimated for this report. The support structure must provide vibrational isolation to the 

Table 5-30. Cost breakdown of accelerator buildings. 

item Atrtouttt Cost 
Total 

<$ million} 
HER 

Butler bldg. 30x6400 ft. ready for occupancy 192,000 ft 2 $50/ft 2 

Arch tunnel, 15 ft. diam 6560 ft $435/lin. ft 
30 yds x $4/yd 3 $40/lin. ft 

Concrete base and wall 7.3 yds x $315/yd3 $767/lin. ft 
Fill and compact 12 yds x $16/yd3 $64/lin. ft 

Tunnel total $1306/lin. ft 
MER 

Sutler bldg. 50 x 2200 ft ready for occupancy 110,000 ft 2 $50/f t 2 

LER, IR, and injector 
Butler bldg. 25-ft eaves 300 x 600 ft 180,000 ft 2 $80/f t 2 

Equipment (cranes, hoists, etc.) one lot 
Admin bldg. 

Steel and concrete 200x250 ft 50,000 ft 2 $180/ft 2 

Site preparation As required 
Total ($ million) 

9.6 

8.5 

5.5 

14.4 
1 

9 
2 

50 
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beamline and alignment components. The tolerable spectrum of vibrational amplitudes has not been 
evaluated. 

For the HER and the M rR, superconducting quadrupoles will be used. These require special supports 
that provide thermal isolation from the tunnel and other beamline components. A typical support is 
shown in Fig. 5-47. The cryogenic coolant lines associated with these magnets also require special 
design consideration. The coolant lines themselves are vacuum insulated with cooled internal walls, 
similar in construction to the magnet housing, where the helium cooled magnet is isolated from the 
housing wall by a nitrogen-cooled barrier. Although the design techniques necessary to deal with these 
considerations are well developed, care must still be exercised. 

Figure 5-47. Typical support structure for beamline components in recirculate*. 
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Conceptual Design 
The beamline components would b2 mounted in half-period modules. This will allow components to 

be aligned to the module frame in the laboratory and will reduce the amount of alignment at 
installation. It will also allow the modules to be supported on pylons mounted to the floor of the tunnel, 
maximizing the access space around the beamline. The cryogenieally cooled superconducting 
quadrupoles will be supported independently. A likely design would provide temporary mounts in the 
module frame that would be removed at installation to thermally isolate the magnets. 

Costing 
Beamline support costs can be broken into two major components. The first of these can be reasonably 

estimated by assuming a structural steel mass per meter of beamline and assigning standard costs per 
kilogram for structural steel fabrication. The second type is the cost for installation. Typically, 
installation is costed at some fraction of the cost of the components. However, for a system such as this 
the fabrications costs will be lower than those for precision installation and initial alignment. 
Accordingly, we have costed installation at twice the steel fabrication costs (equal or less is typical of 
most installations). 

The module structure is assumed to be a box truss structure having a structural steel cross-sectional 
area of 0.05 m z. This yields a structural linear density of 350 kg/m. The support pylons are estimated to 
add 100 kg/m to this. At a fabrication cost of $6/kg, this is $2700/m. 

State of the Art 
No technical challenges are expected in the development of the support structure. 
Development Areas 
No significant development is required for the design of the beamline system. 
5.10.2.2 Cooling System Requirements 
In an accelerator the input electrical power is used to provide energy that is transferred to the 

beam, to provide the magnetic fields that control the beam, and to power all of the auxiliary systems 
that support the acceleration process. With the exception of the energy that leaves the system in the 
beam, most of the input electrical energy is dissipated as ohmic heating (the balance is frictional 
heating in the mechanical and fluid systems). All of this energy must be removed from the system to 
provide thermal equilibrium for sustained operation. A portion of this energy is removed by conduction 
and convection into the surrounding air. A large fraction of this energy, however, is dissipated in a 
relatively small volume of material, such as in the pulsed dipole magnets, so that conduction and 
convection into the surrounding air are inadequate. For these components the heat must be removed more 
directly. We will use a low-conductivity-water (LCW) cooling system for this. We anticipate power 
losses on the order of several hundred megawatts will need to be handled by the LCW cooling system. 

Major Issues 
The major issue associated with the design of the LCW cooling system is the design of the cooling 

tower systems. The basic system concept uses LCW flowing through a finned tubular heat exchanger 
evaporatively cooled in a cooling tower. Three types of cooling towers can be considered. 

A hyperbolic cooling tower uses natural convection to move the air through the tower. Within the 
cooling tower, spray nozzles provide moisture that is evaporated into the air flow to cool it and then 
the LCW. Hyperbolic towers have the advantage of lower initial cost and low operating costs, but they 
do not work well in areas of high humidity. Mechanical-draft and induced-draft towers work on the 
same principle but use fans to push or pull air through the towers. Their higher installed and operating 
costs are offset by their greater efficiency. These systems are highly evolved and present no inherent 
design difficulties. 

Conceptual Design 
The chosen design is representative of a good working design for an electric utility in the United 

States. It is very expensive for a power plant to shut down for repairs and maintenance, so high 
reliability and redundant systems are essential. It must be possible to isolate and remove individual 
components for repair without shutting down the whole system. Our design is consistent with this 
design philosophy. 
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The LCW supply and return for the magnets will consist of a network of stainless steel piping 250 to 
450 mm in diameter. These will be connected to a network of ten evaporative cooling towers, where the 
heat will be transferred into the atmosphere. The LCW will be circulated in a closed system with the 
heat removed through a heat exchanger in the cooling tower. The LCW needs a flow rate of 80,000 
L/min (Lpm), a pressure of 300 kPa (35 m of head). This can be supplied by a Warman model 550 TUO 
pump operating at 400 rpm, equipped with a 525-kW electric motor. 

The planned heat exchangers are custom units made by Aerofin and Buffalo Forge. Each unit is 
7.8 m wide x 10.8 m long x 4 m high. The heat exchanger lubes are made from 25-mm SS tubing with 
16-mm-high imbedded copper spiral fins. The tube spacing provides a 0.4-mm air gap between the 
cooling fins of adjacent tubes. The heat exchanger tubes fill the open area (plan view) and are six tubes 
deep. This supplies 7,800 finned rubes 9 m long. Cooling water is supplied from spray heads above the 
heat exchanger tubing. Cooling water is to be supplied at a rate of at least 1 L/min per square meter of 
plan area of heat exchanger tubing. A pump will supply raw water to the spray heads. Five percent of 
the excess water must be continually drawn off to inhibit mineral buildup on the heat exchangers. 
Cooling air is supplied by two 56-kW, 3-m-diam fans on one end. A sump is required below the heat 
exchangers to catch the excess cooling water. The sump will be 9 x 86 m for a one row array or 20 x 43 m 
for a double row; the fans will be on the outboard sides. 

To obtain performance reliability, equipment of robust design has been selected. Any of the heM 
exchanger units can be isolated by valves and worked on while the rest of the system is in operatic I. 
Each water pump will be equipped with fore-and-aft vacuum-tight butterfly isolation valves. Eacn 
functioning pump will have a backup pump in parallel. The pumps selected typically run 24 hr/day for 
a few years before needing off-line service. 

The heat exchangers require at least 72,000 L/min of cooling water at 25 m of head pressur This 
can be supplied by a Warman model 550 TUL operating at 350 rpm, equipped with a 375-kW electric 
motor. The pump has a 600-mm pipe inlet and a 550-mm pipe outlet. The design evaporation rate is 4000 
l./min plus 200 L/min of disposed water. A source of 4200 L/min of cooling water is needed but is not 
included in the design. 

Cooling System Cost Estimate 
The low-conductivity water needs a flow rate of 21,000 gpm and a pressure of 50 psi, corresponding 

to 115 ft of head. This can be supplied by a Warman model 550 TUL pump operating at 40D rpm, 
equipped with a 700-hp electric motor. 

Table 5-31 gives the cost estimate of the equipment. 

Table 5-31. Cost breakdown of heat removal system. 

Heat exchanger units (xlO) $5,000,000 
Warman No. 550TUL, 700 hp (x2) $230,000 
Warman No. 550TUL, 500 hp (x2) $222,000 
Crane Quartermaster butterfly valves $21,000 
EPDM elastomers, 316 SS options 

2 ea. 18 in., 2 ea. 20 in., 4 ea. 24 in. 
Concrete foundations, slabs and sump $200,000 

Subtotal $5,673,000 
SS LCW lines, installed price 

18 in. sch 10 (60 MW line) S251/ft = $828/m 
10 in. sch 10 (20 MW line) $178/ft = $587/m 
3742-m beamline 
x 0.75 (60-MW lines) x $828 = $2,324,000 
x 0.25 (20 MW lines) x $587 - $549,000 

Total $8,546,000 
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6. T-Design Cost and Efficiency 
The cost and efficiency of the T-design recirculator was evaluated using a systems model that was 

developed for the recirculator. Detailed estimates of the cost and efficiency are presented in this 
section. The results of system trade-off studies conducted with the systems model are also presented in 
this section. The trade-off studies were conducted using a slightly different version of the T design than 
that presented in this document, but the trends are still valid. The cost and efficiency estimates 
presented in this section are for the T design presented in this document. 

6.1 Objectives and Methods 

A primary objective of this systems study was to identify the recirculator subsystems that have a 
major impact on system cost and efficiency. The initial step in making this estimate is to identify a 
feasible recirculator configuration based on the beam transport relations that describe the acceleration 
of heavy ions. We then used this configuration as a basis for the conceptual designs of the major 
subsystems. System cost and efficiency estimates were then based on these conceptual subsystem designs. 
The physics, engineering design equations, and cost algorithms were implemented in a spreadsheet 
format (described in Appendix E) to enable quick estimates for various parameter ranges. These 
estimates are valid over the range of variations presented in this document, but there are limits to the 
applicability of these designs. We have used the four-ring configuration of the T-design recirculator 
described in Sec. 4 for this systems study. 

Different scenarios for balancing cost and efficiency can be explored once (he systems that ha ve a 
major impact on system cost and efficiency have been identified. Another objective of this systems study 
was to evaluate the complex relations between different system components and overall cost and 
efficiency. Defining and understanding these relations is the first step towards optimization of the 
overall system. Optimization criteria must also be defined, but this topic has not been addressed in this 
study. Global system optimization has not been attempted, although small regions about the point 
design have been explored to find configurations with acceptable combinations of cost and efficiency. 

6.2 Basis for Cost Estimates 

The cost algorithms used to estimate the cost of the various systems are presented in detail in Sec. 5 
and Appendix E. Table 6-1 summarizes some of the cost relations that were used for the major systems in 
the T design. 

6.3 System Cost Breakdown 

A detailed estimate of the cost of the T-design recirculator was done using the systems model. 
Table 6-2 presents the results of this estimate. As can be seen from this table, the total estimated cost 
for the T-design reeircusator is a little greater than $1 billion. Although the estimated cost of this 
particular recirculator configuration is high, it provided a basis on which to begin exploring 
alternative recirculator designs, such as the C design, for reducing the cost. 

A recirculator system is composed of many subsystems that contribute in varying amounts to the 
overall cost of the system. Figure 6-1 shows the relative estimated subsystem costs for the complete 
recirculator T-design configuration described in Sec. 4. Note that the figure includes only hardware 
costs and does not include installation costs. The three largest cost components of the recirculator system 
are the accelerating system, the dipole magnet system, and the superconducting quadrupole system. The 
accelerating system, which includes the induction cells and the induction cell pulsers, is the single 
largest-cost component of the entire recirculator system and accounts for approximately 24% of the total 
system cost. The dipole magnet system, which includes the magnets and the pulsers, is the next 
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Table 6-1. Summary of cost assumptions for major components in the T design. 
Component 
M-TGLAS 
HtR pulsers 
MERpulsers 
IR and LER pulsers 
Dipole pulsers 
Dipole magnets 
Superconducting quadrupoles 
Superconductor for quadrupoles 
Copper for quadrupoles 
Quadrupole power supplies 
Helium refrigeration system 

Cost 
$15/kg 
$240/J 
S200/J 
S0.04/W peak 
S0.5/J 
see Sec. 12.4 
see Sec 53 
$300/kg 
$30/kg 
S0.003/J 
see Sec. 53 

Table 6-2. Cost summary of the T-design recirculator. 

System 

Ring 
Component subsystem Subsystem System 
costs (M$> costs (M$) costs (M$) costs (MS) 

5.1 Injector systems 

5.2.2 Correction cells 
5.2.2.1 HER correction cells 
5.2.2.2 MER correction cells 
5.2.23 LER correction cells 

5.2.23.1 LER METGLAS 
5.2.2.3.2 LER insulators 

5.0 
5.2 Accelerating systems 

5.2.1 Induction cells 
5.21.1 HER induction cells 

5.2.1.1.1 HER METGLAS 121.0 
5.2.1.1.2 HER insulators 7.6 
5.2.1.13 HER cell structure 8.3 
Subtotal 5.2.1.1 

5.2.1.2 MER induction cells 
5.2.1.2.1 MER METGLAS 40.1 
5.2.1.2.2 MER insulators 3.9 
5.21.2.3 MER cell structure 4.7 
Subtotal 5.2.1.2 

5.2.13 LER induction cells 
5.2.13.1 LER METGLAS 11.6 
5.2.1.3.2 LER insulators 2.5 
5.2.133 LER cell structure 2.6 
Subtotal 5.2.1.3 

5.2.1.4 IR induction cells 
5.2.1.4.1 IR METGLAS 17.4 
5.2.1.42 IR insulators 3.0 
5.2.1.43 IR cell structure 3.6 
Subtotal 5.2.1.4 

Subtotal 5.2.1 

5.0 5.0 5.0 

136.9 

48.7 

16.8 

24.0 
226.5 

NA NA NA NA 
NA NA NA NA 

1.1 
0.4 
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Table 6-2. (Continued) 

System 
Component 
costs (MS) 

Ring 
subsystem 
costs (M$) 

Subsystem 
costs (MS) 

System 
costs (MS) 

5.2233 LER cell structure 0.5 
Subtotal 5.2.2.3 1.9 

5.2.Z4 IR correction cells 
5.2.2.4.1 IR METGLAS 0.3 
5.2.2.4.2 IR insulators 0.1 
5.2.2.4.3 IR cell structure 0.1 
Subtotal 5.2.2.4 0.5 

Subtotal 5.2.2 2.4 
5.2.3 Induction cell pulsers 

5.23.1 HER induction cell pulsers 
5.23.2 MER induction cell pulsers 
5.23.3 LER induction cell pulsers 
5.23.4 IR induction cell pulsers 
Subtotal 5.2.3 

5.2.4 Induction cell reset 
5.2.4.1 HER induction cell reset 
5.2A2 MER induction cell reset 
5.2.4.3 LER induction cell reset 
5.2.4.4 IR induction cell reset 
Subtotal 5.2.4 

5.2.5 Correction cell pulsers 
5.2.5.1 HER correction cell pulsers 
5.2.5.2 MER correction cell pulsers 
5.2.53 LER correction cell pulsers 
5.2.5.4 IR correction cell pulsers 
Subtotal 5.2.5 

Subtotal 5.2 
53 Bending magnet system 

53.1 Dipole magnets 
53.1.1 HER dipole magnets 
5.3.1.2 MER dipole magnets 
53.1.3 LER dipole magnets 
5.3.1.4 IR dipole magnets 
Subtotal 5.3.1 

53.2 Dipole magnet pulsers 
5.3.2.1 HER dipole magnet pulsers 
5.3.2.2 MER dipole magnet pulsers 
53.2.3 LER dipole magnet pulsers 
53.2.4 IR dipo'v magnet pulsers 

Subtotal 5.3.2 
Subtotal 53 

5.4 Focusing magnet system 
5.4.1 Superconducting quadrupole magnets 

5.4.1.1 HER 
5.4.1.1.1 Acceleration section 
5.4.1.1.2 Matching section 
5.4.1.1.3 Injection/extraction quadrupoles 
Subtotal 5.4.1.1 

44.4 44.4 
5.6 5.6 
7.8 7.8 
1.6 1.6 

NA 
NA 

v 
0.2 

0.3 0.3 

NA 
NA 
1.3 1.3 
0.1 0.1 

22.9 22.9 
12.4 12.4 
6.9 6.9 
5.8 5.8 

18.0 18.0 
13.3 13.3 

5.9 5.9 
1.3 1.3 

16.8 
0.5 
0.8 

59.4 

0.5 

1.4 
290.2 

48.0 

38.5 
86.5 

18.1 
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Table 6-2. (Continued) 

System 

Ring 
Component subsystem Subsystem System 
costs (MS) costs (M$) costs (MS) costs (MS) 

5.4.1.2 MER 
5.4.1.2.1 Acceleration section 11.9 
5.4.1.22 Matching section 0.5 
5.4.1.2.3 Injection/extraction quadrupoles 0.7 
Subtotal 5.4.1.2 13.1 

5.4.13 LEK 
5.4.13.1 Acceleration section 6.2 
5.4.1.3.2 Matching section 0.4 
5.4.13.3 Injection/extraction quadrupoles 0.7 
Subtotal 5.4.1.3 7 3 

5.4.1.4 m 
5.4.1.4.1 Acceleration section 3.7 
5.4.1.4.2 Matching section 0.2 
5.4.1.4.3 Injection/extraction quadrupoles 0.3 
Subtotal 5.4.1.4 4.2 

5.4.1.5 Injector 
5.4.1.5.1 Transport to IR 2.0 
Subtotal 5.4.1.5 2.0 

Subtotal 5.4.1 
5.4.2 Superconducting power supplies 

5.4.2.1 HER 0.2 0.2 
5.4.22 MER 0.2 0.2 
5.4.23 LER 0.2 0.2 
5.4.2.4 IR 0.1 0.1 
Subtotal 5.4.2 

5.43 Superconducting refrigeration system 
5.4.3.1 HER 11.4 11.4 
5.43.2 MER 11.4 11.4 
5.4.33 LER 8.2 8.2 
5.43.4 IR 6.0 6.0 
Subtotal 5.4.3 

Subtotal 5.4 

53 Injection kicker systems 
5.5.1 Kicker magnets 

53.1.1 HER kicker magnets 0 2 0.2 
5.5.12 MER magnets 0.1 0.1 
5.5.13 LER magnets 0.1 0.1 
53.1.4 IR magnets 0.1 0.1 
Subtotal 5.5.1 

5.5.2 Kicker magnet pulsers 
5.5.2.1 HER kicker magnets 3.2 3.2 
5 3 2 2 MER magnets 9.0 9.0 
5.523 LER magnets 13.1 13.1 
5.5.2.4 IR magnets 2.6 2.6 

44.7 

0.7 

36.9 
82.3 

Subtotal 5.5.2 
Subtotal 5.5 

0.5 

27.9 
28.4 
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Table 6-2. (Continued) 
Ring 

Component subsystem Subsystem System 
System costs (M$) costs (MS) costs (MS) costs <M$) 
5.6 Extraction kicker systems 

5.6.1 Kicker magnets 
5.6.1.1 HER kicker magnets 0.5 0.5 
5.6.1.2 MER magnets 0.3 0.3 
5.6.13 LER magnets 0.2 0.2 
5.6.1.4 IR magnets 0.2 0.2 
Subtotal 5.6.1 1.2 

5.6.2 Kicker magnet pulsers 
5.6.2.1 HER kicker magnets 1.0 1.0 
5.6.2.2 MER magnets 2.8 2.8 
5.6.23 LER magnets 7.0 7.0 
5.6.2.4 IR magnets 0.8 0.8 
Subtotal 5.6.2 11.6 

Subtotal 5.6 12.8 
Subtotal 5.1-5.6 5052 5052 5052 505.2 
5.7 Vacuum system 

5.7.1 HER 15.5 15.5 15.5 
5.7.2 MER 24.5 24.5 24.5 
5.7.3 LER 16.4 16.4 16.4 
5.7.4 IR 11.6 11.6 11.6 
Subtotal 5.7 68.0 

5.8 Alignment systems 
5.8.1 HER 17.0 17.0 17.0 
5.8.2 MER 6.0 6.0 6.0 
5.8.3 LER 2.4 2.4 2.4 
5.8.4 IR 1.8 1.8 1.8 
Subtotal 5.8 27.2 

5.9 Prime power system 
5.9.1 AC system 25.0 25.0 25.0 
5.94 DC power supplies 66.0 66.0 66.0 
Subtotal 5.9 91.0 

5.10 Facilities 
5.10.1 Conventional facilities 50.0 50.0 50.0 
5.10.2 Special facilities 10.0 10.0 10.0 
5.103 Support structures 10.4 10.4 10.4 
Subtotal 5.10 70.4 

5.11 Final focus 27.0 27.0 27.0 27.0 
5.12 Linear acceleration section NA NA NA NA 
5.13 Controls (5% of 5.1-5.12) 35.9 35.9 35.9 35.9 

Section subtotal 5.7-5.13 319.5 3195 3195 319.5 
Subtotal 5.1-5.13 824.7 8247 824.7 824.7 
5.14 Administrative (10% of 5.1-5.13) 82.5 82.5 82.5 82.5 
5.15 Engineering (10% of 5.1-5.13) 82.5 82.5 82.5 82.5 
5.16 Installation (10% of 5.1-5.13) 82.5 82.5 82.5 82.5 
Section subtotal 5.14-5.16 2475 2475 2475 247.5 

Total cost 1070.2 1070.2 1070.2 1070.2 
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Induction cells 
15.90% 

Prime power 
5.37% 

Alignment 2.28% 

Vacuum 4.03% 
Special 

quadrupoles 0.87% 

Induction 
core pulsers 
8.43% 

Oipole magnets 
13.90% 

Dipole magnet pulsers 
6.83% 

Quadrupoles 
20.13% 

Figure 6-1. Cost breakdown of recirculator systems. 

largest-cost component, accounting for approximately 21 % of the system costs. The superconducting 
quadrupole system accounts for approximately 20% of the total recirculator system costs. These 
quadrupole costs include the cost of the refrigeration systems and the power supplies for the 
superconducting magnets. 

Figure 6-2 shows the distribution of system costs among the four rings in the recirculator, excluding 
the final focus and injector. The cost of systems that are common to all four rings, such as prime power, 
facilities, alignment, vacuum, and controls, were distributed in the same proportions as the ring costs 
without the common systems. The costs of the systems in each of the four rings account for 
approximately 55% for the HER, 23.6% for the MER, 11.8% for the LER, and 9.6% for the IR. 

6.4 System Power Consumption Breakdown 

A few systems in the recirculator account for most of the energy losses. Figure 6-3 shows the relative 
magnitudes of power consumption by major system components in the recirculator. The systems model 
gave an estimated efficiency of just over 20% for the T-design configuration (Table 6-3). These energy 
loss estimates were based on calculations for specific component designs. There are two major energy loss 
components in this recirculator point design, the accelerating system, which includes the induction cores 
and pulsers, and the dipole magnet systems, which include the dipole magnets and pulsers. The 
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HER 
54.98% 

Figure 6-2. Distribution of costs among the four accelerating 
rings. Costs of final focus and injector are not included. 

Refrigeration 
3.1% 

Miscellaneous 
Vacuum J * l s t e m s 

Figure 6-3. Breakdown of power consumption in a recirculator, 
by major system. 
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Table 6-3. Breakdown of system efficiency for T-design recirculator (total beam power, 40 MW). Except 
for efficiency, all quantities are in megawatts. 

HER MER LER IR Total 
Dipole pulser input power 34.20 21.90 9.28 2,61 67.99 
Cell pulser input power 89.70 14.80 0.89 0.51 105.90 
Reset power losses 3.50 2.74 0.14 0.26 6.64 
Injection magnet power 0.27 0.75 1.09 0.22 2.33 
Extraction power 0.08 0.23 0.59 0.07 0.97 
Continuous pulser power 1.40 0.21 1.61 
Subtotals 129.15 40.63 11.99 3.S7 

Vacuum power 2.00 
Refrigeration power 6.00 
Miscellaneous power 2.00 

Total power 195.44 

Efficiency (total beam power/total power input) 20.5% 

Figure 6-4. Breakdown of power consumption in a recirculator, 
by accelerating ring. 

6-8 



accelerating system consumes more than any other system, approximately 38% of the total system 
losses. The dipole magnet system accounts for approximately 32% of the losses. The portion labelled 
"beam" in Fig. 6-3 is the fraction of the total energy converted into useful beam energy, about 21%. 

Figure 6-4 shows how the power consumption is distributed among the four recirculator rings. As 
should be expected, the HER consumes the largest portion of the total power, about 68%. Our discussion 
of energy loss reduction scenarios in this report focuses on the two higher energy rings, HER and MER, 
because together they account for over 86% of the total system power consumption; we have, however, 
conducted similar studies for all four rings. 

6.5 System Trade-Offs 

A recirculating heavy-ion accelerator is a large and complex system with many possible 
configurations. It is important to identify the subsystems that dominate the cost and efficiency of such 
an accelerator and to understand the dependence of cost and efficiency on various system parameters. 
Knowledge of these dependences permits the design of a more optimum configuration by balancing cost 
with efficiency. The optimization study presented in this section is based on the technology and cost 
algorithms of the T design. The objectives of the system study, the methods used, and the results of the 
study are presented. 

After we identified the high-leverage items in the recirculator system from a cost and efficiency 
standpoint, we focused the system studies on evaluating trade-offs in these systems to increase 
efficiency and decrease cost. The spreadsheet implementation of the recirculator design equations was 
used to investigate the various interdependences of the major system parameters. These relations are 
useful for identifying cost and efficiency trends as a function of the various system parameters. 

An infinite number of possible system parameters can be explored, but only a few of the more 
significant ones are presented here. Although the total recirculator system consists of four acceleration 
rings with significantly different parameter ranges, the trade-off curves presented are only for the 
HER as an illustration of the functional dependences. This ring has the greatest influence on total 
system cost and efficiency, so the curves should indicate the trends for the entire system. Trends are 
presented for the two systems with the greatest impact on cost and efficiency, the accelerating system 
(induction cells and cell pulsers) and the dipole magnet system (magnets and pulsers). We also present 
the dependence of cost and efficiency on the number of laps of recirculator. 

These systems studies also provide useful information about the sensitivity of cost and efficiency to 
such design parameters as magnetic material packing fraction and induction core inner radius. This 
information can be used to evaluate the necessity of development programs by estimating the possible 
benefits for system cost and efficiency. 

6.5.1 Accelerating System Trade-Offs 
The accelerating system is the single largest cost and loss component of this recirculator point 

design. The accelerating system losses include both the losses in the induction cells and losses in the 
induction cell pulsers. Some system parameters can be varied to reduce these losses, but reduction in 
losses must be balanced against the effects on system cost. Below we describe how the cost and power 
consumption estimates are made, discuss some of the trade-offs available in the accelerating systems, 
and quantify the results of parameter variations. 

Induction cell pulser losses are estimated based on the specific pulser design and aie a percentage of 
the total input power to the induction cell pulsers. The cost of the induction cell pulser system is also 
directly proportional to the required input power to the pulsers. Decreasing the cell losses decreases the 
magnitude of the pulser losses and also reduces the induction cell pulser system costs. 

The induction cell losses are magnetic material losses that occur while the acceleration pulse is 
applied to the cell and during resei Mween pulses. In Sec. 5.2.1 it was shown that the energy loss Ec in 
the magnetic material in an induction core can be expressed as 

Ec = KiVmAmABZ (6-1) 
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where Vm is the magnetic material volume, At is the pulse duration, ABm is the flux density used in the 
core, K] = 133, m = -0.8, and n = 1.8. Induction core reset losses are a function of cell size and geometry. 
Reducing losses during acceleration also reduces losses during reset. Reset losses can be further reduced if 
the time allowed for reset is as long as possible, since the losses are proportional to 4r°- 8 . 

The efficiency 7)c of an induction cell during beam acceleration can be defined as the energy gain of 
the ion beam through a single accelerating cell divided by the total energy input into the induction cell 
pulser for a single cell. That is, 

*- a 
!i(r0 + r i)K,AB1Si- ,4!m, + a (6-2) 

where Qb is the total charge in the ion beams passing through the cell. At is the pulse duration, ABm is 
the required flux density in the induction core, and r; and r 0 are the inner and outer radii of the cores; m, 
n, and K\ have the values given in connection with Eq. (6-1). 

Assuming that the amount of charge being accelerated is a fixed system parameter, three other 
variables can be changed to increase efficiency: r0,4Bm, and At. The inner radius r; is fixed by the size 
of the quadrupole magnet system. Decreasing the pulse duration At has only a small effect on increasing 
the cell efficiency; decreasing ABm and r 0 have much larger effects. The flux density ABm can be 
decreased by increasing the cross-sectional area of the magnetic material in the induction core. As 
shown in Sec. 5.2.1, for the constraint that the volt-seconds (magnetic flux) be held invariant, the 
magnetic material lorses are a minimum when the relation 

' - ' « (6-3) 

is satisfied. For 22-nm-thick 2605-S2, n = 1.8. 
Unfortunately, the cost of the METGLAS scales as the volume of the induction cores, so the 

optimum core size for efficiency is prohibitively expensive. Qualitative judgements must be made to 
define the acceptable balance of cost and efficiency. 

6.5.2 Induction Core Cross-Sectional Area Trade-Off 
The minimum cross-sectional area of magnetic material required in the induction cells is 

determined by the integral of the accelerating voltage pulse. As discussed above, a larger cross-
sectional area may be used to decrease the magnetic material losses in the induction cells. Figure 6-5 is a 
plot of the cost and power consumption of the HER vs additional cross-sectional area of magnetic 
material in the induction accelerator cells. Zero percent on the horizontal axis represents the minimum 
required cross-sectional area of magnetic core material for the accelerating voltage pulse in the HER. 
The abscissa indicates the percentage of additional cross-sectional area added to the required cross-
sectional area. As ar. example, if the required cross-sectional area is 1 m3, then the abscissa point of 
400% would correspond to a cross-sectional area of 5 m3. The left vertical axis corresponds to major 
system costs of the HER normalized to the cost of the HER of the T design (HER cost/$260 million) 
described in Sec. 4. Points along the cost curve indicate percentage changes in system cost about the 
T Je. gn cost. The right vertical axis corresponds to the total power consumption of the HER normalized 
to the power consumption of the HER of the T design (HER power consumption/130 MW). Likewise, 
points along the power consumption cur ;e indicate percentage changes of the total power consumption of 
the HER about the point design. 

The point design corresponds to the point on the horizontal axis where normalized cost and 
normalized power consumption are equal to 1, the point w'lere additional cross-sectional area is equal 
to 400%. This graph shows that the addition of extra coro material in the HER has high leverage for 
decreasing losses. Reducing the additional cross-section?j area from the point design of 400% to zero 
results in a 50% increase in power consumption for thp HER while only decreasing the cost by 
approximately 11%. The addition of more core material over the point design (400% to 500%) is less 
attractive because a 2 to 3% decrease in power consumption results in a 6 to 7% increase in system cost. 
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Figure 6-5. HER system costs and power consumption vs percentage 
of additional core material in the induction cells. 

The 400% additional cross-sectional area or core material appears to be a reasonable compromise for 
increasing efficiency and decreasing cost. 

6.5.2.1 Sensitivity of Cost and Efficiency to Inner Radius of Induction Core 
The physical size of the superconducting quadrupole magnet arrays affects the cost and efficiency 

of the total system. The outer diameter of the magnet arrays determines the inner diameter ol the 
induction cells. As the magnet array diameter increases, keeping the core cross-sectional area A^ 
constant, the overall volume of magnetic material also increases. As a result, both the system costs and 
the power consumption also increase. Figure 6-6 is a graph of system costs and efficiencies for the HER 
vs the ratio of the cuter diameter of the quadrupole array to the diameter of the beam pipe. For this 
recirculator configuration, the change in quadrupole size results in only small changes in system cost and 
power consumption. The cost data shown in Fig. 6-6 assume a constant quadrupole cost as a function of 
quadrupole size. A 22% increase in quadrupole size from the point design results in a 4 to 5% increase in 
system cost and power consumption. 

6.5.2.2 Sensitivity of Cost and Efficiency to Packing Fraction of Induction Core 
The packing fraction of a wound core is defined as the ratio of the cross-sectional area of the core 

material to the total cross-sectional area of the wound core. It is a measure of how much of an induction 
core is magnetic material and how much is interlaminar insulation. As discussed above, the 
interlaminar insulation is necessary to prevent large eddy current losses in the core material. 
Unfortunately, the required volume of magnetic material increases as more cross-sectional area is 
occupied by insulation (i.e., as packing fraction decreases), resulting in increased system costs and 
increased induction core losses. The magnitude of t..e change in magnetic material volume with a 
change in the insulation thickness depends on the configuration because it is a function of the core 
geometry, that is the ratio of the core length to (r„ - rj). The dependence of system cost and efficiency 
fat the point design is shown in fig. 6-7, where normalized cost arte? efficiency for the HER are plotted 
vs packing fraction. Standard packing fractions available for these types of applications range from 
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Figure 6-7. HER system costs and power consumption vs packing 
fraction of magnetic material in the induction cores. 
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65% to 70%. The point design assumes that a packing fraction of 80% will be available in the future. It 
is interesting to note that the cost and efficiency of the HER are not strongly affected by the packing 
fraction. For a ± 10% change in packing fraction, both the system cost and efficiency change less than 
±2.5%, with the packing fraction having a slightly greater impact on cost than on power consumption. 

6.5.3 Number of Acceleration Laps Trade-Off 
One of the perceived advantages of the recirculator is lower system costs achieved through the use 

of a single induction core multiple times. Less core material is required to accelerate a particle to the 
same energy through recirculation because the cell voltage can be much lower. The last trade-off to be 
shown in this section shows the dependence of cost and efficiency on the number of laps that an ion beam 
makes through the recirculator during one acceleration sequence. Figure 6-8 show.; a graph of the HER 
cost and power consumption normalized to the point design. The graph shows that in the range o' 25 to 
100 laps, increasing the number of laps substantially reduces system cost. The point design is for: laps, 
but there is clearly more to be gained by increasing the number of laps, assuming that the increase 
number of laps is consistent with vacuum constraints. The power consumption of the HER decreases 
slightly, but not significantly, with more laps. The reduction in power consumption is a result of 
decreases in the required electric field across the gap, the required volt-seconds of the core, and, her :e, 
the cross-sectional area of the magnetic material in the induction cells because of the greater number of 
laps. This reduction in losses per lap is partially offset by the increase in the number of laps. Clearly, 
increasing the number of laps is very advantageous up to a point, but further increases provide 
diminishing returns. Furthermore the upper limit on the number of laps is set by the residence time and 
the consequent vacuum requirements. 

1.06 

60 80 100 
Number of laps 

120 140 

Figure 6-8. HER system costs and power consumption vs number of 
laps of recirculation. 
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6.5.4 Dipole Magnet System Trade-Offs 
The dipole magnet system losses Ej are proportional to the maximum energy stored in the dipole 

magnetic fields: 

V 2fi0 I (6-4) 

where B<j is the magnitude of the dipole magnetic field, Vp is the volume in which the field is 
generated, and fio is the permeability of vacuum. Nominal dipole magnet losses have been estimated to 
be approximately 5%.a These losses include resistive U2R) losses in the copper, eddy current losses in 
the copper and iron, and hysteresis losses in the iron. There are two possible ways to reduce the energy 
required for the dipole fields in a recirculator. The most obvious approach is to reduce the dipole 
magnetic field, which results in a linear decrease in the total energy. The decrease is only linear 
because a decrease in dipole field results in an increase in bend radius p: 

\ BdQt } 
(6-5) 

where Mo is the ion rest mass, Q; is the ion charge, c is the speed of light, yis the Lorentz factor, and 
P is the ratio between the ion velocity and the speed of light. 

The other method for reducing the magnetic field energy is to reduce the recirculator volume by 
reducing the beam pipe radius. The beam pipe radius can be reduced (within limits) by increasing the 
qua Jrupole fields. The dependence of system cost and efficiency on quadrupole fields is more complex 
and is not addressed in this document. The maximum quadrupole field at the beam pipe wall is fixed at 
2.3 T in the HER for this study. 

System cost and efficiency are also significantly affected by the strength of the maximum dipole 
field that is chosen for the HER. Figure 6-9 shows the normalized cost and power consumption trade-off 
curves vs the maximum dipole field used to bend the ion beam. The vertical axis has been normalized to 
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Figure 6-9. HER system costs and power consumption vs dipole 
magnetic field. 
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the point design at a value B& = 0.9 T. These curves indicate that above the point design, incremental 
increases in dipole field result in progressively less cost reduction while increasing power consumption 
almost linearly. An increase of dipole field from 0.9 to 1.2 T corresponds to a decrease in HER cost of 
approximately 7 to 8% and an increase in power consumption of 7 to 8%. A further increase of dipole 
field from 1.2 to 1.5 T only results in a cost reduction of 3 to 4% and an increase in power consumption of 8 
to 9%. Above 1.2 T, further increases in dipole field have diminishing returns. For the point design we 
chose a field of 0.9 T because it provided an acceptable balance between overall system cost and 
efficiency. 

6.6 Conclusions 

These preliminary systems studies show how variations in system parameters affect system cost 
and efficiency. The observed trends were used to find a system configuration with an acceptable balance 
between system costs and efficiencies. These curves represent only one possible physical configuration 
(i.e., four rings) but system studies should include evaluations of other possible configurations. System 
optimization capability will require considerably more effort in code development. 

Symbols Used 

rj Inner radius of magnetic material in induction core 
r0 Outer radius of magnetic material in induction core 
n Empirical constant for METGLAS loss calculation 
m Empirical constant for METGLAS loss calculation 
K\ Empirical constant for METGLAS loss calculation 
V m Volume of magnetic material 
At Pulse duration 
ABm Flux density in magnetic material 
£ c Energy loss in magnetic material 
y4 m Cross-sectional area of magnet ic material in induct ion cores 
Lm Length of magnet ic material in induct ion cores 
Qb Total charge be ing accelerated 
£d Energy stored in dipole field 
B<i Magn i tude of the d ipole magnet ic field 
Vp V o l u m e in which the d ipole magnet ic field is genera ted 
fio Permeabi l i ty of free space 
p Bend radius of ions 
y Lorentz factor 
/3 Ion s p e e d / s p e e d of light 
Mo Ion rest mass 
c Velocity of l ight 

Reference 

1. T. Godlove , FM Technologies, Inc., Fairfax, VA, personal communica t ion (1991). 
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7. Cost Comparison: Recirculating vs Linear Accelerators 
This section presents a cost comparison of an early version of the T-design recirculator concept with 

a linear accelerator design. The recirculator treated is similar but not identical to the one described in 
Sec. 4. The specific parameters of the recirculator are presented in various tables in this section. 

7.1 Comparisons of Linear and Recirculating Accelerators 

There are at least three different heavy-ion accelerator concepts for inertial confinement fusion 
drivers: RF accelerators, linear induction accelerators, and recirculating induction accelerators. 
Comparing different accelerator concepts is a difficult and complex task that must include comparisons 
of cost, efficiency, and technical risk. Such a comparison would require intense, long-term study 
supported by thorough experimental programs to evaluate each alternative. An initial step in this 
process would be to make a first order comparison of estimated costs for each of the systems. 

The first question to ask when making a cost comparison is, "What should be compared?" Ideally, a 
comparison should be made of two optimized systems, which may or may not have similar 
characteristics such as charge state, ion mass, total charge transported, or output energy. Defining an 
optimized system is itself a complex process, requiring both accurate and comprehensive analytical 
relations to describe the accelerator configurations. In the absence of optimized driver systems, the next 
best alternative would be to compare two systems with similar output characteristics. Such a 
comparison is useful for motivating further system optimizations and for highlighting some of the 
strengths and weaknesses of different driver configurations. This section presents a relative cost 
comparison between two non-optimum driver systems: one is an early version T-design recirculating 
induction accelerator, and the other is a linear induction accelerator point design devised by E. Lee and 
C. Fong of LBL specifically for this comparison. 

The discussions in this section do not include any absolute costs but will present ratios representing 
the differences between the T-design recirculator presented in Table 4-1 and the point design for a 
linear machine presented in Table 7-1. Neither of these point designs is considered to be optimum, but 
the comparisons presented provide a general indication of the magnitude of the differences between two 
accelerator systems with the parameters listed in Table 7-2. These parameters are nearly identical. 
Since the comparison is of the accelerators, the output is judged at the exit of the accelerator and the 
entrance to the final compression section. The linear induction accelerator has greater pulse compression 
after acceleration and, hence, there is a difference in the output pulse duration. Both of these designs 
produce 4 MJ of ions of atomic mass 200 and charge state +1 at an ion energy of 10 GeV in four beams. The 
accelerator subsystems compared include the induction cells, induction cell pulsers, vacuum gap 
insulators, superconducting quadrupole system, and vacuum system, and the dipole magnets and pulsers 
and the injection and kicker systems, which are unique to the recirculator. 

There are a number of ways to compare individual components in a linear accelerator with those in 
a recirculating accelerator. The components that are similar in both machines such as magnetic 
material, vacuum gap insulators, and superconducting quadrupoles can be easily compared based on 
quantities that are proportional to cost. The comparisons presented in this section that are based on 
quantities will assume that the complexity of the individual components is similar for the two 
machines. This is not strictly true in every case, but this assumption is made to simplify the 
comparisons. A comparison of systems that are not similar, such as the induction cell pulsers, will be 
based on system cost. 

This section makes relative comparisons of the major system components in the linear and 
recirculating accelerator. The major components compared include the volume/weight of magnetic 
material required, the cost of the induction cell pulser system, the total volume of the vacuum gap 
insulator, and the amount of superconducting material in the superconducting quadrupole system. The 
amount of superconducting wire is roughly proportional to BLRp, where B is the magnetic field of the 
quadrupole magnet, L is the total effective length of the quadrupoles, and R p is the radius of the beam 
pipe. Other less significant system components are also included. 
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Table 7-1. Linear accelerator parameters. 

Stage 1 2 3 
Total energy (MV) 2.00 -> 27.1 27.1 -> 1000 1000-> 10000 
Beam duration (us) 13.6 -> 1.0 1.0 -> 0.165 0.165 
Volt-sec gradient (V-s/m) 0.5 0.5 -> 0.165 0.165 
Acceleration gradient (MV/m) 0.0369 -> 0.5 0.5 -> 1.0 1.0 
Half-lattice period length (m) 0.4117-0.7900 0.79 -> 1.947 2.15 -> 12.1 
No. beams 21 21 4 
Beam length (m) 18.8 -> 5.12 5.12 5.12 -> 16.2 
Effective occupancy 0.459 0.459 0.361 -» 0.0642 
Total peak current (A) 1.64 -» 22.2 22.2 -> 135 675 
Beam-beam spacing (m) 0.246 0.246 -> 0.147 0.246 
Beam edge envelope (m) 0.0663 0.0663 -» 0.0264 0.0663 
Quadrupole field gradient (T/m) 52.24 52.24 52.2 -> 29.4 
Stage length (m) 141 1110 9000 
Phase advance (deg) 72 72 72 

Depressed tune (deg) <7.2 i7 .2 <7.2 
IBp] (Tm) 2.88 -»10.6 10.6 -» 64.4 64.4 -> 204 
Beam tube radius (m) 0.0929 0.0929 -» 0.0436 0.0929 
Max quadrupole wire field (T) 8.00 8.00 -t 4.78 8.00 -> 4.51 
Total volt-seconds per stage (V-s) 70.5 275 1485 
Number of half periods 252 955 145 

Table 7-2. Comparison of accelerator parameters, linear accelerator vs T-design recirculator. 
Linear Recirculator 

accelerator (T design) 
Ion energy (GeV) 10 10 
Ion mass number 200 200 
Output energy (MJ) 4 4 
Charge state 1 1 
Output pulse duration at exit of accelerator (ns) 165 100 
Number of beams at output 4 4 

7.1.1 Induction Cells 
The following sections compare the induction cells in a linear accelerator and those in a 

recirculating accelerator. The comparison considers the three major components of an induction cell: the 
magnetic material, the insulator, and the cell structure. 

7.1.1.1 Magnetic Material 
The cross-sectional area of magnetic material required in an induction cell is given by 

N ^ m P F (7-1) 
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where V is the cell voltage, dfp is the pulse duration, ABm is the flux swing of the magnetic material, 
PF is the packing fraction of the core and N] is the number of times an ion beam passes through an 
induction cell (N\ = 1 for a linear accelerator). 

The volume of core material required for an induction cell depends on the required cross-sectional 
area, the inner radius of the cell, and the acceptable cell length. The volume can be calculated using the 
relation 

4SL + 2̂ 1 Vm = nA„ 
(7-2) 

where Am is the cross-sectional area of the magnetic material, Lm is the length of the magnetic 
material and r, is the inner radius of the induction cell. Notice that the volume varies quadratically 
with the cross-sectional area of the core, which in turn means that the volume varies quadratically 
with pulse duration and \/N\. 

Table 7-3 shows that a recirculator configuration requires substantially less core material to 
accelerate a heavy ion beam than a linear configuration. The ratio of the mass of METCLAS required 
for the linear machine to that required for the recirculator is approximately 3.6:1. It is important to 
note that the total weight of METGLAS for the recirculator includes almost a factor of 3 more 
METGLAS than necessary. The ratio of METGLAS weights would be approximately 10.3:1 if no 
additional magnetic material was used in the cells to decrease magnetic losses. 

7.1.1.2 Insulators 
The insulator comparison is based on the total volume of insulator material required for each 

machine. The use of volume comparisons to infer a cost comparison for the insulators in the two 
machines implicitly assumes that the insulators it r each of the machines are similar in complexity. 
This may not be true, but without a detailed insulator design for both machines it is difficult to 
evaluate the differences in complexity and the resulting difference in cost. Large insulators are more 
expensive per unit volume than small insulators because of the difference in yields from the 
manufacturing process. This type of difference has not been incorporated in this comparison. Table 7-4 
shows the quantities of insulators needed for the two machines. 

7.1.13 Cell Structure 
The cell structure is the structural support that encloses the METGLAS core. The METGLAS core, 

the insulator, and the cell structure make up a complete induction cell. The comparison of the cell 
structures was based on the volume of material required to build this structure. This comparison makes 
the reasonable assumption that the cell structure of a linear accelerator and a recirculator are similar. 

This comparison can be evaluated by looking at the number of cells and evaluating the differences 
in an average cell. Table 7-5 lists the appropriate quantities. The total weight of the linear accelerator 
cell structures is approximately 8 times that of the recirculator cell structures. 

Table 7-3. Comparison of magnetic material requirements, linear accelerator vs T-design recirculator. 
Linear Recirculator 

accelerator1 (T design) 
Required flux (volt-seconds) 
Average gradient1 (MV/m) 
Total volume (m3) 
Total weight (metric tons) 
Packing fraction 
Extra core material (m3) 

• Average gradient is defined as the ratio of final ion energy to total ion path length. 

2 293 314 
1 0.04 

3 793 1040 
27 235 7 470 
0.85 0.8 

1 30W 5%) 689 (66%) 

7-3 



Table 7-4. Summary of insulator estimates/ linear accelerator vs T-design recirculator. 
Linear 

accelerator1 

Recirculator 
(T design) 

Number of insulators 
Volume (m3) 
Weight (10s metric tons) 
Cost ($ millions) 
Average cost per insulator ($ thousands) 
Cell ID (m) 
Cell OD (m) 

20982 3824 
66 9.4 

244 34.8 
105 15 

5 4 
1.7-0.78 1.0-0.6 
2.8-1.6 1.4-1.2 

Table 7-5. Summary of cell structure estimates, linear accelerator vs T-design recirculator. 

Number of cells 
Estimated average weight per cell (kg) 
Estimated total cell structure mass (metric tons) 

Linear 
accelerator1 

Recirculator 
(T design) 

20982 3824 
675 435 

1416 166 

7.12. Induction Core Pulsers 
The pulsed modulators that provide the accelerating potential for the ion beam are a significant 

cost component in both the linear system and the recirculator system. Table 7-6 compares the induction 
cell pulser systems required for the two accelerator configurations. 

The pulser costs for a recirculating accelerator were estimated to be approximately 10.3 times 
greater per unit output energy than those for the linear machine. This difference in cost per joule is due 
to the high peak and average repetition rate requirements for the recirculator cell pulsers. This 
difference in cost is more than compensated for by the lower magnetic losses of the recirculator and by 
the reuse of the pulsers many times during one accelerating sequence, so that the required pulser system 
capability in joules per pulse is approximately 130 times less. This results in a recirculator pulser 
system that is 12 to 13 times cheaper than the pulser system for the linear system. 

7.1.3 Superconducting Quadrupoles 
The comparison of the superconducting iruadrupoles has been made on the basis of the figure of 

merit £BJL,T;, the sum over all quadrupoles of the product of the maximum field, the length of the 
quadrupole, and the quadrupole bore radius. Typically the recirculator quadrupole fields are about 2 T, 
whereas the linear accelerator has a typical value of about 8 T. This figure of merit should be roughly 
proportional to the total number of ampere-turns in the quadrupoles in the accelerator and tends to 
underestimate the cost of the linear machines relative to the recirculator because it neglects the strong 
magnetic field dependence associated with the ferrous collars, for which costs scale as B2, as discussed 
in Sec. 5.3. 

7.1.4 Vacuum System 
The vacuum requirement for the recirculator are somewhat more demanding than for the linac. As 

discussed in Sec. 3, the longer residence time of the ion beam in the recirculator (a factor of -10) requires 
an average background gas density that is lower by the same factor. Further, the desorbed gases make a 
larger contribution to the pumping load in the recirculator than in the linear case. The approximate 
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Table 7-6. Summary of induction cell pulser requirements and costs, linear accelerator vs T-design 
recirculates. 

Linear Recirculator 
accelerator (T design) 

Output voltage (kV) 
Pulse duration (us) 
Maximum pulse repetition rate (kHz) 
Average pulse repetition rate (Hz) 
Total system output energy per pulse (MJ) 
Average estimated pulser cost* ($/]) 
Estimated pulser cost ($) 

500 1.5-110 
13.6-0.165 104-0.5 

0.010 40 
10 500 
23 0.2 
30 310 
840 62 

' Linear machine coat is based on conceptual design for a 500-kV, 1-kJ pulser. Recirculator cost is an 
average pulser cost based on the conceptual designs tor the pulsers in each of the four rings. 

scaling is clearer on examination of two equations. The average background gas density is given 
approximately by Eq. (3-29), which can be written 

Z - *5trip 

(crsE>;4r) (7_3) 

Here 
*strip i s * n e fractional beam loss from stripping, crs is the stripping cross section, v\ is the ion 

velocity, and Ai is the residence time in the accelerator. Equation (7-3) indicates that the required gas 
density varies approximately as the inverse of the residence time. 

The second equation, which indicates the required pumping rates, comes from Eq. (3-30): 

\ *strip qetr / ( 7 . 4 ) 

Here S-j is the average pumping rate per unit distance, L is the accelerator length or circumference, r- is 
the pipe radius, Qo is the intrinsic desorption rate per unit area, and K'b is the number of beams, and the 
other quantities are defined in Sec. 3. For the linear accelerator, the dynamic gas load (from beam 
desorption) is only a few percent of the total gas load, so the first term in Eq. (7-4) is a good estimate of 
the required average pumping rate. In the recirculator, the dynamic gas load is of the same order as the 
intrinsic or static load, i.e., the second term is comparable to the first. Equation (7-4) indicates that the 
total pumping rate from intrinsic desorption is roughly proportional to the product of the total surface 
area of the accelerator and the total path length. 

The optimum allowed beam loss is not a clear-cut quantity, nor is it necessarily the same for both 
the recirculator and the linear machine. Since the target requires a specified energy and power, a 
specified beam charge must survive the losses throughout the accelerator. Thus, there will be a cost 
trade off between the higher pumping costs associated with a higher vacuum, or the additional 
focusing costs accrued if a lower vacuum is used. The higher-vacuum option would require a larger 
initial total charge, a portion of which would be sacrificed to the walls of the accelerator. This optioM 
is limited, requiring that both emittance growth and heat deposited in the accelerator be tolerable. 

Table 7-7 indicates one possible choice for the recirculator and the linear machine. For the linear 
machine, a total beam loss of 1% was chosen since the pumping rates are less severe, whereas in the 
rccirculator a total loss of 6% was tolerated. The total pumping requirements were about a factor of 3 
higher in the recirculator, reflecting the much higher pumping rates per unit distance but shorter 
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Table 7-7. Summary of vacuum parameters for T-design recirculator and linear accelerator. 

Beam 
loss 

Average 
linear 

pumping rate 
(L s"1 m-') 

Total 
pumping 

rate (L s"1) H„ (Torr) 
Recirculator 
IR 
LER 
MER 
HER 
Total 

Linear accelerator 
Low-energy section 
Medium-energy section 
High-energy section 
Total 

0.01 704 9.7 x I0 5 9.2 x 10-" 
0.01 729 1.3 x 10 s 8.2 x 10-» 
0.02 469 2.1 x 10* 1.2 x 10- 1 0 

0.02 199 2.2 x 10 6 3.1 x lO" 1 0 

0.06 6.5 x l O 6 

0.0033 10.9 3.7 x 10 4 5.9 x 10"» 
0.0033 31.0 9.4 X 10 5 9.6 X 10" 1 0 

0.0033 32.7 1.1 x 10 6 1.9 x 10-* 
0.01 2.1 x 10 6 

overall length. An intrinsic desorption rate of 10"" Torr L s _ 1 cm - 2 was used for both machines, and 
beam-induced desorption was included in both cases using the model of Sec. 3.1. If the total pumping 
rates were converted into costs, to zeroth order, the linear machine vacuum costs would be lower by that 
factor of 3. For example, if the cryopumping system costs around $9 L _ l s in the 10~10 Torr range, which 
would yield vacuum costs of -$60 million for the recirculator as against ~$20 million for the linear 
machine. The linear machine may be somewhat cheaper than that since the unit costs at 10"' Torr are 
somewhat less. In both the linear machine and the recirculator, vacuum costs are expected to be less 
than 10% of the total cost of the accelerator. 

7.1.5 Systems Unique to Recirculators 
Several systems are required in a recirculator but not in a linear accelerator, including the dipole 

magnets used to bend the ion beam, the dipole magnet pulsers, the kicker magnets used to inject arid 
extract the ion beams from the accelerating rings, and the kicker magnet pulsers. These four systems 
together make up about 24% of the recirculator system cost. The effect of these systems on the overall 
comparison is shown in Sec. 7.2. 

7.1.6 Facilities 
A comparison of the building requirements for each of the accelerator concepts is straightforward if 

it is assumed that most of the facility costs scale with machine length. The conceptual design for the 
building consists of a Butler type building for the power conditioning system and a tunnel for the 
accelerator. Table 7-8 summarizes the building requirements for the two machines based on the same 
assumptions for tunnel width and Butler building width. The ratio of building floor area for the linear 
machine to that required for the recirculator is approximately 2:1. This would translate directly to a 
cost comparison if one assumes that the costs of the tunnel facilities and the Butler building per square 
foot is approximately the same. 

7.1.7 Miscellaneous System Components 
Several system components are common to both systems, and for this comparison they are assumed 

to be equivalent in cost. 
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Table 7-8. Summary of facility requirements for linear accelerator and T-design recirculator. 
Linear 

accelerator1 

Recirculator 
(T-design) 

Average runnel width (m) 
Tunnel length (km) 
Average Butier building width (m) 
Butler building length (km) 
Tunnel area (m2) 
Butler building area (m2) 
Total floor area (m2) 

6.7 6.7 
10400 5000 
7.25 7.25 

10400 5070 
755 500 353 800 
816 COO 382900 

1 571500 736700 

Alignment, facilities, prime power, and final focus are all assumed to be equal in cost for both 
systems. In the case of the alignment system, this assumption is made because the alignment 
requirements are not defined well enough to justify a detailed comparison. Prime power would scale 
with system efficiency, but adequate estimates of overall system efficiencies have not been completed 
for the linear machine. Final focus systems are assumed to be identical. 

7.2 Summary of Comparisons 

Table 7-9 summarizes the costs of the major components of the recirculator and linear systems. 
Column 1 is the fraction of total recirculator system cost that each component represents; the column 
total is 1. Column 2 is the ratios of costs of the components in a linear accelerator and a recirculator. 
Column 3 >̂  the product of columns 1 and 2, which yields the costs oMhe linear machine components 
relative to the total recirculator cost. The sum of these entries is 2.8. This means that for the two point 
designs compared here, the linear accelerator costs approximately 2.8 times more than the recirculating 
accelerator. 

Table 7-9. Costs of major components of recirculating and linear accelerators. 
Cost ratio Linear 

Recirculator linear accelerator 
(fraction of accelerator/ (product of 
total cost) (recirculator) cols. 1 and 2) 

METGLAS 
Insulators 
Cell structure 
Induction cell pulsers 
Dipole magnets 
Dipole pulsers 
Quadrupoles 
Vacuum 
Kicker system 
Alignment 
Facilities 
Prime Power 
Final focus 
Subtotal 
Controls (5% of total) 
Total 

0.13 3.6 0.47 
0.02 7 0.14 
0.01 8 0.08 
0.08 12 0.96 
0.14 0 0 
0.07 0 0 
0.2 3.5 0.7 
0.04 0.3 0.01 
0.03 0 0 
0.02 1 0.02 
0.11 2 0.22 
0.06 1 0.P6 
0.04 1 0.04 
0.95 2.7 
0.05 0.14 
1.0 2.8 
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Symbols Used 

r i Inner radius of magnetic material in induction core 
'o Outer radius of magnetic material in induction core 
vm 

Volume of magnetic material 
Atp Pulse duration 
ABm Flux density in magnetic material 
£c Energy loss in magnetic material 
An Cross-sectional area of magnetic material in induction cores 
in, Length of magnetic material in induction cores 
V Induction cell voltage 
N, Number of laps 
PF Packing fraction 
L Total effective length of the quadrupoles 
Vc Gas desorption coefficient 
Vm Heavy ion desorption coefficient 
n Average background gas density 
*strip Fractional beam loss from stripping 
Vi Ion velocity 
At Residence times in accelerator 
<h Stripping cross section 
°"i Ionization cross section 
r P Beam pipe radius 
^rec Accelerator length (or circumference) 
Qa Intrinsic desorption rate per unit area 
Qb Total charge per beam 
Nb Number of beams 
st 

Average pumping rate per unit distance 
tr Time between successive pulses at the target 

Reference 

1. C. Fong, Lawrence Berkeley Laboratory, Berkeley, CA, personal communication (1991). 
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8. P Design 
A recirculator point design that seeks to minimize technical risks is presented below. While this 

P design has reduced technical risk, it will have a higher cost, for comparable costing assumptions, 
than the C design. The design consists of four single-beam, low-curres\t accelerators each of which is 
composed of three rings. The single-beam feature eliminates some o'. the complexities in a multiple-
beam recirculator associated with beam manipulations in the extraction and injection regions for path 
equalization. 

The use of longer pulses and lower currents reduces the beam radii and therefore permits the use of 
smaller pipe radii and gives us ample space for the ends of focusing and bending magnets. In addition, 
the focusing fields are reduced in both the main lattice <<2 T) and in the special Panofsky quadrupoles 
in the injection/extraction regions (<7 T). We show that it is possible to have an efficient design 
(>20%) by (1) making the induction cells long and narrow, thereby reducing core losses, (2) using 
acceleration schedules that compress the beam continuously, again to minimize core losses, (3) reducing 
the dipole fields to <1 T, and (4) driving the bending magnets with a linear ramp using compensating 
alternators. 

The key features of this design are described and efficiency and cost estimates are presented. 
Table 8-1 summarizes the fundamental parameters of each ring; Table 8-2 gives an illustrative 
emittance budget and its associated betatron phase advance; Table 8-3 gives the injection and extraction 
parameters. Tables 8-4 and 8-5 give the cost and efficiency summaries. 

Table 8-1. P-design system parameters. 
LER MER HER 

Ion energy (GeV) 0.003-0.05 0.05-1 1-10 
Pulse duration (us) 200-30 30-2.5 2.5-0.25 
Circumference (m) 687 1901 4218 
Current/beam (A) 0.5-3.5 3.5-40.8 40.8-400 
No. of beams 4 4 4 
No. of laps 50 50 50 
Pipe radius (m) 0.077 0.065 0.061 
Half-lattice period (m) 0.85 1.53 3.5 
Residence time (ms) 7.9 4.9 3.2 
Induction modules 

Inner radius (m) 0.23 0.2 0.18 
Outer radius (m) 0.52 0.48 0.43 
Length (m) 0.37 0.73 0.71 
No. of cores/beamline 770 1203 2338 

Bends (dipole magnets) 
Effective length (m; 0.15 0.5 1.5 
Maximum magnetic field (T) 0.9 0.8 0.8 
No. of dipuie magnets/beamline 670 1010 1080 

Superconducting cju-drupole magnets 
Effective quadrupole length (m) 0.23 0.61 1.4 
Maximum quadrupole field (T) 2.0 1.5 1.2 
No. of magnets/beamline 778 1204 1178 
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Table 8-2. Emittance budget and associated betatron phase advance for the P-design recirculator. 

LER MER HER 
Inj. Ext. Inj. Ext. Inj. Ext. 

e„ (mm-mrad) 0.5 1.00 2.00 4.00 5.62 7.50 
cr(deg) 53 1.7 28.8 13.1 54.1 3.5 
Ob(deg) 80.0 19.5 80.0 17.8 80.0 25.2 

Table 8-3. Injection and extraction parameters for the P-design recirculator. 

LER MER HER 

Extraction dipoles 
Magnetic field (T) 0.38 0.2 0.17 
Length of kicker magnet (m) 0.3 0.6 1.5 
Energy of pulser (kj) 11.3 5 54 
Pulse duration (us) 30 2.5 .25 
Rise time (|is> 60 50 30 
Occupancy factor ijj (%) 35 39 43 
Total number of magnets per beam 14 16 11 

Injection dipoles 
Magnetic field (T) 1.54 .88 .54 
Length of kicker magnet (ml 0.3 0.6 1.5 
Energy of pulser (kj) 40 18.7 15 
Pulse duration (us) 200 30 2.5 
Fall time (us) 150 150 100 
Occupancy factor rjj (%) 35 39 43 
Total number of magnets per beam 3 3 3 

Focusing (Panofsky quadrupoles) 
Field Gradient (T/m) 26.1 23.2 19.8 
Effective length (m) 0.23 0.61 1.4 
Width (m) 0.15 0.13 0.12 
Height (m) 0.54 0.46 0.43 
Total number of large quadrupoles 17 19 14 
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Table 8-4. Cost summary of the P-tiesign recirculator. 

System 

Ring 
Component subsystem Subsystem System 
costs (M$) costs (MS) costs (MS) costs (MS) 

5.1 Injector systems 

5.2 Accelerating systems 
5.2.1 Induction celts 

5.2.1.1 HER induction cells 
5.2.1.1.1 HER METGLAS 
5.2.1.1.2 HER insulators 
5.2.1.1 J HER cell structure 
Subtotal 5.2.1.1 

5.2.1.2 MER induction cells 
5.2.12.1 MER METGLAS 
5.2.1.2.2 MER insulators 
5.2.1.2.3 MER cell structure 
Subtotal 5.2.1.2 

5.2.13 LER induction cells 
5.2.13.1 LER METGLAS 
5.2.13.2 LER insulators 
5.2.133 LER cell structure 
Subtotal 5.2.1.3 

Subtotal S.2.1 

5.2.2 Correction cells 
5.2.2.1 HER correction cells 
5.2^.2 MER correction cells 
5.2.23 LER correction cells 
Subtotal S.2.2 

5.23 Induction cell pulsers 
5.23.1 HER induction cell pulsers 
5.23.2 MER induction cell pulsers 
5-233 LER induction cell pulsers 
Subtotal 5.2.3 

5.2.4 Induction cell reset" 

5.0 

90.4 
40.4 
56.0 

60.2 
6.9 

24.0 

21.9 
3.9 

153 

5.0 

186.8 

91.1 

41.1 

6.5 6.5 
3.0 3.0 
1.0 1.0 

47.1 47.1 
0.5 0.5 
0.1 0.1 

5.2.5 Correction cell pulsers 
5.2.5.1 HER correction cell pulsers 9.9 9.9 
5.2.5.2 MER correction cell pulsers 0.1 0.1 
5.2.53 LER correction cell pulsers 11.0 11.0 
Subtotal S.2.5 

Subtotal 5.2 

5.0 5.0 

319.0 

10.5 

47.7 

21.0 
398.2 

* Costs are very small; included under 5.23. 
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Table 8-4. (Continued) 

Ring 
Component subsystem Subsystem System 

System costs (MS) costs (MS) costs (MS) costs (MS) 

5 3 Bending magnet system 
53.1 Dipole magnets 

53.1.1 HER dipole magnets 2S.1 26.1 
53.1.2 MER dipole magnets 13.0 13.0 
53.13 LER dipole magnets 6.9 6.9 
Subtotal 53.1 46.0 

53.2 Dipole magnet pulsers 
53.2.1 HER dipole magnet pulsers 4.9 4.9 
53.2.2 MER dipole magnet pulsers 1.7 1.7 
53.23 LER dipole magnet pulsers 0.6 0.6 
Subtotal 53.2 7.2 

Subtotal 5 3 53.2 

5.4 Focus magnet system 
5.4.1 Superconducting quadrupole magnets 

5.4.1.1 HER 
5.4.1.1.1 Acceleration section 12.7 
5.4.1.1.2 Matching section 0.2 
5.4.1.13 Injection/extraction quadrupoles 0.6 
Subtotal 5.4.1.1 13.5 

5.4.1.2 MER 
5.4.1.2.1 Acceleration section 8.1 
5.4.1.2.2 Matching section 0.2 
5.4.1.23 Injection/extraction quadrupoles 0.4 
Subtotal 5.4.1.2 8.7 

5.4.13 LER 
5.4.13.1 Acceleration section 3.6 
5.4.13.2 Matching section 0.1 
5.4.1.33 Injection/extraction quadrupoles 0.3 
Subtotal 5.4.1.3 4.0 

5.4.1.5 Injector 
5.4.1.5.1 Transport to injection ring 0.4 
Subtotal 5.4.1.5 0.4 

Subtotal 5.4.1 26.6 

5.4.2 Superconducting power supplies 
5.4.2.1 HER 0.1 0.1 
5.4.2.2 MER 0.1 0.1 
5.4.23 LER 0.1 0.1 

Subtotal 5.4.2 0.3 

5.43 Superconducting refrigeration system 
Subtotal 5.4 

35.2 35.2 35.2 
62.1 
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Table 8-4. (Continued) 

System 

Ring 
Component subsystem Subsystem System 
costs (MS) costs (MS) costs (MS) costs (MS) 

5.5 Injection kicker systems 
5.5.1 Kicker magnets 

5.5.1.1 HER kicker magnets 
5.5.1 J MER magnets 
5.5.13 LER magnets 
Subtotal 5.5.1 

5.5.2 Kicker magnet pulsers 
5.5.2.1 HER kicker magnets 
5.5.2.2 MER magnets 
5.5.23 LER magnets 
Subtotal 5.5.2 

5.6 Extraction kicker systems 
5.6.1 Kicker magnets 

5.6.1.1 HER kicker magnets 
5.6.1.2 MER magnets 
5.6.13 LER magnets 
Subtotal 5.6.1 

5.6.2 Kicker magnet pulsers 
5.6.2.1 HER kicker magnets 
5.6.2.2 MER magnets 
5.6.23 LER magnets 
Subtotal 5.6.2 

Subtotal 5.5,5.6 
Subtotal 5.1-5.6 

5.7 Vacuum system 
5.7.1 HER 
5.7.2 MER 
5.7.3 LER 
Subtotal 5.7 

5.8 Alignment systems 
5.8.1 HER 
5.8.2 MER 
5.8.3 LER 
Subtotal 5.8 

0.1 0.1 
0.1 0.1 
0.1 0.1 

0.6 0.6 
0.7 0.7 
1.6 1.6 

0.5 
0.4 
0.4 

0.2 
0.2 
0.5 

0.5 
0.4 
0.4 

0.2 
0.2 
0.5 

0.3 

2.9 

1.3 

0.9 
5.4 

523.9 523.9 523.9 523.9 

16.0 16.0 16.0 
25.0 25.0 25.0 
16.0 16.0 16.0 

57.0 

35.9 35.9 35.9 
16.2 16.2 16.2 
5.8 5.8 5.8 

57.9 

5.9 Prime power system 
5.9.1 AC system 
5.9.2 DC power supplies 
Subtotal 5.9 

25.0 
66.0 

25.0 
66.0 

25.0 
66.0 

91.0 
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Table 8-4. (Continued) 

System 

Ring 
Component subsystem Subsystem System 
costs (MS) costs (MS) costs (MS) costs (MS) 

5.10 Facilities 
5.10.1 Conventional facilities 
5.10.2 Special facilities 
5.103 Support structures 
Subtotal 5.10 

J, Final focus 

.t2 Linear acceleration section 
5.12.1 Induction cells 

5.12.1.1 METGLAS 
5.12.1.2 Insulators 
5.12.1.3 Cell structure 
Subtotal 5.12.1 

5.12.2 Induction cell pulsers 
Subtotal 5.12 

5.13 Controls (5% of 5.1-5.12) 
Section subtotal 5.7-5.13 

Subtotal 5.1-5.13 
5.14 Administrative (10% of 5.1-5.13) 
5.15 Engineering (10% of 5.1-5.13) 
5.16 Installation (10% of 5.1-5.13) 

Subtotal 5.14-5.16 

Total cost 

50.0 
10.0 
10.4 

20.0 

50.0 
10.0 
10.4 

20.0 

50.0 
10.0 
10.4 

20.0 

70.4 

20.0 

1.0 1.0 
5.0 5.0 
1.7 1.7 

7.7 

6.8 6.8 6.8 
14.5 

41.7 41.7 41.7 41.7 
352.5 3525 3525 352.5 
876.4 876.4 876.4 876.4 

87,6 87.6 87.6 87.6 
87.6 87.6 87.6 87.6 
87.6 87.6 87.6 87.6 

262.8 262.8 262.8 262.8 

1139.2 1139.2 1139.2 1139.2 

Table 8-5. Breakdown of system efficiency for P-design recirculator (total beam power, 40 MW). Except 
for efficiency, all quantities are in megawatts. 

HER 
Dipole pulser input power 
Cell pulser input power 
Reset power losses 
Injection magnet power 
Extraction power 
Subtotals 
Vacuum power 
Refrigeration power 
Miscellaneous power 
Total power 

Efficiency (total beam power/total power input 

METi L.HR 
Total 

per beam 
Tottl 

4 beams 
5.76 

25.90 
0.47 
0.04 
0.01 

32.18 

2.16 
5.40 
0.52 
0.05 
0.01 
8.14 

0.90 
0.50 
0.29 
0.10 
0.03 
1.82 

8.82 
31.80 
1.28 
0.19 
0.05 

35.28 
127.20 
5.12 
0.76 
0.20 

2.00 
6.00 
2.00 

178.56 

22.4* 
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The essential characteristics of the design, and their rationales, are as follows: 
1. Four independent single-beam accelerators. The point design again is a 4-MJ, four beam system. 

However, each beam will be accelerated with its own induction modules and pulsers. This effectively 
makes the four beams totally independent. We have thus four parallel accelerators, in a vertical stack, 
sharing only the tunnel and possibly mechanical support structures, and are otherwise totally 
independent. This single-beam recirculator has the following advantages. 

a. No possibility of cross-talk among multiple beams. 
b. All design complications associated with multiple beams (compact superconducting 

quadrupole arrays, dipole arrays) are eliminated. 
c. Alignment, steering, and control of a single beam is much easier. 
d. Beam manipulations, required for extraction and injection in a multiple-beam configuration, 

and path-length equalization measures, are nearly eliminated. Extraction and injection sections are 
still required, and the designs with large Panofsky quadrupoles and dipole kicker magnets are as 
described in Sec. 4.2.5. 

2. Three rings. In an attempt to minimize phase space dilution during injection/extraction, we 
have eliminated one ring (as compared to the T design). The three rings in this design are the LER (3 to 
50 MeV), MER (50 MeV to 1 GeV) and the HER (1 to 10 GeV). 

3. Low current and long pulses. The current over the entire accelerator is reduced from the T design. 
Thus the pulse is injected into the LER at 200 |is (340 m long), and extracted at 30 us (208 m long). The 
pulse is then injected into the MER, where it is compressed to 2.5 ps (78 m). Finally the beam is 
transported into the HER and compressed to 250 ns (25 m) before extraction from the rccirculator. 

4. L/R > 11. To allow for adequate room for the ends of the superconducting quadrupoles and 
dipoles, it has been suggested that the half-lattice period L be greater than 11 times the pipe radius R. 
In the LER, MER, and HER, the L/R ratios are 11,23, and 57 respectively. In the LER, we allow 3R for 
the two ends of the quadrupole and 2R for the ends of the dipole. The effective length of the quadrupole 
is 3R, and the effective length of the dipole is 2R. In each half-lattice period, there is space of 1R for 
vacuum and/or induction gap. 

5. Low focusing fields. Because of the low current, the required focusing fields are greatly reduced. 
As Table 8-1 shows, our point design uses 1.2-T fields with an occupancy factor of 40% in the HER. The 
pipe radius is 6.1 cm and the half-lattice period is 3.5 m. The MER uses 1.5-T quadrupole fields with an 
occupancy factor of 40%; the pipe radius is 6.5 cm, and the half-lattice period is 1.53 m. The LER uses 
superconducting quadrupoles at 2T with an occupancy factor of 27%. The pipe radius is 7.7 cm and the 
half-lattice period is 84 cm. 

6. Reasonable quadrupole fields in Panofsky quadrupoles. The Panofsky quadrupoles required for 
extraction have the same field gradient as the regular quadrupoles but their long dimension is 3.5 times 
the pipe diameter. The peak quadrupole field in the rectangular quadrupoles is therefore stronger than 
the regular quadrupoles by the same ratio. The strongest field in the LER is 7 T, while those in the MER 
and HER are below 6 T. 

7. Variable-pulse-duration modulators. To minimize induction core losses, we use in this design 
modulators that allow for variable pulse duration and therefore continuous pulse compression. The cost 
of modulators using FETs as switches is (to first order) proportional to peak power. Hence by designing a 
low-current machine we actually reduce the cost of the pulsers. 

8. Continuous pulse compression. Considerable pulse compression takes place in each ring. With 
the use of FET switches, we can choose an acceleration schedule that reduces the pulse duration 
continuously. This option minimizes core loss by reducing volt-seconds (compared to a schedule with 
acceleration at constant pulse length followed by rapid compression before extraction). It also 
minimizes the velocity tilt required at any time. 

9. Long, narrow accelerator. The core loss can be reduced by keeping the transverse dimension of 
the induction cores small. This is achieved by making induction cells long and narrow. The length of the 
cells in the three rings are 37 cm in the LER, 73 cm in the MER, and 72 cm in the HER. The inner and 
outer radii of the cell are respectively 23 cm and 52 cm in the LER, 19 cm and 48 cm in the MER, and 
18 cm and 43 cm in the HER. To reduce the core loss in the HER, the volume of METGLAS in this design 
is twice what is required for maximal flux swing. 
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10. Low dipole fields. To minimize dipole losses, the highest dipole fields seen by the beam are 
0.91 in the LER, 0.8 T in the MER, and 0.8 T in the HER. 

11. Because of the very low impedance per unit length, the longitudinal instability growth rate is 
much reduced. As indicated in Tables 3-7 and 3-9, the longitudinal gain as computed for the MER and 
HER with zero capacitive cell impedance is significantly lower for the P design than for the T design. 

12. To compress the beam to -1 m at target, a linear accelerating section with a linearly rising 
voltage ramp is required after extraction at 10 GeV. The head-to-tail energy required is about 
500 MeV, which could be achieved in a linear section <500 m long. 

13. With a combination of narrow induction cells, low dipole fields, and small pipe size, the 
efficiency of the point design was over 20%. 

14. Compensating alternators can supply a linearly ramping dipole field that peaks at the final 
field and then falls to zero. Unlike the dipole pulser with the ringing LC circuit, there is no need to 
ramp to higher field than needed. 
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9. C Design 
The T design was constructed under the ground rule of "today's technology .at today's cost." This led 

to the choices of line-type modulators for the induction cell pulsers and sinusoidally excited dipole 
magnets, which place rather severe constraints on the driver design. If we allow for cost reductions as a 
result of market-driven R&D, then it is possible to consider other technologies with the associated 
increased freedom for more cost-effective designs. The C design presented in this section was conceived 
initially with cost minimization as the primary objective, but the introduction of advanced 
technologies eventually led to a design with significant physics and engineering advantages as well as 
lower cost. The driver requirements set by target and reactor constraints for the C design are the same as 
for the P and T designs and are given in Table 2-3. Table 9-1 gives the key parameters of the C design. 

9.1 Alternative/Advanced Technologies 
Several "new" technologies have been used in the conceptual design of the C-design njcirculator. 

These technologies already exist but require development work to scale up to the recirculator 
requirements or to achieve the component costs required for a feasible recirculator. Here we describe the 
technology and its application to the C-design recirculator. 

Table 9-1. C-design system parameters. 

LER MER HER 
Ion energy (GeV) 0.003-0.05 
Pulse duration (us) 200-30 
Circumference (m) 700 
Current per beam (A) 0.5-3.5 
Number of beams 4 
Number of laps 100 
Pipe radius (m) 0.078 
Half-lattice period (m) 0.85 
Residence time (ms) 16.2 

Induction modules 
Inner radius (m) 03 
Outer radius (m) 0.45 
Length (m) 0.4 
Number of cores 786 

Bends (normal dipole magnets) 
Dipole length (effective, m) 0.31 (0.15) 
Maximum magnetic field (T) 0.9* 
No. of dipole magnets per beam 670 

Combined-function superconducting magnets 
Quadrupole length (effective, m) 0.47 (0.23) 
Maximum quadrupole field (T) 2.0 
Maximum dipole bias field (T) NAa 

No. of magnets per beam 786 

0.05-1 1-10 
30-2.5 2.5-0.25 

922 1976 
3.5-40 40--400 

4 4 
100 100 

0.064 0.061 
1.56 3.5 
4.7 3.1 

0.25 0.24 
0.55 0.36 
0.85 0.89 
546 1060 

0.54 (0.41) 1.27 (1.15) 
0.85 0.81 
450 480 

0.92 (0.73) 1.94 (1.76) 
1.2S 1.0 
0.75 1.0 
550 536 

LER does not use combined function quadrupole magnets. 

9-1 



9.1.1 Variable-Pulse-Duration Modulator 
This advanced recirculated design does not require any significant technological breakthroughs to 

be feasible. The most significant design impact results from the use of such devices as field-effect 
transistors (FETs) to serve as opening and closing switches to deliver power to the induction cells. FET 
technology has already been developed for some high-voltage applications, although not to the scale 
required for the recirculator (a factor of 4 in voltage and comparable pulse repetition rate for a lower 
duty factor) nor at the desired cost.1 Additionally, there are other switching technologies that should 
also be investigated. 

An FET modulator provides much more design flexibility than the line type modulators initially 
investigated. FET modulators can operate at high repetition rates (£100 kHz), can provide variable 
pulse durations, and are inherently long-lifetime devices.2 The high-repetition-rate capability allows 
the circumference of each ring to be decreased by increasing the dipole field. Although this decreases 
the efficiency of the machine, the ability of the programmable switches to compress the beam 
continuously in time results in a significant reduction in energy losses in the magnetic material of the 
induction cell. The efficiency advantages of continuous compression schedule are discussed in 
Sec. 4.2.2.4. This point is demonstrated in Fig. 9-1, which is taken from the numerical example of the 
HER of the C design (see Table 9-1). Curve A is the energy loss per pulse during one acceleration 
sequence if the pulse duration I is held constant. Curve B represents the energy loss per pulse if the pulse 
duration is held constant (i.e., T« /?"'). Curve C represents a continuous compression of the beam pulse in 
length and time from 2.5 to 250 ns. Figure 9-1 clearly shows a significant decrease in the losses per pulse 
from pulse 1 to pulse 100 for curve C. The total energy dissipated in a single accelerating sequence is 
represented by the area under each curve. The area under curve C is approximately 33% of the area 
under curve A. This numerical result is consistent with the energy loss formula, Eq. (4-47). 

1.0 

i" 
§ 0.4 

0.2 

0 20 40 60 80 100 

Lap number 

Figure 9-1. Energy loss in induction cell per pulse as a function of the 
pulse number for three acceleration sequences. 

J I I I 1 I I I L 
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9.1.2 Dipole Magnets with Linear Ramps 
Another technology that is being used in this design is compensating alternators3 (compulsators) for 

driving the dipole magnets (see Fig. 9-2). Compulsators are a very reliable and cost effective way for 
generating high-current pulses at low voltages (typically <10 kV). The T design uses a ringing LC 
circuit to cycle the dipole fields while reclaiming most of the field energy. Unlike the LC circuit, 
which generates a sinusoidal waveform, the compulsator generates a current ramp that is more nearly 
linear, as seen in Fig. 9-3. A linear ramp requires less core material because each accelerating lap can 
provide the same accelerating potential, unlike the LC circuit design, in which the dipole field is 
sinusoidal and for which the acceleration schedule must be tailored accordingly. Another advantage of 
the linear current ramp is that the peak dipole field corresponds with the field required for the last 
acceleration lap, so much less energy is wasted in the dipole magnet circuit than for a sinusoidal dipole 
field, in which only a portion of the first quarter cycle is used during the acceleration sequence. The 
compulsator is also a very cheap source of current for the dipole magnets. The estimated energy cost is 
approximately S0.2/J. It is also possible for compulsators to generate linear bipolar waveforms. This 
feature is used in the biased field configuration discussed below. 

Figure 9-2. Cutaway diagram of compensating alternator (drawing courtesy of W. Weldon, Center for 
Electromechanics, University of Texas, Austin). 
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Figure 9-3. Ramp generated by compensated alternator (calculation 
courtesy of W. Weldon, Center for Electromechanics, University of 
Texas, Austin). 

9.13 Bending Fields Biased with Superconducting Dipoles 
The third new technological element introduced in the C design is to supplement the ramped 

normal dipoles with superconducting dipoles. The superconducting dipoles introduce a DC bias to the 
average bending field. As a result, the amplitude of the time-varying component of the held is much 
reduced, thereby reducing dipole losses by a factor of several. To see this, let us assume that the dipole 
field required to bend the accelerating beam varies linearly from B; to Bf. The ratio of the field is 
related to the energy increment in the ring by 

Bi V £ ( (9-1, 

We assume that the dipole loss CJO is proportional to the square of the peak field stored, i.e., C,JO " 
Bf2. On the other hand, if we introduce a DC component Brjc = (Bf + Bj)/2, then the energy stored in the 
time-varying field is proportional to (Bf - BDC)2 + (BDC - Bj)2. The dipole loss ej associated with this 
new configuration is much reduced: 

5L-1(1- I f 
edO 2 ( r> (9-2) 

As a numerical example, in a ring with an increase in energy by one decade, r = VTfT, and ed/̂ do = 0.23. 
The dipole loss is therefore reduced to nearly one quarter of its old value. This relation is only 
approximate; the loss in fact depends in detail on the history of the current flow in the ramped dipoles. 

To implement this concept, we use a configuration in which the bending field comes from two 
separate sources. The ramped field is associated with the normal dipoles in the usual way, but the 
field starts with a negative polarity at B; - BDC and reaches a maximum value of Bf - BQC- The 
required linear ramp can be generated by the compulsators, although the details have yet to be worked 
out. The DC component comes from separate superconducting dipoles. In the C design, we have chosen to 
combine the dipoles and quadrupoles in combined-function superconducting magnets. These magnets 
consist of two separate coil layers, one with the quadrupole configuration, and the other with dipolcs. 
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Combined-function magnets have been known to exhibit field nonlinearities because of persistent 
currents. Whether these nonlinearities can be reduced to tolerable levels is a subject for future 
investigations. We would only stress here that the combined-function magnets are chosen for 
compactness, and that the new proposed DC field bias with supplementary superconducting dipoles 
remains viable even without them. 

We will use the HER of the C design as an example to illustrate the difference resulting from the 
superconducting dipole bias. In this example, the half-lattice period of the HER is 3.5 m. The 
quadrupole in the configuration without a bias field has a peak field of 1.0 T and a magnetic length of 
1.76 m. The ramped dipoles of this configuration have a magnetic length of 1.15 m and have fields 
ranging from 0.74 T at the injection energy of 1 GeV to a peak field of 2.35 T immediately before ion 
extraction. We consider replacing it with a DC component of 1.54 T over the same 1.15-m magnetic 
length, or, equivalently, 1.0 T over 1.76 m. The biased configuration has a superconducting combined-
function magnet, 1.76 m long, with a 1.0-T quadrupole field and 1 0-T dipole field. The associated 
normal dipole will have a field of -0.81 T at injection and 0.81 T at extraction. Note that the peak 
field in the combined-function magnets is 2 T. 

9.2 Key Features of the C Design 

We summarize the key features of the C design, together with the rationale for these features: 
1. Three rings. The C design ;: a three-ring scenario, in which the LER increases the beam energy 

from 3 to 50 MeV, the MER from 50 MeV to 1 GeV, and the HER from 1 to 10 CeV. Reduction from the 
T design by one ring reduces the number of extraction and injection manipulations required. Each ring 
again has four beams. 

2. Low current. The currents are lower in general than in the T design and the pulses are 
correspondingly longer. In the LER, pulses are injected at 200 us and extracted at 30 (is. In the MER, the 
pulse is compressed to 25 (is. Finally, in the HER, the pulse is compressed to 250 ns before extraction. 
The reduced current allows more room between lattice elements (larger L/R). 

3. Continuous compression. In the T design, we used line-type modulators for tailoring the 
acceleration sequence and consequently accepted limitations in the acceleration sequence. !r. the 
C design, the use of FETs makes possible continuous compression of the beams in each of the three rings. 
This compression schedule is fully described in Sec. 3.6. 

4. Linac section for final compression. After extraction from the HER, the four beai s arc made to 
go through 500 m of linac with a triangular acceleration voltage waveform at a peak gradient of 
1 MV/m. The resulting velocity tilt leads to a 10-ns beam at target, as described in Sec. 3.6. The pulsers 
used to drive the linear section are standard PFNs switched with a long-life gaseous-discnarge switch. 
The PFNs are tapered to provide the triangular waveform needed for the velocity tilt. The cost of this 
type of pulser was estimated to be approximately 30 $/J. 

5. Low quadrupole field strengths. Because the beam currents are lower than in the T design, the 
required quadrupole field strengths may also be lower. In contrast to peak quadrupole fields of 2.0 T in 
the f design, the C-design quadrupoles have 1.0 T with an occupancy factor of 0.5 in the HER, 1.25 T 
with 0.47 occupancy factor in the MER, and 2 T with an occupancy factor of 0.27 in the LER. 

6. High average dipole fields. Because of the supplementary superconducting dipole 
configuration, dipole magnet efficiency is much improved. We can therefore afford to use higher 
average dipole fields and thereby to shorten the overall size of the driver (less than 2000 m 
circumference for the HERJ.With a combination of ramped dipole and combined-function 
quadrupole/dipole, the average dipole field is much higher than in the T design. In the LER, the size 
of the ring is limited to approximately twice the pulse length because of induction-cell reset 
considerations, and we therefore use a relatively weak dipole field of 0.9 T and do not have a 
superconducting dipole bias in the LER. 

7. Linear ramp in dipole fields. The linear ramp in field is consistent with constant energy gain 
per lap, as shown in Sec. 4.2.2.3. The capability of the compulsator permits us to design around this 
scheme. 
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8. 100 laps. By increasing the the number of laps, the amount of core materia] and the number of 
pulsers are reduced, so there is a net saving. The total path length is actually comparable to that of the 
T design because the increase in the number of laps is closely balanced by the reduction of the ring 
circumference in the C design. Implicit in this design is the assumption that alignment and control of 
the accelerator would have advanced to the point of keeping emittance growth tolerable over 100 laps. 
(This point is discussed in more detail in Sec. 33.) 

9. 11 % beam loss. The T design suffers 15% total beam loss from residual gas interactions and 
beam-beam charge exchange; the C design has 11%. (This is discussed in more detail in Sec. 3.1.) In this 
regard, there is a subtle disadvantage associated with the T design that is eliminated in the C. The 
constant pulse duration in the T rings implies a beam radius shrinkage at high energies, an effect that 
leads to greater charge exchange beam loss. This shrinkage is eliminated with continuous pulse 
compression. 

10. Minimal longitudinal instability growth. In the T design, much of the recirculator advantage 
(a low accelerating gradient, and hence a low impedance per unit length) is offset by the lengthening of 
the beam pulse at high energies. As described in Sec. 3.7, the growth of the longitudinal instability is 
acceptably low only because of the capacitive component of the cell impedance. However, the 
continuous pulse-compression schedule of" C d c ^ n permits u much shorter beam pulse <u n.6u 
energies. As a result, the predicted instability growth, even before invoking cell capacitance effects, is 
quite tolerable. In addition, if the FET switches are placed close enough to the cells, the effective cell 
impedance may be nearly zero. 

11. Acceptable BBU growth. In both the T and C designs, the BBU instability growth is predicted 
to be tolerable provided that the cells are carefully designed to minimize the quality factor Q (see 
Sec. 3.5). 

12. Extraction and injection beamlines. These are designed analogously to the T design. However, 
' ecause of the overall lower current, there is generally more room in the lattice for special-purpose 
•nagnets (the Panofsky quadrupoles and fast kickers, treated in Sees. 4.2.5 and 5.5). The required kicker 
fields are also generally lower. Table 9-2 Tsts the extraction/injection magnet parameters for the 
C design. 

13. Reasonable voltage "Ears." As described in Sec. 3.6, voltage ears are generally required to 
keep the beams from debunching longitudinally. Because the currents in the C design are lower, the ear 
requirements are also reduced from those of the T design. The same type of FET modulator is used to 
generate the ears as is used to generate the main acceleration voltage. In the HER, 19 "ear" modulators 
drive 19 special induction cells to accelerate the appropriate portions of the ion beam; the units 
comprise a small fraction of the total cost. 

14. The three-ring configuration allows a slightly more relaxed emittance budget. A numerical 
example of its emittance budget appears in Table 9-3. 

15. Lower velocity tilt. The continuous compression of the beam in the C design requires a lower 
velocity tilt than is required in the final bunching phase in the MER and HER of the T design. The 
resulting head-to-tail displacement arising from dispersion (see Sec. 3.4) is reduced by nearly an order 
of magnitude, easing the head-to-tail steering requirements on the beam. Sextupole corrections are 
probably needed for the T design, but they may not be needed in the C design. 

9.3 Cost Assumptions 

In addition to the use of alternative technologies, we made more aggressive cost assumptions about 
some components. These assumptions are based primarily on the development of manufacturing 
technologies taking place in the next 30 years to enable cost reductions. 

The first assumption is that the cost of METGLAS v/ill be $5/kg in the long term. The cost of the 
raw materials is only $2 to 3/kg, but manufacturing costs result in a total cost of $15/kg. Given the cost 
of the raw material, a factor-of-3 reduction in total cost is reasonable.4 This cost reduction also assumes 
an investment of several million dollars in interlaminar insulator development. 

The second cost assumption is that the cost of insulators can be significantly decreased with an 
alternative technology. Based on a centrifugal-cast glass insulator, the cost per insulator can be reduced 
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Table 9-2. Injection/Extraction parameters for the C-design recirculator. 

LER MER HER 
Extraction dipoles 

Magnetic field (T) 
Length of kicker magnet (m) 
Energy of pulser (kj) 
Pulse duration (|is) 
Rise time (us) 
Occupancy factor ijj (%) 
Total number of magnets per beam 

Injection Dipoles 
Magnetic field (T) 
Length of kicker magnet (m) 
Energy of pulser (kj) 
Pulse duration (us) 
Fall time (us) 
Occupancy factor r/d (%) 
Total number of magnets per beam 

Focusing—Panofsky quadrupoles 
Field gradient (T/m) 
Effective length (m) 
Width (m) 
Height (m) 
Total number of large quadrupoles/beam 

0.38 0.23 0.22 
0.15 0.41 1.15 
24 18 29 
30 2.5 .25 
60 25 15 
18 26 33 
14 16 11 

1.56 1.0 0.7 
0.15 0.41 1.15 
100 80 93 
200 30 2.5 
150 75 50 
IS 26 33 
3 3 3 

25.5 19.5 16.4 
0.23 0.73 1.76 
0.16 0.13 0.12 
0.55 0.45 0.43 
17 19 14 

Table 9-3. Emittance budget and associated betatron phase advance for the C-design recirculator. 

LER MER HER 
Inj. Ext. Inj. Ext. Inj. Ext. 

£„ (mnvmrad) 0.5 1 2 334 5 7.5 
cr(deg) 5 1.6 35 3.6 52 6.7 
oo(deg) 80 19 80 18 80 25 

by a factor of approximately 2.5.5 This reduction requires an investment of $8 million for the necessary 
development. 

The third cost assumption is that the cost of the FET switches can be reduced in 30 years from the 
present cost of $6 for 125 kW of peak power to $6 for 50 kW of peak power. The $6 figure is based on the 
IRF 840 MOSFET, which is rated for 500 V and 25 A for this type of service. MOSFET devices rated for 
1 kV and 50 A already exist, but the cost is significantly more than the present cost of $2 per device for 
the IRF 840. It is interesting to note that the cost of the IRF 840 was approximately $75 per device 10 to 
15 years ago. If similar trends are assumed for a device that now costs several hundred dollars, 
expectations of significant cost reductions over the next 30 to 50 years are not unreasonable. At $6 for 
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50 kW, the FET pulsers are not one of the largest cost components of the recirculator, and so less 
optimistic assumptions would not threaten the feasibility of this low-cost configuration.6 

9.4 System Cost 

Table 9-4 is a detailed cost break": wn of the low-cost configuration. This estimate includes 
indirect and direct costs and takes full advantage of learning curve discounts for the large quantities 
required for a single machine. Building ten machines does not affect per-unit costs substantially because 
most of the learning occurs with the first machine. The net cost of the 4-MJ C-design HIF recirculator is 
$497 million. 

9.5 System Efficiency 

Table 9-5 is breakdown of the power consumption for the low-cost configuration. The wall-plug-to-
beam-energy efficiency of the C design recirculator is 35%. This efficiency is so high that there is a 
comfortable margin of safety and great flexibility in meeting the various design constraints. This design 
flexibility can be used to reduce the cost even further. 

Table 9-4. Cost summary of the C-design recirculator. 

System 
Component 
costs (MS) 

Ring 
subsystem 
costs <M$> 

Subsystem 
costs (MS) 

System 
costs (MS) 

5.1 Injector systems 5.0 5.0 5.0 5.0 

5.2 Accelerating systems 
5.2.1 Induction cells 

5.2.1.1 HER Induction cells 
5.2.1.1.1 HER METGLAS 6.2 
5.2.1.1.2 HER insulators 0.8 
5.2.1.13 HER cell structure 8.5 
Subtotal 5.2.1.1 15.5 

5.2.1.2 MER Induction cells 
5.2.1.2! MER METGLAS 10.0 
5.2.1.2.2 MER insulators 0.4 
5.2.1.23 MER cell structure 6.0 
Subtotal 5.2.1.2 16.4 

5.2.13 LER Induction cells 
5.2.13! LER METGLAS 3 ! 
5.2.1.3.2 LER insulators 0.9 
5.2.133 LER cell structure 3.9 
Subtotal 5.2.13 7.9 

Subtotal 5 .2 ! 39.8 

5.2.2 Correction cells 
5.2.2! HER correction cells 

5.2.2.1! HER METGLAS 0.2 
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Table 9-4. (Continued) 

Ring 
Component subsystem Subsystem System 

System costs (M$) costs (MS) costs (M$) costs (M$) 
5.2.2.1.2 HER insulators 0.3 
5.2.2.13 HER cell structure 0.3 
Subtotal 5.2.2.1 0.8 

5.2.2.2 MER correction cells 
5.2.23.1 MER MITGLAS 0.2 
5.2.233 MER insulators 0.1 
53.2.23 MER cell structure 0.2 
Subtotal 533 .2 0.5 

5.2.23 LER correction cells 
53.23.1 LER METGLAS 0.2 
53.23.2 LER insulators (incl. in 5.23.3.1) 
5 .2333 LER cell structure (incl. in 53.2.3.1) 
Subtotal 5.23.3 0.2 

Subtotal 5.2.2 1.5 

5 3 3 Induction cell pulsers 
533.1 HER induction cell pulsers 213 21.3 
5 3 3 3 MER induction cell pulsers 0.3 0 3 
5 3 3 3 LER induction cell pulsers' 
Subtotal 5.2.3 21.6 

5.2.4 Induction cell resetb 

5 3 3 Correction cell pulsers 
5.2.5.1 HER correction cell pulsers 4.2 4 3 
53.53 MER correction cell pulsersc 

53.53 LER correction cell pulsersc 

Subtotal 5.2.5 4.2 
Subtotal 5 3 67.1 

53 Bending magnet system 
53.1 Dipole magnets 

53.1.1 HER dipole magnets 
5.3.13 MER dipole magnets 
5.3.1.3 LER dipole magnets 
Subtotal 53.1 21.1 

9.4 9.4 
5.0 5.0 
6.7 6.7 

' Costs are very small; included under 5.2.3.2. 
b Costs are very small; included under 5.2.3. 
c Costs are very small; included under 5.2.5.1. 
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Table 9-4. (Continued) 

System 

Ring 
Component subsystem Subsystem System 
costs (MS) costs (MS) costs (MS) costs (MS) 

28.6 

5.3.2 Dipole magnet pulsers 
53.2.1 HER dipole magnet pulsus 4.9 4.9 
532J2 MER dipole magnet pulsere 2.0 2.0 
5.3.23 LER dipole magnet pulsers 0.6 0.6 
Subtotal 53.2 7.5 

Subtotal 5 3 

5.4 Focus magnet system 
5.4.1 Superconducting quadnipole magnets 

5.4.1.1 HER 
5.4.1.1.1 Acceleration section 15.2 
5.4.1.1.2 Matching section 0.2 
5.4.1.1.3 Injection/extraction quadrupoles 0.8 
Subtotal 5.4.1.1 16.2 

5.4.1.2 MER 
5.4.1.2.1 Acceleration section 9.1 
5.4.1.2.2 Matching section 0.2 
5.4.1.2.3 Injection/extraction quadrupoles 0.5 
Subtotal 5.4.1.2 9.8 

5.4.13 LER 
5.4.13.1 Acceleration section 4.9 
5.4.13.2 Matching section 0.1 
5.4.1.33 Injection/extraction quadrupoles 0.3 
Subtotal 5.4.1.3 5.3 

5.4.13 Injector 
5.4.1.5.1 Transport to injection ring 0.1 
Subtotal 5.4.1.5 0.1 

Subtotal 5.4.1 

5.4.2 Superconducting power supplies 
5.43 Superconducting refrigeration system 
Subtotal 5.4 

5.5 Injection kicker systems 
5.5.1 Kicker magnets 

53.1.1 HER kicker magnets 0.1 0.1 
53.1.2 MER magnets 0.1 0.1 
53.13 LER magnets 
Subtotal 53.1 0.2 

31.4 

0.2 0.2 0.2 

13.1 13.1 13.1 13.1 
44.7 
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Table 9-4. (Continued) 

System 

5.5.2 Kicker magnet pulsers 
5.5.2.1 HER kicker magnets 
5.5^2 MER magnets 
5.5.2-3 LER magnets 
Subtotal 5.5.2 

5.6 Extraction kicker systems 
5.6.1 Kicker magnets 

5.6.1.1 HER kicker magnets 
5.6.1.2 MER magnets 
5.6.13 LER magnets 
Subtotal 5.6.1 

5.6.2 Kicker magnet pulsers 
5.6.2.1 HER kicker magnets 
5.6.2.2 MER magnets 
5.6.2 J LER magnets 
Subtotal 5.6.2 

Subtotal 5.5,5.6 
Subtotal 5.1-5.6 

5.7 Vacuum system 
5.7.1 HER 
5.7.2 MER 
5.7.3 LER 
Subtotal 5.7 

5.8 Alignment systems 
5.8.1 HER 
5.8.2 MER 
5.8 3 LER 
Subtotal 5.8 

5.9 Prime power system 
5.9.1 AC system 
5.9.2 DC power supplies 
Subtotal 5.9 

5.10 Facilities 
5.10.1 Conventional facilities 
5.10.2 Special facilities 
5.10.3 Support structures 
Subtotal 5.10 

5.11 Final focus 
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Ring 
Component subsystem Subsystem System 
costs (MS) costs (M$) costs (M$) costs (MS) 

0.9 0.9 
0.8 0.8 
1.0 1.0 

2.7 

0.4 0.4 
0.3 0.3 
0.2 0.2 

0.9 

0.3 0.3 
0.2 0.2 
0.2 0.2 

0.7 
4.5 

0425 1423 1422 145,2 

14.9 14.9 14.9 
22.6 22.6 22.6 
14.5 14.5 14.5 

52.0 

16.8 16.8 16.8 
7.8 7 8 7.8 
6.0 6.0 6.0 

30.6 

20.0 20.0 20.0 
25.0 25.0 25.0 

45.0 

34.0 34.0 34.0 
10.0 10.0 10.0 
10.4 10.4 10.4 

54.4 

20.0 



Table 9-4. (Continued) 

System 

Ring 
Component subsystem Subsystem System 
costs (MS) costs (MS) costs (MS) costs (MS) 

5.12 Linear acceleration section 
5.12.1 Induction cells 

5.12.1.1 METGLAS 
5.12.1.2 Insulators 
5.12.1.3 Cell structure 
Subtotal 5.12.1 

5.12.2 Induction cell pulsers 
Subtotal 5.12 

5.13 Controls (5% of 5.1-5.12) 
Section subtotal 5.7-5.13 

Subtotal 5.1-5.13 

5.14 Administrative 10% of 5.1-5.13) 

5.15 Engineering 10% of 5.1-5.13) 

5.16 Installation 10% of 5.1-5.13) 

Section subtotal 5.14-5.16 

Total cost 

1.0 1.0 
5.0 5.0 
1.7 1.7 

7.7 

6.8 6.8 6.8 
14.5 

15.6 15.6 15.6 15.6 
Mi l MM MM 232.1 
3820 van 3820 382.0 

38.2 38.2 38.2 38.2 

38.2 38.2 38.2 38.2 

38.2 38.2 38.2 38.2 

114.6 114.6 114.6 114.6 

496.6 496.6 496.6 496.6 

Table 9-5. Breakdown of system efficiency for C-design recirculator (total beam power, 40 MW). Except 
for efficiency, all quantities are in megawatts. 

Dipole pulser input power 
Cell pulser input power 
Reset losses power 
Injection magnet power 
Extraction power 
Subtotals 

HER MER LER Total 
16.40 7.32 3.68 
62.70 8.74 0.62 
1.36 1.10 0.26 
0.23 0.20 0.25 
0.07 0.04 0.06 

80.76 17.40 4.87 

27.40 
72.06 

2.72 
0.68 
0.17 

Vacuum power 
Refrigeration power 
Miscellaneous power 

2.00 
6.00 
2.00 

Total 

Efficiency (total beam power/total power input 

113.03 

35.4% 
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Symbols Used 
B peak magnetic field in induction core 
B^ final magnetic field in dipole 
B, initial magnetic field in dipole 
Ef final heavy ion energy in a ring 
Ei initial heavy ion energy in a ring 
r ratio of dipole final and initial magnetic fields 
BQC DC component of the dipole field 
do dipole magnetic loss in configuration with no DC offset 
ea dipole magnetic loss in configuration with DC offset 
L half-lattice period 
R beam pipe radius 
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10. Research and Development Required 

10.1 Summary of R&D issues 
We recapitulate here the physics and technology issues pertinent to the ultimate success of a HIF 

recirculating accelerator raised in the preceding sections. 

10.1.1 General Concerns 
This recirculator study has concentrated on those aspects of the recirculator that necessarily differ 

from the linear heavy-ion accelerator. It was therefore assumed that the beam requirements imposed 
by the fusion target itself are the same in both the linear and recirculating accelerators. Likewise, it 
has been assumed that the injector and the final focus would be the same for both accelerators. Clearly, 
a full system optimization of a complete recirculator power plant might well conclude that the best 
choice of beam parameters is very different in the two cases. The ion energy, mass, or charge state, for 
example, might be different. In such a situation, not only would the design of recirculator subsystems 
treated in this study change, but so would the designs of the injector and the final focus. Future system 
studies of recirculators should consider a global optimization of the power plant system and, if the 
results warrant, the injector and final focus subsystems would be redesigned specifically for use in a 
recirculator. 

Many beam dynamics issues merit more analysis and attention. As discussed in Sec. 3, these issues 
include questions that span many recirculator subsystems. While initial calculations have indicated 
that there should not be objectionable emittance growth in the beam traversing the bends, this issue is 
of such fundamental importance that further examination is warranted. The question of longitudinal 
beam stability is a key issue for any HIF accelerator. The longitudlinal beam dynamics models and codes 
should be carefully scrutinized and improved as necessary, and their validity should be checked with 
appropriately scaled experiments. Algorithms for the suppression of any growth of longitudinal 
instabilities by means of feed-forward corrections should be thoroughly examined. Transverse stability 
(that is, stability with respect to BBU) should be carefully re-examined. The lattice of all rings and 
the transitional sections will have to be carefully designed to avoid mismatch. There should be a full 
analysis of alignment and control requirements and a comprehensive treatment of all field tolerances 
and permissible beam jitter. 

10.1.2 Bending-Magnet Subsystem 
Fnr a large, pulsed bending magnet there are questions of the rate and uniformity of the field 

filling tiie magnet pole gap. Since roughly 30% of the recirculator ]x>wer is consumed by the bending-
magnet pulsers, it is quite important for the dipole pulser to have high efficiency. Possible avenues for 
improved dipole efficiency include the use of compulsators to generate a linearly ramped dipole field 
and of DC biasing of the dipole field. Sections 5.1.1.3 and 5.1.2.3 treat these components in greater 
detail. 

10.13 Accelerating Subsystem 
Because of the potential hazard of BBU, the parallel impedance of the accelerator cell should be 

carefully calculated during the design cycle and checked by measurement on a cell prototype. The 
accelerator cell should be design to minimize the transverse coupling impedance, and that impedance 
should be measured on a prototype cell. 

The need for high pulse repetition frequency (PRF), particularly in the HER, poses several 
questions. A variety of high-PRF switching concepts, such as those! using FETs, should be examined, and 
one or more of them explored in bench-top tests, as noted in Sec. 5.2.2.3. To reduce energy loss and the 
resulting heating of the METGLAS core in a high-PRF accelerator cell, several types of METGLAS and 
inter-layer insulation should be tested to find the core material with the best magnetic, electrical, 
mechanical, and thermal properties. Candidates for high-PRF vacuum insulators should be surveyed 
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and tested. The designing of the accelerator cell should pay full attention to the high-PRF 
requirements. Section 5.2.1.3 summarizes many of the developmental concerns for the induction cell. 

10.1.4 Focusing Subsystem 
Since the cost of the quadrupole focusing subsystem may be high and uncertain (its cost is from 10 to 

20% of the recirculator total), the design of that subsystem should be thoroughly optimized. There is a 
great premium on compactness, and means of reducing the ratio of the mechanical length to the 
magnetic length should be considered. A prototype should be built to develop the superconducting and 
combined-function magnets. 

10.1.5 Injector Subsystem 
The injector for the recirculator will, in general, have different requirements than that for the 

linear induction accelerator. Even if the final beam parameters are identical, the injector for the 
recirculator will have a lower current and a longer pulse, as noted in Sec. 5.4.2. Global system 
optimization may reveal that the recirculator injector should produce an entirely different ion species 
than the linear accelerator. Any injector design will have to satisfy stringent requirements on current 
flatness and beam emittance. The injector development program will include comprehensive analysis, 
complete numerical simulation, design, and testing of prototypes. 

10.1.6 Injection and Extraction Subsystem 
The short rise time required for the kicker magnets and the large bore required for the quadrupole 

focusing magnets at the kicker positions pose special design problems, as described in Sees. 55.1.3 and 
5.5.2.3. Large-frame quadrupoles have previously used normal magnets, and so superconducting 
Panofsky-Hand quadrupoles should be prototyped. The interaction of the kicker fringe fields and the 
superconducting quadrupoles should be carefully examined. 

10.1.7 Control Subsystem 
The requirements for and the design of the control subsystem have not been treated. In addition to 

myriad other functions, diagnostic and control networks will be necessary for the positioning of the 
beam and, with compensating magnets and/or cells, for the active suppression of longitudinal and 
transverse instabilities. The requirements for these subsystems will be derived from careful analysis of 
the beam dynamics. Section 5.6.4 summarizes a development program for the control subsystem. 

10.1.8 Vacuum Subsystem 
As discussed in Sec. 3, the density of residual atoms in the beamline may be a controlling factor in 

the rate of beam loss. Measurements of the stripping and ionization cross sections of high-energy ions on 
neutral atoms, of charge exchange cross sections between the high-energy ions, and of sputtering and 
desorption rates from bombarded vacuum surfaces will permit a more informed design of the vacuum 
subsystem. The vacuum subsystem itself will pose engineering challenges: high vacuum, high pumping 
speeds, limited access, and cost effectiveness. In prototyping a lattice period, we should examine 
vacuum issues. See also Sec. 5.7.3. 

10.1.9 Alignment Subsystem 
Since the energy of the beam is swept as a function of time, the beam will pass through a number of 

betatron resonances in each ring. While the residence time on each resonance is very short (a fraction of 
a revolution around a ring), and the growth of the betatron resonance instability is consequently 
limited, misalignment of the focusing elements can generate a secular growth in the betatron amplitude 
and, hence, in emittance. We have yet to consider the alignment requirements in great detail. The 
innovative technique outlined in Sec. 5.8 for the alignment of the accelerator components offers an 
approach that may satisfy the alignment requirements, and it should be tested with prototypes. 
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10.2 Recirculate* R&D Plan by Work Breakdown Structure (WBS) 

In this section we organize the recirculated research and development activities according to a 
primitive WBS. In the technology areas, the WBS follows the subsystem outline used in Sec. 5 down to 
the second level and categorizes the various activities as analysis, design, construction and testing of 
prototypes, or experimental measurements. Analysis includes calculations, theoretical models, and 
numerical simulations. Design is the engineering of a subsystem or its prototype in fine enough detail to 
permit construction. The testing of prototypes pertains to the examination of subscale units up to full-
size components that will be replicated many times in a subsystem, e.g., an accelerator cell and its 
pulser circuit. The term experiments refers to the measuring of fundamental physical quantities or 
phenomena and does not necessarily entail the use of a prototype of a subsystem. 

Table 10-1 summarizes the activities that would occur in each WBS heading. As noted, every 
subsystem requires more analysis, greater refinement of requirements, and more thorough design. 

Experimental data from targets hydrodynamically equivalent to those to be used in power plants 
(the hydrodynamically equivalent physics, or HEP, series) and from hohlraum-laser plasma physics 
series, HLP—two experimental series on Nova—are crucial in refining the estimates of the fusion 
pellet and the required beam.1-2 These experiments will provide key information for the global systems 
studies. 

The beam dynamics questions mentioned above can be addressed in several experiments. A small 
scaled experiment investigating emittance growth suffered in transiting a bend is under way at LLNL, 
and others might be feasible. The induction linac systems experiments (ILSE) to be conducted at LBL 
will entail extensive beam dynamics experiments. The initial plans for ILSE had considered only issues 
germane to linear accelerators, but the facility is being designed to permit the study of significant 
recirculator beam dynamics questions in experiments which are proposed to follow the basic ILSE 
construction. 

Table KM. Recirculator R&D plan by WBS. 
WBS number and subsystem Analysis Design Prototype Experiment 
0. General considerations 

0.1 Global system study x x x 
0.2 Beam dynamics x x 

1. Bending magnets 
1.1 Dipoles x x x x 
1.2Pulsers x x x 

2. Accelerating system 
2.1 Cells x x x x 
2.2Fulsers x x x 

3. Focusing system 
3.1 Quadrupoles x x x x 
3.2 Power supplies x x x 

4. Injector x x x 
5. Injection/extraction 

5.1 Magnets x x x 
5.2Pulsers x x x 

6. Controls and diagnostics x x x 
7. Vacuum x x x x 
8. Alignment x x x 
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The prototyping efforts would begin with bench-top breadboard tests and graduate to full-scale 
units of the key subsystems: the ramped dipole bending magnet, the superconducting quadrupole, and 
the accelerating cell, each complete with its pulser circuitry or power supply. In parallel with the 
early small-scale prototyping, there would be a number of experiments determining key material 
properties, such as, for example, the rate-dependent permeability and conductivity of METGLAS. 
Measurements of collision cross sections essential in the design of the vacuum subsystem could be 
conducted perhaps on the LBL Super HILAC or at Darmstadt GSI. 

10.3 Reciiculator R&D Schedule 

A comprehensive recirculator program would include three major series of experiments and/or tests: 
the small- and large-scale prototyping conducted at LLNL, the ILSE series of beam experiments at LBL, 
and the target experiments conducted on precision Nova. The decision whether to add recirculator beam 
dynamics follow-on experiments to ILSE may be made in FY 92, and detailed ILSE design will also 
commence in FY 92. As dictated by funding, design of the recirculator component prototypes may begin in 
FY 92. Significant results are being obtained in the HEP and HLP series, and it is expected that the bulk 
of this work on Nova will be completed in FY92 and FY93. If each of these three campaigns is successful, 
they will lead to a decision to design an intermediate-scale (pulse energy of hundreds of kilojoules) HIF 
recirculator, whose construction will begin in the second half of this decade. 
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11. Conclusion 
In this report, we have presented several point designs of 4-MJ H1F recirculator drivers. We do not 

claim that these designs are optimal, nor can we argue with confidence that there are no technical risks 
associated with the recirculator concept. Nonetheless, the workers involved in this report are 
enthusiastic about this driver option and feel strongly that the concept merits more detailed 
theoretical and experimental studies and engineering developments. We summarize below the reasons 
for our optimism. 

First, while the initial cost arguments for the economic attractiveness of recirculators have not 
changed, our detailed bottom-up cost estimates have given us a lot firmer ground on which to base the 
arguments. We have attempted to include all cost items associated with the driver system and have 
made only a few cost extrapolations, which we feel are quite defensible. The costs are based, by and 
large, on existing technology. We believe (hat a 4-M) HIF driver with an efficiency greater than 35% 
could be built for less than $0.5 billion. 

Second, many engineering problems th t seemed at first to be intractable were found to be 
challenging but tractable. We were concerned at the beginning whether there were switches that would 
be sufficiently flexible to meet the requirements of high and variable repetition rate and variable 
pulse duration. We found several switch candidates that will meet the recirculator driver needs. We 
were concerned at the beginning whether one could construct an efficient driver, especially since the 
dipoles were known to require a lot of energy. Our studies have now shown that high efficiency, even 
above 35%, may be possible. Some of the efficiency advantages associated with small induction cores 
became much more apparent as we proceeded with our design work. The energy recovery systems for the 
dipoles together with schemes of supplementary superconducting dipoles allow us to reduce dipole 
losses substantially. The high efficiency of 35% permits greater latitude in balancing the constraints 
and risks of the HIF system. An HIF accelerator with a small number of beams, low quadrupole fields, 
low accelerating gradients, and small induction cores possesses certair engineering advantages—in 
these aspects, the recirculator is superior to the linear HIF accelerator. 

Finally, we have found no physics problems that are manifest "show-stoppers." We were initially 
very concerned that it might not be possible to propagate a space-charge-dominated beam around bends 
without large omittance growth, even if the transport system were perfect. Yet, up to this point, the 
simulations and analytic calculations, as well as the first experiments, have not revealed such an 
effect. Our initial estiinates of alignment requirements of -100 urn needed to meet the emittance budget 
seem encouraging. Tree vacuum issue, to be sure, embodies a lot of unknowns. And yet with the best data 
we have in hand, beam loss could be kept to a tolerable amount with appropriate designs. The 
longitudinal debunching of beams seem to be controllable with reasonable voltage ears. In addition, 
there are inherent mechanisms in the recirculator to control longitudinal instability (low impedance 
per unit length), resonance crossing instability (rapidly varying betatron frequency), and beam breakup 
(strong focusing). At the beginning of our study, it was pointed out that beam extraction at high energy 
may be a show-stopper; however, the use of a series of Panofsky quadrupoles and dipole kickers 
appears to be a solution for extraction and injection. 

Lest we be accused of blind optimism, we point out that our enthusiasm stems from the absence of 
technical show-stoppers and from the continued demonstration of economic attractiveness of the 
recirculator. We are, however, very much aware that much more work is needed to prove the viability 
of the concept. The driver system that we have proposed is a novel configuration with no known 
precedent. The induction core pulsers and dipoles must be tested in an integrated experiment. The 
emittance budget remains tight and will probably be a major point of study for years to come. The 
vacuum issue, particularly in relation to wall-desorption effects, remains largely unknown. Beam 
transport must be simulated in much more detail, and errors and tolerances of all subsystems must be 
assessed much more carefully. It would be premature to make any claim of technical feasibility before 
adequate experiments, engineering lests, and detailed computations are completed. 

Nevertheless, on completion of our year-long study, we find that the reeirculator concept appears 
to have the potential for providing a viable, cost-effective driver for inertial confinement fusion. 
Future research is required to resolve some of the outstanding issues and to confirm our optimism. 
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Appendix A. Spiral Recirculators 
by David L. Judd 

At the start of the present study, attention was focused entirely on recirculators in the racetrack 
configuration used in preliminary work by Godlove and Mako and by Yu and Barnard.1 The reason for 
this choice seemed to be a perceived fundamental difference between straight sections for acceleration 
and curved sections for bending. To achieve equal total path length around a racetrack for all beams in 
the bundle threading each induction core, it was thought necessary to provide four rearrangement 
operations per turn, one at each transition from one type of section to the other. The purpose of these 
operations was to convert the beam bundle from a square array in each straight section to a linear array 
in each bending section, and vice versa (Fig. 2-1). Section 2.5 addresses this option. 

The numbers of these rearrangement operations seemed to me rather large; in the total residence 
time the entire beam bundle had to be rearranged over a hundred times. Every time, each beam had to 
undergo its own double bend, emerging parallel to its initial direction on entry. Each beam needed a 
different displacement in a different plane, requiring its own field strengths whose values changed 
twice in each turn. For one scheme a total of over 5000 individual bends, requiring about 1300 different 
bending fields, were needed; for another, about 900 individual bends were required for only one of 
several rings. In thinking about how to avoid so many operations I started by considering whether it 
was even necessary to have both kinds of sections. This led to the suggestion2 of an oxymoronic "circular 
linear accelerator," having accelerating and bending elements distributed uniformly around a circular 
path. To achieve equal total path length for each beam, I suggested twisting the beam array around 
the circular bundle axis by one full twist per turn around the ring. The individual beams would look like 
the stripes on a barber pole or candy cane that had been bent into a circle. 

In explaining this unfamiliar concept to my colleagues,31 noticed that in the absence of 
accelerating units along each half turn of a racetrack, each beam |Fig. 2-1 (a)] would be unconstrained 
longitudinally against its own space-charge force. My calculated estimate showed that the resulting 
bunch length growth would be unacceptably large. Thus, it seemed that in any case the curved sections 
of a racetrack would have to include "containing modules" having similarities to accelerating modules, 
so that including (he latter would not be a very great addition conceptually. 

In spite of my efforts to improve the description of "twisted circular orbits" there remained a 
certain level of concern about the complexities of containing these beams with conventional alternating-
gradient FODO quadrupole forces. The twist was thought to create difficulties of positioning and 
aligning the quadrupoles, and to give rise to a linear coupling between the two transverse degrees of 
freedom that are otherwise coupled only by nonlinear effects and imperfections for a beam whose axis 
lies in a plane. In my first note2 on the twisted beams, I had commented that they might "provide 
interesting exercises for orbit theorists"; it now seemed that 1 should be the first to try. 

Before studying the transverse dynamics of particles relative to a central ray, or optic axis, this 
path, often called the reference trajectory, must be defined. Although 1 could have chosen a path that 
rotated about the small circle of a toroidal surface at a uniform rate as indica, 1 in Fig. A-l(b) (defined 
by 8 = 0), I chose instead to describe a path using toroidal coordinates, the natural choice for paths 
lying on the surface of a torus. A reference trajectory defined by a uniform rate of change of the toroidal 
coordinate £ (that is, % = 0) differs very little from one defined by 9 = <t> provided that the ratio r/R 
(see Fig. A-l) is very small, as is the case in our application. However, both their analytical 
properties and their shapes are different. 

The toroidal coordinates (T), | , 0) are defined4 in terms of cylindrical polar coordinates (p, 0, z). 
The angle 0 of rotation about the z axis is the same in both systems. The relations are 

p=(.a sinh T|)/(cosh n - cos £), z = (a sin £)/(cosh r\ - cos |) 

The corresponding Cartesian coordinates are 

x = p cos 0, y = p sin 0 
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(a) 4 , fl» 

Figure A-1. (a) Eight "twisted circular orbits" on a toroidal surface; (b) major and minor toroidal radii R 
and r, and large- and small-circle rotational angles <p and 6. 

The inverse relations are 

tanh JJ = 2ep/(r2 + a2), tan t, = lazKr2 - a2), tan 0 = ylx 

Here r 2 = p 2 + z 2 = distance from the origin, and the distance a defines the scale of lengths. The surfaces 
r/ = const, are the surfaces of nested tori; those on which | - const, are surfaces of spheres with centers on 
the z axis, and those with <p= const, are half-planes bounded by the z axis just as in the polar 
coordinates. The intersections of some of the tori and circles with such a constant-^) plane are shown in 
Fig. A-2. 

The intersection of a torus labeled by r/ with a plane p = const, is a circle of radius r = a csch n 
centered at p = R = a crnh r/, z = 0, as shown in Fig. A-3. The surfaces of constant S, for all values of £, pass 
through p = a, z = 0. The range of % is from zero to 2ir, if one thinks of % as a "plane polar angle" in such 
a plane the "origin" about which it measures rotation is not the center of the small circle of radius r 
(which is the origin for the angle 6 defined above). For any point P, | is the angle APE, the points being 
shown in Fig. A-2. Furthermore, the loci of constant £ are not straight lines radiating out from this 
"origin"; they are circles with origins on the z axis and passing through points A and B. The small circle 
of any toroidal surface will be traversed once as § changes by 2n, just as it will if 8 changes by 2n; even 
though the local rates of Oand | differ, after a full turn the total angle traversed is the same. These 
properties of the toroidal angle £ appear in Fig. A-3. 

Thus a reference trajectory is defined by the relations TJ = 7jo = const., C, - <j>. Any desired values of R 
and r may be specified by appropriate choices of a and TJO- ' made a somewhat elaborate analysis5 of 
the properties of this orbit, especially of its curvature and torsion, and of local coordinates in its 
differential neighborhood, expecting to find considerable complexity in such a twisted curve. The 
principal result was a complete surprise to me and my colleagues; any such reference trajectory is a 
perfect circle lying in a (tilted) plane! Its radius is a ctnh r/o; its center lies in the plane z = 0 along the 
x axis (for the phase chosen above), at a distance a csch i/o from the origin of coordinates; and the 
tangent of the tilt angle of its plane, measured from the plane z = 0, is csch 7)Q. It is easy to verify 
these statements: Insert n = r/o, f = <t> into the equations given above for x, y, and z and evaluate 
(x - a csch r/o)2 + y2 + z2, obtaining the result (a tanh rjo)2 after some algebra. It is even easier to obtain 
z/y = csch n 0. 

The physical meaning of this unexpectedly simple result is that there is absolutely no dynamical 
complication connected with these particular twisted circular orbits; each is a perfect circle lying in a 
plane, the simplest form imaginable on which to apply AG quadrupole focusing. From a practical point 
of view the problems of altering an "ideal" array of elements to provide for injection and extraction 

A-2 



Axis of rotational symmetry 

n = 0 
E - -

Figure A-2. Intersections of a few tori (constant 7;) and spheres (constant Q with a 
plane through the z axis (constant <p), illustrating the character of the toroidal 
coordinate system (TJ, | , 0). 

r = a csch r\ 

Figure A-3. Magnified detail of Fig. A-2, showing 
the curvature of lines of constant <!j and displacement 
of the center of the small circle from the "center of 
rotation" of £,. 
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seem very similar to those for any roughly round ring with several beams, close-packed elements, and a 
set of rearrangement operations. In the end the question whether the twisted bundle is preferable to 
non-twisted bundles with rearrangements may be only a matter of taste and style or may require a much 
more detail, J set of comparisons, calculations, and optimizations than are feasible in the present 
study. 

Symbols Used 

a length-scale pa ramete r in toroidal coordinates 
rj " radial" toroidal coordinate, ranging from zero to infinity 
7)0 a part icular value of rj, defining a specific torus 
6 rotational angle in plane polar coordinates 
R large radius of torus 
p radial coordinate in cylindrical polar coordinates 
r small radius of torus; also, distance from origin of coordinates 
£ "angular" toroidal coordinate, ranging from zero to 2K. 
x, y, z Cartesian coordinates; z is also the axial coordinate in cylindrical polar and toroidal 

coordinates 
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Appendix B. Fixed-Field Alternating-Gradient Recirculates 

Summary 

A heavy ion fusion driver is considered in which a beam is passed repeatedly through a linear 
induction accelerator (L1A) by recirculating with two spiral-sector fixed-field alternating-gradient 
(FFAG) 180° bends. The driver consists of three such rings: a 10 to 100 MeV LER, a 100 to 1000 MeV MER, 
and a 1 to 10 GeV HER. Using a scaling field of 1.4 T and taking the length of the straight sections to 
equal the path length in the bends, the circumference of the three rings would be 187,590, and 1890 m. 

Four matching sections in each of the three rings provide the interface between the two straight 
sections accommodating the LIA and the FFAG bends. These matching sections consist of dipoles that 
provide a dispersion-free match between the linear induction accelerator and the energy-dependent 
equilibrium orbits of the FFAG ring. 

The advantage in the use of the spiral sector FFAG over other recirculator concepts is that the 
fields are time invariant. This removes the problems associated with time-dependent field penetration 
into the vacuum chamber and the large amount of energy that must be expended to change the magnetic 
field on the short time scale associated with the required pulse repetition frequency. 

The disadvantage, as we show here, is the relatively weak alternating-gradient focusing. The 
FFAG will not accommodate the beam current possible in a separate-function lattice of bending magnets 
and quadrupoles. 

Introduction 

The concept of an FFAG ring accelerator was developed in the 1950s at Midwestern Universities 
Research Association (MURA) as a possible alternative to the high-energy proton synchrotron. Two 
types were studied, a radial sector and a spiral sector. The spiral-sector FFAG is typically three times 
smaller in circumference than the radial sector FFAG, and for this reason we consider this design as a 
possible recirculator for heavy ion fusion. 

In the FFAG system the fields of the quadrupoles and bending magnets are time-invariant 
Separate kicker magnets are used for beam injection and extraction from the rings. These are the only 
time-varying magnetic fields used and are based on existing designs. 

In the 1950s theory predicted many nonlinear single-particle resonances in an FFAG ring. We do not 
consider single-particle resonances at all. After all, recirculator is not a synchrotron. The energy gain 
per turn is a sizable fraction of the final energy of the particles; therefore, since particles experience 
different regions of the magnetic fields on successive passes, the concept of a single-particle resonance 
becomes nebulous. 

Another disadvantage foreseen was the limited acceptance in transverse phase space. We do not 
calculate the acceptance, because investigation shows that the current-carrying capability of the FFAG 
ring is discouragingly low for use as a recirculator for HIF. 

We focus on FFAG rings for singly charged 2 0 9Bi, whose rest mass is 194.651 GeV. This ion was 
selected because it is isotopically pure and because its mass is above 200. The beam currents chosen in 
this work are based on delivering 5 MJ on the fusion target at an ion energy of 10 GeV, as suggested in 
Ref. 1. The total charge must therefore be 500 uC We assume that the beam is divided into four sub-
beams. The charge considered in the space-charge calculations is that of an individual beam, i.e., one-
quarter of the total charge or 125 u.C (2.1 x 10 1 4 ions per beam). The LER is shown schematically in 
Fig. B-l. 
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Figure B-l. The low-energy FFAG ring is divided into two 180° bending sections separated by straight 
sections consisting of the orbit-matching sections and the linear induction accelerators. This ring has a 
radius of curvature of 14.86 m and a circumference of 187 m. 

Magnet i c Fie lds and Particle Orbits 

An FFAG ring is a scaling ring, which means that the orbit of a particle with energy E2 is a 
photographic enlargement of the orbit at energy Ej < E2. The vertical and horizontal betatron tunes are 
independent of energy. 

Much of the analytic theory of particle orbits can be found in Refs. 2 and 3. We will not discuss 
the magnetic field in detail, but merely note that the median-plane magnetic field Bz (R, 0, z = 0) is 
given by 

B2(R,0,O) = Bol-fi-Hl + fsinfN (a«f ln-S--Ne) | (B-l) 

Here k is the average field index, Ro is the reference radius on which the magnetic field is Bo, N is the 
azimuthal periodicity around the ring, and / i s the field flutter, defined as ( B m a x - B m j n ) / B m a x . The 
spiral angle f is measured between a radius vector to the locus of maximum magnetic field. Figure B-2 
shows Bz vs R and ft it resembles a magic carpet in a strong wind. The average radius for a beam of 
energy E is found from the azimuthally independent field equation 

S,(R) •*\8 (B-2) 

The average radius for a particle with momentum p = eBp is given by 

R = R0 

[B0R0J (B-3) 
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Figure B-2. Magnetic field BZW, 8,z = 0) for the low-energy ring. The field parameters *, N,f, £ Bo, and 
J?o are given in Table B-l. 

The radial and vertical betatron oscillations, the betatron tune numbers, are given approximately by 

v} = \ + k (B-4) 

vj = -k + (/ tanO2

 ( B . 5 ) 

The transverse oscillations with terms given by Eqs. (B-4) and (B-5) are oscillations about the forced 
orbit, which is not a circle but an orbit that itself oscillates with one period every period of the ring. 

In the following we shall refer to the phase advance per cell for a single particle, that is, the 
undepressed phase advance in the absence of all coherent self-forces from the beam's space charge. 
We have 

ojh, = InvJN, rjfy. = 2ia'y/N ( B . 6 ) 

Selecting the Ring Parameters 

Each 1801 bend must be matched on entrance and exit to the straight linear accelerator sections by 
means of four matching sections, one on each of the four ends of FFAG sections, as shown in Fig. B-l. 
These sections have been designed in some detail, and consist of several strong focusing bending magnets. 
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To lowest order these sections consist of a bend left and a bend right of equal bending angle. From 
consideration of these matching sections, and somewhat arbitrarily choosing a bending field of 0.4 T at 
the inner (low-energy) orbit and 1.4 T at the outer (high-energy) orbit, we choose the difference in 
these two radii to be about one or two meters. These constraints and Eq. (B-3) give the value s of the 
field index k for the three rings shown in Table B-l. The flutter/is chosen to be 0.25 in all three rings. 

Having chosen k for reasonable radial width, we now choose C, and N. These choices must yield 
tunes well within the rune diagram shown in Fig. B-3. We choose f to achieve Vy = vx -1 and N so that 
O"0x = 80°. The expressions for vx and v y given in Eqs. (B-4) and (B-5) are valid provided that the 
conditions 

Nz » k+ 1 , / / WN2 < 1 (B-6a) 

are satisfied with W"1 = N tan f. The coordinates in Fig. B-3 are//WN 2 and k/N 2. The values of agx 

and o"oy for the three rings are shown in the figure. Space-charge forces will move the operating point to 
the left and down in the figure, but it must remain within the stability region. The complete parameter 
lists for the three rings are given in Table B-l. 

Distance along circumference (m) 
2 3 

20 
Azimuth, e (deg) 

Figure B-3. Magnetic field Bzir, 0,z = O) for the low-energy ring (lineouts at fixed r across the plot 
of Fig. B-2). 
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Table B-l. FFAG ring parameters. 
LER MER HER 

Field Index k 20 
Tuneobx (deg) 80 
vx 4.58 
v y 3 
Periodicity N 20 
Spiral angle f (deg) 87.34 
tan f 21.54 
2nRlN (m) 4.7 
VW =N tan f 430 
f/WN2 0.269 
k/N2 0.0500 

Space-Charge-Limited Current 

We use only the beam's coherent electric self-field in this calculation, ignoring the coherent 
magnetic self-field. Following the usual cavalier treatment of "space charge," we consider the beam's 
charge to be uniform within the beam radius a. The coordinate x is defined as r - ro, where ro is the 
radius of the forced orbit. We have 

c- - ix 

30 82.5 
80 80 

5.568 9.138 
4 8 
25 42 

87.889 88.817 
27.12 48.415 
12 22 
678 2034 

0.2712 0.2883 
0.0480 0.04677 

2ne0a2v (B-7) 

where / is the instantaneous beam current. In the absence of space charge, the single particle equation of 
motion is 

i^- + d + fc)x = o 
d$2 (B-8) 

The effect of space charge is to replace 1 + k in Eq. (B-8) by 1 + k - 8k. Using Eq. (B-7) we find the 
expression for 8k. We introduce /Q by the definition 

Io = ix£o»>c3/e (B-9) 

For singly charged 2 0 9Bi we have Jo = 6.5 x 109 A. In terms of this current, we have 

h^"' (B-10) 

From the phase diagram in Fig. B-4 we see that the maximum value of 8k is about 0.05N2. We 
designate the value of / necessary to obtain this value of 8k as Jj. We have 

;i = 1.625xlo8 0 3 (aN/R) 2 . (B-ll) 

B-5 



0.5 

0.4 -

0.3 

0.2 -

0.1 

-0.05 
o 

I 
I 

I 
I 

1 I I I I I I I 1 I I I I I 

o : f j ^^^p > \V-V- 6 ' t 2 

• ^ JCsT Operating point 

i i i i I i i i i 1 i i i i 

0.05 

A/N2 

0.10 0.15 

Figure B-4. "Necktie" FFAG stability diagram showing the operating point for the three rings. Lines of 
equal phase advance o> and cry per period are plotted with respect to the normalized coordinates 
f/WN1 and k/N1 The operating points are values of O"ox and O"oy. 

We have little idea what the beam radius a will be in these devices, so we leave it in explicitly in the 
following numerical examples. Without space charge, a can be calculated from the beam emittance 
and the ring parameters, but we are considering space charge effects to be large enough to invalidate 
that calculation. Noting that the values of 2nR/N are given for the rings in Table B-l, we write 
Eq. (B-ll) as 

I, la 2 = 1.625 x 10 8 fl3 (—2s— f 
VnR/N' 

(B-12) 

We calculate /j/a 2 at injection and extraction for each of the three rings. Table B-2 gives the values. 
As mentioned above, the total charge in the beam Q = 1.25 uC. The actual instantaneous current 

desired is Q/r , where T is the pulse duration of the beam. From pulsed power considerations wc have 
some idea what values of r are desired. Table B-2 gives these and corresponding values of Q / T . The 
quantity a Crit in Table B-2 is the value of a necessary to have l\ = Q/T. WC see that a c n i is about 6 cm 
at extraction from the LER and the HER. At extraction from the MER and at injection into all three 
rings, the value is 10 to 20 cm, which is larger than the pipe radius (7 or 8 cm) being contemplated for 
separate-function recirculator rings. 

This approximate calculation should yield values of the limiting current about a factor of 2 greater 
than the desired current Q / T to justify further study of an FFAC rerirculator. For reasonable values of a, 
the limiting current is too small for the FFAC to be a feasible approach. 
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Table B-2. Space-charge-limited current at injection into and exbaction from each of the three rings. 

LER MER HER 

Inj. Ext. Inj. Ext. Inj. Ext. 

p 0.01 0.032 0.032 0.1 0.1 0.31 
Il/<i2 (kA/m 2 ) 0.29 9.5 1.46 44.6 12.8 381 
T(US) 40 4 4 0.33 0.33 0.1 
Q/T (A) 3.12 31.2 31.2 375 375 1,250 
acrii(cm) 10.4 5.7 14.6 9.2 17.1 5.73 

Symbols Used 

Bp 
Bo 
Bz 
c 
e 
Ex 
f 
h 
1 
h 
k 
Sk 
m 
Q 
N 
v 
V 

R 
Ro 
w 
z 
e 
f 
Vx 
vv 

"0y 

«0 

minor beam radius 
magnetic rigidity of beam 
reference field at radius Ro 
axial field at R, 6, z 
speed of light 
electron charge 
transverse electric field 
flutter 
limiting current 
beam current 
Alfven current 
field index 
SPC shift in field index 
electron mass 
charge 
azimuthal periodicity 
velocity 
momentum 
forced orbit 
displacement from forced orbit x = r - ro 
radiur. 
global radius 
reference radius, average field Bo 
( 1 / N ) t a n f 
axial displacement from median plane (z = 0) 
azimuth 
spiral angle 
horizontal betatron frequency 
vertical betatron frequency 
undepressed phase advance per cell (horizontal plane) 
undepressed phase advance per cell (vertical plane) 
10-9/36re 
vie 
pulse duration 
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Appendix C. Switches 

Introduction 

A recirculating ion accelerator will make economical use of space and equipment by routing the 
beam many times through the same accelerating cells. Reusing cells poses a challenge for the switching 
system, which must provide recurrent pulses at a rate that increases as the ions gain speed. In addition, 
the magnetic guiding fields that steer the beam along its circular path are very powerful and must be 
ramped up in intensity as the beam energy increases. Each of these tasks require different energy 
storage and switching systems that must meet stringent requirements for high peak power, short 
switching time, rapid recovery, and high average power. In all rings a high peak PRF is required. 

The accelerator described in the text uses four rings; an IR, an LER, a MER, and an HER. Each ring 
has a different pulse schedule that dictates the time variation of output pulse amplitude, duration, 
and energy that matches the needs of the ion beam. Each ring, therefore, has a different set of switches 
that were selected to reliably generate the necessary pulses using available devices at a minimum cost. 
For example, the injector ring and the LER each require pulses that rapidly vary in duration, 
amplitude, and interpulse spacing. A pulsed source of this kind will be very agile and capable of 
switching a wide range of cell voltages off and on as needed. In this case, a set of commercial high-
power vacuum tubes were selected as the switch. The MER and HER both require pulses that vary in 
spacing but remain constant in duration and output voltage. Sources for these rings require switching 
devices that conduct on command and recover quickly after the pulse has ended. In this case, a 
combination of thyratrons and magnetic switches were selected. 

The pulses needed to excite the dipole steering magnets have low voltages and long durations but 
contain a great amount of energy. The source needed in this application is well suited for the high-
power family of solid state switching devices that conduct high-current pulses with low loss. In this 
case, silicon controlled rectifiers (SCRs) were selected as the switches and used in an energy-recovery 
circuit to help maintain a high system efficiency. 

Table C-l lists the subsystems that require switching. Each subsystem is identified with the output 
parameters (voltage, pulse duration, pulse energy, PRF, and number of pulses per sequence) that pertain 
to the switching job each subsystem requires. The right-hand column of Table C-l lists the switch or 
combination of switches selected to do the job in the T design. Below we describe the switches selected 
and those considered as viable candidates. It is important to keep the viable candidates in mind 
because some of them are still under development and may one day technically exceed the capability of 
the switches chosen. 

Switches Selected for Point Design 
Below we briefly discuss the pulsed schemes for each subsystem listed in Table C-l. Each discussion 

is followed by a description of the switches selected, including a description of the operational 
characteristics for each device. 

Injector Ring 
Scheme. The injector ring cell driver generates 50 pulses that vary in amplitude, duration, and PRF. 

This complex pulse schedule is achieved by operating an array of vacuum tubes as a large amplifier. 
The tube array is then able to convert power from a simple dc source into a train of complex waveforms. 

Vacuum Tubes. The vacuum tube selected is a four-element device (tetrode) consisting of a 
thoriated-tungsten filament for a cathode, a control grid, a screen grid, and an anode. The tube elements 
are housed in a vacuum-tight, ceramic/metal housing and cooled with water. Tubes of this type are 
used in commercial broadcast transmitters, a service that demands high reliability and long life. 

The maximum electrical characteristics exhibited by the EIMAC X-2159, as noted in Table C-2, 
represent the switching ability of a modern, medium-frequency vacuum tube for Class-C operation. 
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Table C-l. Summary of accelerator subsystems that require switching, giving pulse parameters and 
switches selected. 

Range of output parameters 

Switched subsystems 

Output 
pulse 

voltages 

Output 
pulse 

duration 

Energy 
per 

pulse PRF 

Pulses 
per 

sequence 

Output switch 
or switches 

selected 

Injector ring driver 2-10 kV 67-27 us 50J 10-50 kHz 50 Vacuum tubes 

Low-energy ring driver 5-20 kV 27-2.7 (is 50J 10-50 kHz 50 Vacuum tubes 

Medium-energy ring 
driver 

50 kV 2.7 fis 500J 10-50 kHz 50 Thyratrons and 
magnetic switches 

High-energy ring 
driver 

150 kV 550 ns 500J 10-50 kHz so Thyratrons and 
magnetic switches 

Magnet pulser 450 V -6 ms 20 kj 10 Hz 1 Silicon-controlled 
rectifiers 

Table C-2. Specifications of the EIMAC X-2159 vacuum tube.1 

DC plate voltage 
Highest plate voltage 
DC plate current 
Plate dissipation 
Maximum frequency 
Typical efficiency 

20 kV 
60-75 kV 

125 A 
1.25 MW 
30 MHz 
80.1% 

Low-Energy Ring 
Scheme. The LER is powered by the same type of modulator as the injector ring because both rings 

require pulses that vary in amplitude, duration, and PRF. The injector cell pulses vary more in 
amplitude than those in the LER, but those in the LER vary greatly in duration. The cells on both rings 
receive 50 pulses separated by a minimum spacing of 20 us (50 kHz). The switch for the LER is the same 
type of vacuum tube as described for the injector ring. The LER driver, however, will probably use more 
tubes than the injector ring driver since the cell current is higher. 

Vacuum Tubes. Same as the injector ring discussion above. 

Medium-Energy Ring 
Scheme. The MER driver generates 50 pulses that are constant in duration, almost constant in output 

voltage, and vary in spacing from 100 to 20 |is. Because the pulses are constant in duration, they will be 
produced from a lumped-clement pulse forming network (PFN) and switched to the accelerating cells 
with a magnetic switch. The PFN is charged from a dual-resonant transformer that helps to reset the 
magnetic switch on the PFN but requires a bilaterally conducting switch in the transformer primary 
circuit. In this case, the transformer primary is switched using thyratron pairs; one thyratron for the 
forward current and one for the reverse current. The maximum pulse rate of 50 kHz is too high to be 
managed by only one pair of thyratrons, so multiple sets of thyratron pairs and energy-storage 
capacitors will be used. 
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Magnetic Switches: The magnetic switch and its operating principles were first summarized by 
Melville2 in 1951. Since then, some advances in materials have been achieved but the generic switch 
and its applications remain the same. The PFN described above is discharged by a magnetic switch 
containing a central magnetic core wound from layers of amorphous metal-alloy tape separated by 
insulating film. The core is encased by insulated conductors to form a large saturable inductor. While 
the core material is unsaturated, the inductor exhibits a high impedance and the PFN remains fully 
charged. When the core material saturates, the inductor impedance rapidly drops to a low value and 
causes the PFN to generate a pulse for the accelerator cells. Since the magnetic switch does not rely on a 
gas discharge to carry the current, it does not require a long waiting period for deionization. The 
duration between successive pulses is, hus, only limited by the network's ability to remagnetize the 
switch core between pulses. In this scheme, the dual resonant transformer assists in the remagnetization 
(reset) process. Researchers at LLNL have gained a great deal of experience in magnetic switching and 
its application to linear induction accelerators.3"5 

Thyratrons. Thyratron switches arc typically four-element devices consisting of an anode, a control 
grid, a "keep-alive" grid, and an indirectly heated cathode.6 Unlike the vacuum tube, the thyratron is 
filled with low-pressure hydrogen or c euterium gas. The gas pressure is maintained by a titanium 
hydride reservoir that releases hydro en as it is electrically heated. The keep-alive grid is used to 
maintain a glow discharge in the thyratron at all times. This keep-alive plasma is added to the 
formation of the main discharge when the thyratron is triggered and serves to reduce the anode delay 
time and closing jitter. Thyratrons corr. • is all sizes and are housed in vacuum-tight ceramic or glass 
envelopes. 

Some of the maximum electrical characteristics for the ITT model F-232 thyratron are listed in 
Table C-3 as an example. 

High-Energy Ring 
Scheme. The HER is powered by th _• same type of modulator as the MER since each requires pulses 

that vary only in PRF. The cells on the HER each receive 50 pulses that vary in spacing from 100 to 
20 jis, but are constant in duration (55( ns) and amplitude (150 kV). The PFN, in this case, is a water-
filled Blumlein that is charged from a iual-resonant transformer and discharged by a magnetic switch. 
As in the MER, multiple sets of thyratr n pairs and energy-storage capacitors are used to pulse the 
primary circuit of the transformer in a repeated sequence. 

Magnetic Switches and Thyratrons. Same as the MER discussion above. 
Dipole Magnet I'ulser 
Scheme. The dipole magnets on each ring guide the beam by producing a magnetic field that 

increases in intensity as the beam gaint energy. The field is pulsed on during the total recirculation time 
for the beam (3 to 6 ms) in each ring. The great number of magnets in the system and the large energy per 
pulse dictate that the magnet pulsers must be rugged, very efficient, and inexpensive. Since only the 
rising portion of the magnetic field profile is used for beam guiding, an energy recovery network reroutes 
the magnet current back to the capacitor bank to recover the unused energy for the next pulse. A pulser to 
power the magnets will operate at a lo v voltage (450 V) but will much more energy (20 kj) than the cell 

Table C-3. Specifications of the ITT model F-232 thyratron.7 

Peak forward anode voltage 35 kV 
Peak reverse anode voltage 35 kV 
Peak anode current 2-10 kA 
Maximum average anode current 2.2 A 
Maximum All it 10 kA/us 
Maximum anode delay time 400 ns 
Maximum time jitter 5ns 
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pulsers previously discussed. The switch selected for the magnet pulsers is a high-power SCR, which is 
inexpensive and well suited to the range of voltage, energy, and PRF (10 Hz) required by the magnets. 

Silicon Controlled Rectifier (SCR or Thyristor). The SCR is a four-layer, three-terminal, solid 
state switch that will block the flow of current in the forward and reverse directions until a pulse of 
trigger current is introduced to the gate. Once triggered, the SCR conducts current from anode to cathode 
(forward direction) with very low loss. The switch will continue to conduct until the current drops below 
a holding-current threshold or until current has ceased long enough to recover an open-circuit state. The 
SCR also exhibits the characteristics of a rectifier by always blocking the flow of current in the reverse 
direction. 

The maximum ratings of the Westcode model R355C/A2W inverter-grade thyristor (Table C-4) 
illustrate the type of switch that will be needed for the dipole magnet pulser. 

Switches Under Further Consideration 
The switches briefly described below are advanced devices, some still under development, that 

exhibit performance characteristics of interest to recirculating ion accelerators. These switches were not 
selected for the schemes described above because of cost or unproven reliability. However, these 
advanced switching concepts may one day reduce the size and cost of future recirculating accelerators 
while increasing accelerator system efficiency. The switches are divided into three categories: 
command on-off switches, linear power-control devices, and optically controlled switches. 

Command On-Of t Switches 
Crossatron.9 The Crossatron is a crossed-field switch tube (orthogonal electric and magnetic 

fields) that combines the features of a thyratron with those of a vacuum tube. A gas discharge allows 
high switching currents, like a thyratron, but the current can be interrupted by the control grid, much 
like a vacuum tube. A constant source of plasma is established by a cusp magnetic field near the 
cathode and a source grid. Table C-5 lists demonstrated performance values. 

Table C-4. Specifications of the Westcode model R355C/A2W inverter-grade thyristor.8 

Repetitive peak voltage 1200 V 
Average on-state current 1020 A 
Peak non-repetitive current 19.8 kA 
dV/dt for off-state voltage 200 V/us 
dlldt for on-state current 1.0 kA/us 
Turn-off time 20-30 us 
Minimum holding current 1.0 A 
Minimum gate current 300 mA 
Minimum gate voltage 3.0 V 
Forward conduction resistance 236 uQ 

Table C-5. Specifications of the Crossatron.' 

Open-circuit voltage 40 kV 
Conduction voltage 200-500 V 
Anode current 500 A 
Closing rime 20 ns 
Opening time 50 ns 
Pulse repetition frequency 16 kHz 
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Gate Turn-Off Thyristor (GTO).i0 A GTO is similar to the four-layer thyristor described above 
except that the GTO can be switched off while the current is flowing. Turn off is obtained in a few 
microseconds by applying a reverse bias to the gate, but caution should be used because the anode current 
is crowded into small regions during tum off, which can damage the device.11 Typically, the reverse 
bias to the gate is applied only after the anode current is cut off by reversing the anode-cathode 
voltage. 

Other researchers10 have improved the high-frequency switching ability of the GTO by an 
interdigitated gate structure and a rectifier diode added across the gate-assist thyristor. Table C-6 
shows performance data for the GTO thyristor. 

Static-Induction Thyristor (SIT).™ The SIT is basically a vertical p-i-n diode structure with one or 
two gates imbedded in the intrinsic region of the structure. A single-gate SIT will have a gate ring 
surrounding the cathode (n+), and the double-gate SIT has gate rings around the cathode and the anode 
(p+). Turn on is achieved by establishing a forward bias on the gates, which reduces the potential 
barriers at the cathode and anode. Once the barriers are lowered, electrons are injected from the 
cathode and holes are injected from the anode into the intrinsic region. Both carriers transit the 
depletion layer and are collected by the gates on the opposite sides. Carrier collection by the gates 
increases the forward bias and further reduces the potential barriers. Tum off is achieved by a reverse 
bias on the gates. Table C-7 lists performance values for a double-gate static-induction thyristor. 

Linear Power-Control Devices 
Bipolar Junction Transistor (BjT).13 Transistors are three-layer devices, n-p-n or p-n-p, that behave 

as current-dependent current sources. A small base current controls the large collector current by reducing 
the potential barrier at the base-emitter junction. Minority carriers are injected from the emitter into 
the thin base region and pass on to the collector with very little carrier loss due to recombination. A 
transistor can serve as linear current con:rol device, when operated in the linear region, or as an on-off 
switch when operated in cutoff or in saturation. Modern transistors can handle large amounts of power 
with a single device. Table C-8 lists typical high-power performance data. 

Field-Effect Transistor (fET))* The FET is a three-terminal device that uses a gate potential to 
control the conductivity of a channel spanning the drain and source terminals. The control voltage, 
applied between the gate and the SOUP- .;, varies the size of the conducting channel by depleting the 
channel region near the gate. The junction FET has its gate attached to the channel through a p-n 
junction. The more popular MOSFET has its gate isolated from the channel by a very thin layer of 
silicon dioxide. In this device, the channel conductivity is indirectly controlled by the electric field 

Table C-6. Specifications of the gate-assisted turn-off thyristor.10 

Off-state and reverse voltage 1200 V 
Average on-state current 400 A 
dVldt for off-state voltage 200 V/us 
dlldt for on-state current 800 A/us 
Peak on-state voltage 2.4 V 
Turn-off time 6 (is 
Projected repetition frequency 10 kHz 

Table C-7. Specifications of the static-induction fhyristor.12 

Blocking voltage 1000 V 
On-state voltage 1.44 V 
Surge current 1000 A 
Tum-ontime 950 ns 
Turn-off time 480 ns 
Breakdown voltage 1740 V 



Table C-8. Specifications of the Wesbnghouse model 2N6841 bipolar junction transistor.1 

Collector-emitter voltage 450 V 
Collector-base voltage 750 V 
Continuous collector current 100 A 
Tum-on delay 200 ns 
Rise time 600 ns 
Storage time 5 us 
Fall time 600 ns 

surrounding the gate. Modern MOSFETs are high-power devices capable of controlling or switching 
large currents with high efficiency. Table C-9 lists typical high-power performance data. 

Optically Controlled Switches 
Photoconductive Switches (PCSs).*5 Photoconductive switches are two-terminal devices that use a 

light source to produce free carriers in an intrinsic semiconductor, such as Si or GaAs. The technique was 
first developed by Auston in 1975'5 and is now used as a very fast high-power switch. When the 
semiconductor is illuminated with photons that exceed the band-gap energy, the absorbed photon 
produces an electron-hole pair that raises the conductivity of the material. An intense light source 
(laser) will rapidly convert the semiconductor into a conductor capable of connecting elements in an 
external circuit. 

Photoconductive switches that operate in a linear mode conduct using only light-generated 
carriers. The linear PCS turns on and off when the light source turns on and off. Photoconducb've 
switches also operate in an avalanche mode that begins with absorbed photons but adds to that many 
more carriers generated by the electric field across the material. In the avalanche mode, the optical 
source no longer controls the flow of current. 

The list in Table C-10 illustrates the performance of a Si sivitch with Cr-Mo-Au contacts. The PCS 
was immersed in SF$ and illuminated with green light. 

Back-Lighted Thyratron (BLT)P The back-lighted thyratron is an optically triggered version of 
the pseudospark switch. The BLT conducts current between two electrodes using a low-pressure 
discharge that is initiated by illuminating the back side of the cold cathode. Commercial BLTs are 
available; the performance listed in Table C-ll is typical for a single-gap device. 

Table C-9. Specifications of the RCA field-effect transistor model 2N6766." 
Drain-source voltage 200 V 
Drain-gate voltage 200 V 
Continuous drain current 30 A 
Gate-source voltage ±20 V 
Tum-on delay 35 ns 
Rise time 100 ns 
Storage time 125 ns 
Fall time 100 ns 

Table C-10. Specifications of a photoconductive switch.16 

Switch voltage 125 kV 
Peak current 2 kA 
Electric field 82 kV/cm 
Photon energy 2.3 eV 
Optical energy 200 mj 
Mode Linear 
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Table C-ll. Specifications of a back-lighted thyratron, IAP model BLT-250.18 

40 kV 
20 kA 
10 kA 

>600 kA/|is 
<300nm 
<10mJ 
100 ns 
Ins 
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Appendix D. Conventional Quadrupole Magnet Design 
As discussed in Sees. 4 and 5, our design has selected the quadrupole focusing magnets to be 

superconducting to reduce power consumption and thereby to improve overall efficiency. In the course of 
this design study, however, we did consider the design of a conventional quadrupole, and some of the 
results of that portion of the study have wide enough applicability that we present them here. 

An attractive approach to a high-field-gradient quadrupole magnet design might be four coils 
whose currents arranged to approximated a cos 26 distribution, as shown in Fig. D-1. A suitable winding 
configuration would consist of multi-turn coil with segments parallel to the axis, spaced according to a 
discrete averaging representation to cos 20, as indicated in Fig. D-2. Such a winding pattern for each 
coil might, when flattened out, appear as the pattern shown in Fig. D-3. In this pattern, there is a 
spiral of N, turns into the center and a matching spiral back out again on a second layer. The use of two 
spirals preserves left-right symmetry. Each of the N, turns then has four segments (two of each 
polarity) parallel to the z axis and the equivalent of two full segments along the 8 direction. To first 
order, all the current components are either 12 or 1̂  Only the Iz components contribute to the effective 
quadrupole field pattern. Although the Ig components do indeed produce an extraneous contribution to 
the field, the integral of the resulting additional x and y components over z from -°° to +°°, as would be 
sampled by a particle on its trajectory, vanish to first order because of antisymmetric, cancelling 
contributions on either side of the field Ig current segment. The z component of the contribution from the 
Ig segments does not, but, since v x B will then vanish for the field produced by the Ig segments, we may 
neglect this extraneous component of the field and treat only the quadrupole pattern produced by the fz 

segments. As described above, for each of the N t turns, there are four Iz segments. 

Current 
I (6) = l„ COS 28 z ' ' 0 

Quadrupole 
field 

figure D-1. Looking down the z axis at the x-y quadrupole field generated 
by a sheet current Jz that has a cos 2fl variation. 
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QPole 

QPole 

Figure D-2. Cross section in tlie x-y plane with the magnetic field B resulting 
from one /- segiru.., at r,, is depicted for the field point at r. The cos W current 
distribution may be approximated by four spiral coils that straddle each of the 
four poles and whose windings have variable separation. 

Figure D-3. To achieve a dipole magnetic field from a cos 28 current distribution 
without significant contributions from current segments running perpendicular to 
the z axis, each coil is composed of two patterns, one spiraling inward and one 
outward. In the integration over all z, the Bx and By components from these lg 
contributions cancel. In this figure, we see one coil flattened out. In this exploded 
view, we see how left/right symmetry is preserved with the use of two layers. 
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For an lz segment of length L, we may define for each field point an effective length L,,ff given by 

.«=-4" B±dz 
(D-l) 

where the integral is taken along a line parallel to the z axis and running through the particular field 
point, where B^ is the transverse field resulting at each position in z from the lz segment, and where B0 

is the field at the intersection of this line with the perpendicular bisector of the Jz segment. One may 
show that 

i-cff = 2RLfuj£ ( D . 2 ) 

where «L >S t n P radius to the /2 segment and Pi is the ratio I./2RL. 
In a geometry in which there are Nt turns, each with four z segments carrying current / and located 

at angle 8,y and radial position r,y (where i is the tum index and / is the quadrant index), the y 
component of the magnetic field at point r is given by the expression 

Byo-,L,ff -ifi ± = & 
'=1 H ' '" (D-3) 

where L,y is the length of segment ij. If / is the ratio I r I /fy. and /} q is the ratio L^/Ri, where Lq is the 
length of the quadrupole, we may define the function K(/J<|, /, Nt) to incorporate these geometrical 
factors: 

N,//iqK(^./,N,) ^ £ £ S p i l 
>-l H | r _ r , i l (D-4) 

For geometries under consideration, K generally takes on values between 2.25 and 3.25. 
Typically, a quadrupole will consist of a number of such relatively thin coils stacked in successive 

radial layers, with R0 and K* the outer and inner radii of all the coils, and with a shell of 
ferromagnetic materia] surrounding ail the coils. The field Bfat a given poim is expressed by the sum 
over all the layers (index m) with a factor Kfc to account for the presence of the ferromagnetic 
material: 

ByLc„ = ̂ i y N,,m/mA,K(A1./m,N|,m) 
™Fem (D-5) 

For a = R0/R\, manipulation of the equations presented by Tanabc,' which account both for the 
thickness of the coil and for the presence of the iron, leads to the following definition for KF0, which 
reflects the presence of iron alone: 

lna + l ( l - J - | 

8 In a (D-6) 

This expression assumes that the ferromagnetic shell is thick enough that it docs not saturate. 
Typically Kpe assumes values between 0.5 and 0.75. 

The quadrupole coils generate a large amount of heat because of resistive losses; in our design, this 
heat is removed by a cooling fluid (water) flowing inside the conductor used to wind the coils. The cross 
section of the conductor is square, and it has a round concentric inner cooling channel. If a, is the ratio 
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between the inner diameters and outer thickness, if R c is the radius of the coil (in inches), and if we 
permit 3Q°C cooling water to rise 50'C in traversing the coil with a drop of 60 psi in fluid pressure, then, 
based on the relation found in Ref. 2, the maximum permitted current (in amperes) is given by 

Symbols Used 

L quadrupole length 
LQII effective quadrupole length 
Uj length of one current segment 
iq length of the quadrupoie 
Bo n i a g field on axis resulting from infinitely long quadrupole 
B± perpendicular field component in quadrupole of finite length 
RL radius to z current segment 
A. l/2RL 

8ij angular coordinate of z current segment 
ri; radial vector to z current segment 
r position at which field is calculated 
Nt number of turns 
/ Irl/RL 
A, (t. + 4 ) / R L 

4 conductor diameter 
Ri/Ro inner/out radii of coils 
a ratio of inner and outer radii 
at ratio of inner and outer diameters of conductor 
Rc coil radius 
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Appendix E. System Model Documentation 
This appendix documents the system model that was used in the system studies of the various 

recirculator configurations. The specific model documented here is tailored to the C-design recirculator. 
This systems model was implemented in a spreadsheet in Microsoft Excel 2.2 on the Macintosh. The 
system model is described in the three tables that follow. Table E-1 is a list of the symbols used in the 
model, categorized by major system or topics. Table E-2 is a listing of the relations that were used in the 
code, organized as in Table E-1. 

Calculation of the losses in the magnetic materials required a macro program because the losses 
change on every lap around the recirculator. Table E-3 lists the macro Macrovt written to calculate 
the magnetic material losses, including reset losses, for the C-design recirculator configuration. 

a Input variables E-1 



Table E-l. System model symbols. 
Code Variable description Symbol 

Accelerating Systems 
AS Maximum cross-sectional area required (m z) ACT 

AS a Additional core cross-sectional area desired (%) Afm 
AS Total core cross-sectional area (m 2) Atr 
AS Maximum total required flux (V-s) Bctot 
AS a Cell housing costs (S/unit) Cch 
AS 1 Cost (S/W peak) Ccp 
AS Cell housing costs ($) Cell housing costs 
AS Input power to cell pulsers (W) Cell Pulsers input 
AS Induction cell pulser losses (J) cell pulser losses 
AS Hard tube pulser cost Chtp 
AS Insulator costs (S/unit) Ci 
AS* Insulator cost ($/kg) Cikg 
AS Totai insulator cost($) Cit 
AS" Unit cost of magnetic material (S/kg) Cmm 
AS Continuous power requirements for induction cell pulsers (filaments, etc.) (W) Cont pulser power 
AS Induction core losses (J) core losses 
AS Cost of core material ($) core material 
AS" Reset pulser costs ($/W peak) Crp 
AS AB in core (T) dB 
AS AB/At (T/us) dBdt 
AS Reset AB/At (T/us) dBdTreset 
AS a Maximum AB used for loss data (T) deltaBd 
AS" Maximum A flux density (T) deltaBm 
AS Drive energy required per cell (J) Ecell 
AS 1 Maximum energy output per pulser (J) Ecpm 
AS Energy required at input to each pulser per pulse (J) Einpuls 
AS Magnetic material losses per cell (]) Emmpc 
AS Total magnetic material losses (J) Emmt 
AS Total required reset energy per pulse (J) Erlosspp 
AS a Maximum energy per pulser (J) Erpm 
AS Total required reset energy per cell (J) Ertotc 
AS Total required reset energy per sequence ()) Ertotps 
AS Hard tube pulser costs HT Pulser costs 
AS Drive current per cell (A) Icell 
AS Maximum drive current per cell (A) Icell Max 
AS Inductive current (A) He 
AS Magnetic loss current per cell (A) Iml 
AS Total insulator costs ($) Insulator costs 
AS Reset core loss current per cell (A) Iresetlossc 
AS Peak reset current (A) Iresetpk 
AS Peak Inductive reset current (A) Irind 
AS Total reset current per cell (A) Irpc 

* Input variables 



Table E-l. (Continued) 

Code Variable description Symbol 

AS Length of cell (m) Lc 
AS Cell Inductance <H) Lcell 
AS Total length of cells (m) Lctot 
AS Occupancy factor (% cell length occupied by magnetic material) Lfactorgap 
AS" Length allowed for Insulators and vacuum gap <m) X-ig 
AS Length of magnetic material in single cell (m) Lmmc 
AS Total Length of magnetic material (m) Lmmt 
AS Length of individual voltage correction cells (m) Lvcind 
AS Total length of voltage correction cells (M) Lvctot 
AS" Length of cell not occupied by METGLAS or vacuum gap (m) Lxtra 
AS Total number of cells Ncells 
AS" Total number of correction pulsers Ncor 
AS Number of ceiis per pulser Ncpp 
AS" Number of cells per quadrupole Ncpq 
AS Number of insulators Nins 
AS Number of pulsers Npulsers 
AS Number of reset pulsers Nrpulser 
AS" Continuous pulser power (W/puIser) (filaments, etc.) Pc 
AS" Packing factor of magnetic material PF 
AS" Magnetic material density (kg/m3) Pmm 
AS Continuous power requirements (W) Ppcont 
AS Total cost of induction cell pulsers ($) pulsers 
AS" Pulser efficiency Qcp 
AS" Reset pulser efficiency Qrp 
AS" w/(Ro - Ri) Rase 
AS Induction cell reset losses (W( Reset Loss power 
AS Induction cell reset losses (J) reset losses 
AS Additional cost for cell reset ($) reset pulsers 
AS" Insulator density (kg/m3) rhoins 
AS Magnetic material inner radius (m) Rimm 
AS Mean cell radius (m) Rmc 
AS Magnetic material outer radius (m) Romm 
AS Cell space factor Sfctrcell 
AS Fall time (s) Tf 
AS" Fall time (s) Tff 
AS Rise time (s) Tr 
AS" Rise time (s) Trf 
AS" Reset pulse duration (s) Trt 
AS" Magnetic material relative permeability um 
AS" Average cell voltage (v) Vc 
AS Magnetic material volume (m3) Vet 
AS Final voltage per cell (v) Vfc 
AS Initial voltage per cell (v) Vic 
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Table E-l. (Continued) 

Code Variable description Symbol 

AS Individual insulator volume (m 3) 
AS Reset voltage (v) 
AS Weight of individual insulator (kg) 
AS' Insulator thickness (m) 
AS Weight of magnetic material (kg) 
AS» Pulser type (PFN=1, hard tube=0) 
AS Drive impedance per cell 
AS Magnetic impedance 

Vin 
Vreset 
Win 
Wins 
Wmrat 
Xp 
Zdrive 
Zmc 

Ion Beam Parameters 
BP a/a bar final 
BP a/a bar initial 
BP a bar 1 final 
BP a bar 1 initial 
BP a bar squared final (JB) 
BP a bar squared initial (JB) 
BP a barA2/R final 
BP a barA2/R initial 
BP a o bar final 
BP a o bar initial 
BP p gamma squared final 
BP () gamma squared initial 
BP p final (rev) 
BP p initial (rev) 
BP Beam energy during acceleration (J) 
BP emittance final 
BP emittance initial 
BPa normalized emittance final 
BPa normalized emittance initial 
BP h* 
BP f 
BP g 
BP Gamma final 
BP Gamma initial 
BP Longitudinal instability gain (acceptable range <6) 
BP Final beam current per beam (A) 
BP Initial beam current per beam (A) 
BP Ko final 
BP Ko initial 
BP Final pulse length (m) 
BP Initial pulse length (m) 
BPa Number of beams 
BPa Final charge in single beam (C) 

aabf 
aabi 
ablf l 
abl i l 
absqfl 
absqil 
absqRf 
absqRi 
aobf 
aobi 
Beta_gammasqfl 
Beta_gammasqil 
Betafl 
Betail 
Eb 
emfl 
emil 
emnfl 
emnil 
etaht 
f 
g 
gammafl 
gammail 
Gli 
If 
lo 
Kofi 
Koil 
Lpf 
Lpi 
Nb 
Qb 
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Table E-l. (Continued) 

Code Variable description Symbol 

BP" Initial charge in single beam (C) 
BP Final beam pipe radius Rl (m) 
BP Initial beam pipe radius Rl (m) 
BP sigma o (exit) 
BP sigma of A 

BP sigma o (entrance) (rad) 
BP 1 sigma o (entrance) (deg) 
BP sigma o i A 

BP sigma final (JB) 
BP sigma initial (JB) 
BP sigma/sigmaO final 
BP sigma/sigmaO initial 

Qbi 
Rbpfl 
Rbpil 
sigmaOf 
sigmaOfht 
sigmaOi 
sigmaOid 
sigmaOiht 
sigmafl 
sigmail 
sigmasigmaOfl 
sigmasigmaOil 

Pipole System 
D Combined function magnet losses (J) 
D DC field component (T) 
D Final magnetic field (T) 
D Initial magnetic field (T) 
D" Maximum dipole field (T) 
D Peak magnetic field for time varying portion (T) 
D Maximum magnetic field (T) 
D a Administrative 
D Administrative costs for dipole manufacture ($) 
D a Pulser cost 
D a Cost of copper ($/kg) 
D Copper cost ($) 
D Cost per dipole ($) 
D Total cost of dipole magnet ($) 
D Cost of dipole magnet per kilogram (S/kg) 
D Subtotal for direct labor costs ($) 
D* Discount margin 
D Cost for discount margin for dipole manufacture ($) 
D» Pulser cost <$/J» 
D Direct cost subtotal for dipole manufacturer ($) 
D" Factory overhead 
D Cost of factory overhead for dipole manufacturer ($) 
D Iron cost ($) 
D Cost of iron ($/kg) 
D Potting material cost ($) 
D" Profit 
D Cost of profit for dipole manufacturer ($) 
D a Cost of stainless steel ($/kg) 
D Stainless steel cost ($) 

<CF) dipole losses 
Bddc 
Bdfinal 
Bdinit 
Bdm 
Bdtvpk 
Bo 
Cadmin 
Cadminst 
Ccfp 
Ccud 
CcudI 
Cd 
Cdipmagtot 
Cdipperkg 
Cdlst 
Cdmrgn 
Cdmrgnst 
Cdp 
Cdsubtot 
Cfovrhd 
Cfovrhdst 
Cidm 
Cirond 
Cpmd 
Cprft 
Cprftst 
Cssd 
Cssdt 
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Table E-l. (Continued) 

Code Variable description Symbol 

D" Tooling cost ($) Ctld 
D Dipole pulser losses (J) di pulser losses 
D Total dipole costs ($) dipole cost 
D Input power to dipole pulsers (W) dipole pulser input 
D Total dipole pulser costs (?) dipole pulsers 
D Maximum magnetic field energy incl. fringes (J) Ebd 
D Total maximum field energy—no fringes (J) Ebdf 
D Peak time varying field energy—w/fringes (J) Ecfbd 
D Peak time varying field energy—no fringes (J) Ecfbdf 
D Total max. drive energy required at mag. terminals for combined function (J) Ecfdm 
D Total maximum drive energy required at mag. terminals (J) Edm 
D' Maximum energy per pulser (J) Edpm 
D Total input energy per burst for combined function (J) Eincfdp 
D Total input energy per burst (J) Eindp 
EH Dipo le excitation frequency (Hz) Fdp 
D* Height of copper winding (*R) Hcd 
D Height of copper winding (*R) Hcd2 
D Height of copper winding (m) Hcdm 
D Height of dipole magnet (H/Rbp) Hdp 
D Height of dipole <*R) Hid2 
D Height of dipole (m) Hidm 
D* Length of dipole ends (fraction of beam pipe radius) Hid 
D a Horizontal thickness of iron yoke (*R) Htd 
D Horizontal thickness of iron yoke (*R) Htd2 
D Horizontal thickness of iron yoke (rn) Htdm 
D" Assembly (man-hr) Lassy 
D Assembly labor cost for dipole manufacture (S) Lassyst 
D a Length of copper ends (*R) Lcde 
D Length of ends (*R) Lcde2 
D Length of ends (m) Lcdem 
D Length of one turn of copper (m) Lcust 
D* effective length of dipoles (M) Ld 
D Length of dipole (m) Ld2 
D Total effective length of dipoles (m) Ldeff 
D Length of dipole (m) Ldm 
D Total mechanical length of dipoles (m) Ldmt 
D Additional mech. length/effective magnetic length Lfactord 
D a Fiducialization (man-hr) Lfid 
D Fiducialization costs for dipole manufacture ($) Lfidst 
D a Field mapping (man-hr) Lfldmp 
D Field mapping labor cost for dipole manufacture ($) Lfldmpst 
D" Magnetic field gap length <*Rbp) Lgd 
V Potting (man-hr) Lpott 
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Table E-l. (Continued) 

Code Variable description Symbol 

D Potting labor costs for dipole manufacture ($) Lpottst 
D> Labor rate ($/man-hr) Lrate 
D 3 Testing (man-hr) Ltest 
D Testing labor costs for dipole manufacture ($) Ltestst 
D 3 Winding (man-hr) Lwind 
D Winding labor cosi: for dipole manufacture (SI Lwindst 
D Number of dipoles Ndipole 
D Total number of dipole units Ndipoles 
D Number of pulsers Ndplsr 
D Number of dipoles per pulser Ndpp 
D 3 Density of iron (kg/m3) Pfed 
D Power input (W) Pincfdp 
D Total input power (W) Pindp 
D 3 Final dipole field conduction angle psif 
D Magnet losses (% of input energy) Qdm 
D 3 Additional magnet losses (]) (not including dc resistive losses) Qdml 
D Magnet efficiency Qdmag 
D 3 Efficiency Qdp 
D Minimum bend radius (m) Rbend 
D Beam pipe radius Rbp2 
D Beam pipe radius Rbp3 
D R inner core/R outer single beam pipe Rdcp 
D 3 Resistivity of copper (B-ml rhocu 
D Copper density (kg/m3) rhocud 
D 3 Iron density (kg/m3) rhoiron 
D 3 Stainless density <kg/m3) rhoss 
D Beam pipe wall thickness (m) Tbpw 
D 3 Thickness of copper winding (*R) Ted 
D Thickness of copper winding (*R) Tcd2 
D Thickness of copper winding (m) Tcdm 
D Volume (m3) Vcud 
D Dipole field volume (m3) Vdf 
D Magnet volume per beam (m3) Vdmpb 
D Magnet volume total (m3) Vdmt 
D Volume (m3) Vidm 
D Volume (m3) Vssd 
D 3 Vertical thickness of iron yoke (*R) VSd 
D Vertical thickness of iron yoke (*R) Vtd2 
D Vertical thickness of iron yoke (m) Vtdm 
D Copper weight (kg) Wcud 
D Total magnet weight Wdm 
D Width of dipole magnet (W/Rbp) Wdp 
D 3 Magnetic field gap width (*Rbp) Wgd 
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Table E-l. (Continued) 

Code Variable description Symbol 

D Width of dipole (*R) 
D Width of dipole (m) 
D Iron weight (kg) 
D Weight (kg) 
D* Beam pipe wall thickness (m) 

Wid2 
Widm 
Widm2 
Wssd 
Wthbp 

Extraction System 
EXT Extraction kicker magnetic field (T) 
EXT Cost of individual extraction kicker magnet ($) 
EXT Total cost of extraction kicker magnet ($) 
EXT Extraction pulser cost 
EXT Total extraction kicker field energy (J) 
EXT Extraction pulser energy (J) 
EXT Energy input to pulser (J/pulse) 
EXT Total cost of extraction magnets 
EXT Total cost of extraction pulsers 
EXT Power requirement for extraction (W) 
EXT Magnetic energy required for extraction (J) 
EXT Extraction kicker magnet length (m) 
EXT Number of extraction kicker magnets 
EXT Extraction kicker magnet weight (kg) 
EXT Total extraction magnet weight (kg) 

Injection System 

Bek 
Cekm 
Ctekm 
Ctekp 
Eek 
Eekp 
Eexkp 
Ext Mag costs 
Ext pulser cost 
Ext power 
Extraction Energy 
Lek 
Nek 
Wek 
Wtek 

INJ Injection kicker magnetic field (T) 
IN] Cost of individual injection kicker magnet ($) 
INJ a Cost of kicker per kg/cost of dipole per pound 
INJ J Cost of kicker pulsers (S/J) 
INJ Total cost of injection kicker magnet (S) 
INJ Injection pulser cost 
INJ Total Injection kicker field energy (J) 
IN] Injection pulser energy (J) 
INJ Energy Input to pulser (J/pulse) 
INJ Total cost of injection magnets (S) 
INJ Total cost of injection magnet pulsers ($) 
INJ Power requirements for extraction (W) 
INJ Magnetic energy required for injection (J) 
INJ Injection kicker magnet length (m) 
INJ Number of injection kicker magnets 
INJ a Percent of energy recovered in kickers 
INJ Injection kicker magnet weight (kg) 
INJ Total injection magnet weight (kg) 

Bik 
Cikm 
Ckd 
Ckp 
Ctikm 
Ctikp 
Eik 
Eikp 
Einkp 
Inj Mag costs 
Inj pulser cost 
Inj. power 
Injection Energy 
Lik 
Nik 
Perec 
Wik 
Wtik 
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Table E-l. (Continued) 

Code Variable description Symbol 

Ion Parameters 
IP' 
IP" 

Atomic mass number 
Charge state 

Matching Section 

AMN 

MS Extraction quadrupole cost (S) 
MS Standard quadrupole cost (S) 
I»IS Cost of extraction quadrupoles ($) 
MS' Extraction quadrupo'.e cost factor 
MS Total length of matching section 
MS' Length of matching section (m) 
MS Cost of matching quadrupoles ($) 
MS Number of extraction quadrupoles 
MS' Number of matching sections 
MS' Number of large quadrupoles in matching section (single beamline) 
MS Number of standard quadrupoles in matching section 

Physical Constants 
PC" Atomic mass units (amu) 
P C p* sigma o 
P C Velocity of light in vacuum 
P C 1 electron volt 
P C Permittivity of free space (F/m) 
P C Electron charge 
P C Permeability of free space (H/m) 

Quadrupole System 
Q Surface area of quadrupole set (m2) 
Q Ampere turns (A-turn) 
Q Quadrupole gradient (T/m) 
Q* Maximum quadrupole field (T) 
Q* Additional quadrupole cost ($/A-turn) 
Q 3 Conductor cost scale factor ($/A-turn) 
Q" Power supply and protection system cost ($/J) 
Q" Cost ($/kg) 
Q Conductor cost (S) 
Q Total cost of power supplies and protection ($) 
Q Total quadrupole cost per unit ($) 
Q Total superconducting quadrupole cost (S) 
Q* Refrigeration system cost ($/4000 quadrupoles) 
Q Total cost of refrigeration system ($) 
Q* Are dual function magnets being used? (yes = 0, no = 1) 
Q Conductor density factor (X.) 

Ceq 
Csq 
extract quad, costs 
Fqc 
Lms 
Lsms 
matching quad, costs 
Neq 
Nms 
Nqms 
Nsqms 

AMU 
Betai_sigmaOi 
Co 
Eev 
eo 
Qe 
uo 

Aqs 
AT 
Bgradq 
Bq 
Cascq 
Cfctrsc 
Cpsp 
Cqc 
Cscc 
Cscps 
Cscqpu 
Cscqt 
Cscr 
Cscref 
DFM 
Dsc 
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Table E-l. (Continued) 

Code Variable description Symbol 

Q Total maximum field energy (J) EBq 
Q 1 Quadnipole occupancy factor Etaq 
Q Half-lattice period (m> HLP 
<? Length of quadrupole ends (fraction of beam pipe radius) Hlq 
Q 3 Maximum allowable current density (A/m2) Jscm 
Q Additional mechanical length/effective magnetic length Lfactorq 
Q Effective quadrupole length (m) Lqeff 
Q Total effective quadrupole length (m) Lqefft 
Q Mechanical quadrupole length (m) Lqm 
Q Total mechanical quadrupole length (m) Lqmt 
Q/> Number of lead pairs per quadrupole set Nqlp 
Q Estimated number of quadrupoles Nquad 
Q Number of quadrupole sets Nquadsets 
Q" Density of iron (kg/m3) Pfeq 
Q Conduction heat load per quadrupole (W) Qconq 
Q 1 Magnet losses {% of input energy) Qoq 
Q 1 Heat from lead pair (W/kA-pair) Ql 
Q Total heat load from leads (W) Qipt 
Q Total quadrupole system heat load (W) Qqhl 
Q Radiation heat load per quadrupole (W) Qrq 
Q 1 Diagonal length/beam pipe diameter rdrbp 
Q Inner radius of superconducting quadrupole conductors (m) Rise 
Q Outer radius of superconducting quadrupole conductors (m) Rose 
Q 3 R inner accelerator core/R outer single beam pipe Rqcp 
Q Radius of quadrupole magnet (m) Rqs 
Q Total cost of superconducting quadrupole system ($) (incl supplies and refrig.) s.c quad, costs 
Q Volume of quadrupoles (m3) Vqs 
Q WeigW. of quidtupile seUV;%l 

Rinp Parameters 

VJ<j 

RPa Acceleration schd! (variable dur.=l; constant dur.=2; constant lengfh=3) 
RP B • Rho (T-m) (at output energy) BRhof 
RP B * Rho (T-m) (at input energy) B R h o i 
RP Circumference (m) Circb 
RP Circumference + matching section (m) Circt 
RP A enefgy for ring (eV) D e l t a E 
RP' Output energy of ring (eV) Ef 
RP 1 Input energy to ring (eV) Ei 
RP» Average repetition rate (Hz) Fo 
RP» Number of laps N l 
RP Single beam pipe radius (m) Rbp 
RP 1 Final pulse duration (s) Tfd 
RP' Initial pulse duration (s) Tid 
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Table E-l. (Continued) 

Code Variable description Symbol 

Transport System 
TS Cost of transport quadrupoles (S) Ctrq 
TS Length of transport section Ltr 
TS Number of quadrupoles Nqtr 
TS Total cost of transport quadrupoles Transport quad, cost 

a Input variables E-ll 



Table E-2. System model relations. 

Code Symbol Equation 

Accelerator Systems 
AS ACT =Bctot/(deltaBm*PF) 
AS Atr =Acr»(l+Afm) 
AS Bctot =<(Ef-Ei)/(Nl*Zq)>*(Tid+<Tr/2)+<Tf/2» 
AS cell pulser losses =(core_losses+celLind_energy)*((l/Qcp)-l) 
AS Chip =0.04 , tIcell ,Vic*Ncells 
AS Ci =Win*Cikg 
AS Cit =Ci*Nins 
AS core losses s'MacrovtMLossfE^EtP^Atr/rid/Tfd.Tr/rtBetail^etaflJVUUmm.Romm) 
AS dB =dBdt»(Tid+(Tr/2)+(Tf/2))*1000000 
AS dBdt ={((Ef-Ei)/Nl)/(Atr*PF))»0.000001 
AS dBdTreset =(dB/Trt)*0.000001 
AS Ecell =Icell*Vc*(Tid+(Tr/2)+(Tf/2)) 
AS Einpuls =(Ecell/Qcp)*Ncpp 
AS Emmpc =Emmt/Ncells 
AS Emmt =Evm*Vct 
AS Erlosspp =Ertotc*NceIls 
AS Ertoic =Vreset*Irpc*Trt 
AS Ertotps =Erlosspp*Nl 
AS Icell =Ilc+Iml+(Io*Nb) 
AS Iceil Max Calculated in Macrovt 
AS Ik =(Vc*(Tid+(Tr/2)+(Tf/2)))/(LceIl) 
AS Iml =Emmpc/(Vc*Tid) 
AS Iresetlossc =Lossreset/(Vreset*Trt*Ncells) 
AS Iresetpk Calculated in Macrovt 
AS Irind =(l/Lcell) ,(Vreset' ,Trt) 
AS Irpc =IiEsetlossc+(Irind/2) 
AS Lc =Lmmc/Lfactorgap 
AS Lcell =((uo*um»Lmmc)/(2»P10))»LN(Romm/Rimm) 
AS Lctot =(Lmmt/L£actorgap)-Sfctrcell 
AS Lfactorgap =Lmmc/(Lmmc+Lig) 
AS Lmmc =Rasc*(Romm-Rimm) 
AS Lmmt =Lmmc*Nceils 
AS Lvcind =Lc 
AS Lvctot =Ncor*Lvcind 
AS Ncells =(((Ef-Ei))/Nl)/Vc 
AS Ncpp =Ecpm/Ecell 
AS Nins =Ncells 
AS Npulsers =NceIls/Ncpp 
AS N'rpulser =Erlosspp/Erpm 
AS Ppcont =Pc*Npulsers 
AS reset losses Calculated in Macrovt 
AS Rimm =MAX(Rqcp7Rdcp)*Rbp 

' Input variables E-12 



Table E-2. (Continued) 

Code Symbol Equation 

AS Rmc 
AS Romm 
AS Sfctrcell 
AS Tf 
AS Tr 
AS Vet 
AS Vfc 
AS Vic 
AS Vin 
AS Vreset 
AS Win 
AS Wmmt 
AS Zdrive 
AS Zmc 

BP aabf 
BP aabi 
BP ablfl 
BP abl i l 
BP absqfl 

BP absqil 

BP absqRf 
BP absqRi 
BP aobf 
BP aobi 
BP Beta_gammasqfl 
BP Beta_gammasqil 
BP Betafl 
BP Betail 
BP Eb 
BP emfl 
BP emil 
BP etaht 
BP f 
BP g 
BP gammail 
BP gammail 
BP Cli 

BP If 
BP Io 

=((Romm-Rimm)/2)+Rimm 
=Rimm+SQRT(Atr/(Ncells*Rasc)) 
sLmmt 
=Tff 
=Trf 
=(PI()'l((RommA2)-(RimmA2))*Lmmt)*PF 
=Vc 
=Vc 
=2*PIO,(Rimm+0.05>*Wins*<Lig,2A0.5) 
Calculated in Macrovt 
=Vin*rhoins 
=Vct*Pmm 
=Vc/Icell 
=Vc/Iml 

Ion Beam Parameters 
=l+0.25*(SQRT(2*(l-COS(sigma0f»» 
=l+0.25*(SQRT(2*<l-COS(sigma0i))» 
=SQRT(absqfl> 
=SQRT(absqil) 
=((4 ,If*Rbpfl)/(4*PI0*eo*(CoA2)*(Beta_gammasqil)*sigma0fht*eta ht*Bq»* 

<l+SQRT<l+((<emflA2>*etaht*Bq*sigma0fht)/(BRhoi*Rbpfl*(KoflA2>)>)) 
=((4*Io*Rbpil)/(4*PI()*eo*(CoA2)*(Beta_gammasqil)*sigma0iht *etaht*Bq))* 

(l+SQRTU+<«emilA2)*etaht*Bq*sigma0ihtMBRhoi ,Rbpil* <Koil A 2»)» 
=<<8*If)/(4*Pi()*eo*<CoA2)*(BetaflA2)*sigma0fht*etaht*Bq)> 
=«8*Io>/<4*PI0*eo*<CoA2) ,<BetailA2)*sigma0iht*etaht»Bq)) 
=((1.2S*absqRf*aabf)-f-(SQRT((1.25*absqRf*aabf)A2+(4*0.01*absqRf))))/2 
=«1.25*absqRi'taabi)+(SQRT((1.25*absqRi»aabi)A2+<4*0.01»absqRi»))/2 
=(gammafl ,Betafl>A2 
=(gammail*Betail)A2 
=SQRTU-(l/<gammaflA2))( 
=SQRT(l-(l/(gammailA2))) 
=(Qb»Nb)»(Ef-Ei> 
=emnfl/(Betafl*gammafl) 
=emnil/(Betail'gammail) 
=SQRT(EtaqA2*CM2*Etaq/3))) 
=((Zmc»Zdrive)/(Zmc+Zdrive))/(Vc/(Io*Nb» 
=0.5+2*LN(Rbp/(MAX<aobi:aobf)» 
=1 +«Ef *Ee v)/((AMN*AMU)*(CoA2») 
=l+«Ei*Eev)/«AMN*AMU)*(CoA2))) 
=150*((Ef-Ei)/9000000000)*(25/Nl)*(2500/Circt)*((Tid/0.00000055)A2)* 

(1.5/g)*(0.0001/Qb)*f*((Betafl/0.327)A2) 
=Qb/Tfd 
=Qbi/Tid 
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Table E-2. (Continued) 

Code : Symbol Equation 

BP Kofi =(2*W)/(Beta_gammasqfl*BRho£*4*PI()*eo*(Co«2)) 
BP Koil =<2*Io)/(Beta_gammasqirBRhoi*4*PI()*eo*(Co*2)) 
BP Lpf =Betafl*Co*Tfd 
BP Lpi =Betail*Co*Tid 
BP Rbpfl =1.25*<ablfl*aab«+0.0l 
BP Rbpil =1.25»(ablil*aabi)+0.01 
BP sigmaOf =(Betail*gammail*signiaOi)/<Betafl*gammafl) 
BP sigmaOfht =SQRT<2*a-COS<sigma0f))) 
BP sigmaOi =(sigma0id/36O)*2»PI() 
BP sigmaOiht =SQRT(2»(l-COS(sigma0i») 
BP sigmafl =(2*HtP/aTjsqfl)»(emnfl/(Beta_gammasqfl>A0.5) 
BP sigmail =(2*HLP/absqil)*(emnil/(Beta_gammasqil)*0.5> 
BP sigmasigmaOfl =sigmafl/sigmaOfht 
BP sigmasigmaOil =sigmail/sigmaOiht 

Dipole System 
D (CF) dipole losses =(Ecfdm-Ecfbd)*2 
D Bddc =<Bdinit+Bdtvpk)*<Ld/lqeff) 
D Bdfinal =BRhof/«Circt/<2*PI<)))»(Ldeff/Circt)) 
D Bdinit =BRhoi/((Circt/(2*PM»)*(LdeH/CircO) 
D Bdtvpk =(Bdfinal-Bdinit)/2 
D Bo =Bdm/SIN(psif*2*PI()l(360)) 
D Cadminst =Cadmin*Cdsubtot 
D Ccudl =Wcud*Ccud 
D Ccudls =Ccudl 
D Cd =Cdipmagtot 
D Cdipmagtot =SUM(CdsubtobCdmi£nst) 
D Cdippeikg =Cdipmagtot/(Wssd+Wcud+Widm2) 
D Cdlst =SUM(LwindstLassyst! 
D Cdmrgnst =Cdmrgn*SUM(CdsubtotCprftst) 
D Cdms =SUM(AG1:AG74> 
D Cdsubtot =Cdms+Cdlst 
D Cfovrhdst =Cfovrhd"Cdlst 
D Cidm =Widm2*Cirond 
D Cidms =Cidm 
D Cpmd =(Ccudl/35)*5 
D Cpmds =Cpmd 
D Cprftst =Cprft*SUM(CdsubtobCadminst) 
D Cssdt =Wssd*Cssd 
D Cssdts =Cssdt 
D Ctlds =Ctld/Ndipoles 
D di pulser losses <(Eincfdp-Ecfdm)»2 
D Ebd =Nb*(l/uo)»Ldeff*!2*Rbp)»(Bo"2)*«Tcd*Rbp/3)+Rbp) 
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Table E-2. (Continued) 
Code Symbol Equation 

D Ebdf =((0.5*(BoA2)/(uo))*Vdf) 
D Ecfbd =Nb*(l/uo)*LdeH*(2»Rbp)*(BdtvpkA2)*((Tcd'Rbp/3)+Rbp) 
D Ecfbdf »=((0.S*(BdtvpkA2)/(uo))*Vd« 
D Ecfdm sEcfbd'tt+Qdm+Qdml) 
D Edm =Ebd*(l+Qdm+Qdml) 
D Eincfdp =Ecfdm/Qdp 
D Eindp =Edm/Qdp 
D HcdJ =Hcd 
D Hcdtn =Hcd2*Rbp2 
D Hdp =2*Vtd+Lgd 
D HidJ =Hdp 
D Hidm =Hid2*Rbp2 
D HtdJ =Htd 
D Hldm =Htd2*Rbp2 
D La£5yst =Lassy*Lrate 
D Lcde2 =Lcde 
D Lcdem =Lcde2»Rbp2 
D Lcust =(2*Ld)+(2*PI()*Kbp) 
D Ld2 =Ld 
D Ldeff =2*PI()',Rbend 
D Ldm =Ld2 
D Ldmt =<l+Lfactord)*Ldeff 
D Lfactord =(Rbp*Hld)/Ld 
D Lfidst =Lfid*trate 
D Lfldtnpst =Lfldmp*Lrate 
D Lpottst =Lpott*Lrate 
D Ltestst =Ltest*Lrate 
D Lwindst =Lwind*Lrate 
D Ndipole =(Ldeff/Ld)*Nb 
D Ndipoles =Ndipole 
D Ndplsr =Ebdf/Edpm 
D Ndpp =Ndipole/Ndplsr 
D Pincfdp =((Eincfdp-Ecfbd)*Fo)*2 
D Pindp =(Eindp-Ebd)*Fo 
D Qdm =1-Qdmag 
D Qdmag =l/(l-t((PI()*Lgd»thocu*Lcust)/(uo*(2*PI()*Fdp)*Tcd»Hcd*Wgd*Ld» <Rbp*2))» 
D Rbend =BRho£/Bdm 
D Rbp2 =Rbp 
D Rbp3 =Rbp2 
D Rdcp =(0.5*SQRT(Wdp / l2+HdpA2)+l)*IF(Nb=l,0,1) 
D rhoss 7947 
D Tbpw =Wthbp 
D Tcd2 =Tcd 
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Table E-2. (Continued) 

Code Symbol Equation 

D Tcdm »Tcd2»Rbp2 
D Void M2*HcdmTY:dmT.dmMHcdm,Tcdm*Lcdern> 
D Vdf =((2»Rbp)A2)*2*PI0*Rbend»Nb 
D Vdmpb «(«(Hdp»Rbp)»(Wdp*Rbp»-4*<RbpA2»*Ldmt> 
D Vdmt «Vdmpb*Nb 
D Vidm »((Widm»Hidm)-(Widm-(2*Htdm))»(Hidm-(2*Vtdm») ,Ldm 
D Vssd -PI0»«Rbp3+Tbpw)A2-<Rbp3>A2)' ,Ldm 
D Vtd2 «Vtd 
D Vtdm -Vtd2*Rbp2 
D Hfcud * Vcuii VhOiTEcd1 

D Wdm -VdmPPfed 
D Wdp =Wgd+(2*HtdM2»Tcd) 
D Wid2 =Wdp 
D Widm =Wid2*Rbp2 
D Widm2 =Vidm*rhoiron 
D Wssd =Vssd*rhoss 

Extraction System 
EXT Bek =0J7*(BRhof*sigma0fA2»Rbp)/(HLP*Ld) 
EXT Cekm =Ckd*Wek*Cdipperkg 
EXT Ctekm =Cekm*Nek 
EXT Ctekp =Eekp»Ckp 
EXT Eek =(4*RbpA2)*Lek*(BekA2)*Nek/(2*uo) 
EXT Eekp =2*Eek 
EXT Eexkp =Eekp*(l-Perec> 
EXT Extraction energy =Eexkp 
EXT tek =Ed 
EXT Nek =ROUND(Nb*(4.85/sigmsuf> /0) 
EXT Wek =<2*Rbp)*(8»Rbp)»Lek*Pfed 
EXT Wtek =Wek*Bek 

Injection System 
INJ Bik =0J7*(BRhoi»sigma0iA2*Rbp)/(Ld*HLP) 
INJ Cikm =Wik*Ckd*Cdipperkg 
INJ Ctikm =Cikm*Nik 
INJ Ctikp =Eikp*Ckp 
INJ Eik =<4*RbpA2)*Lik*(BikA2>*Nik/<2*uo> 
INJ Eikp =Eik*2 
INJ Einkp =Eikp*(l-Perec) 
INJ Injection energy =Einkp 
INJ Lik =ld 
INJ Nik =ROUND<Nb*(4.85/sigma0i),0> 
INJ Wik =(2»Rbp)'l(8*Rbp) ,(Lik)*Pfed 
INJ V.'tik =Wik*Nik 
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Table E-2. (Continued) 

Code Symbol Equation 

Matching System 
MS Ceq »Cscqpu"Fqc*Neq 
MS Csq =Nsqms*Cscqpu 
MS Lms =4*HLF*PI0/sigma0f 
MS Neq =Nqms*Nb 
MS Nsqms =((Lms/HLP)»Nb)-<Nqms*Nb) 

Physical Constants 
PC BeUi_sigmaOi ssigmaOi'Betail 

Aqs 
Quadrupole System 

Q Aqs »(2*PI()*Rqcp*Rbp*Lqm)+(Nb»2*PI(»*Rbp*Lqm)+(2*(PI()*(Rqcp*Rbp)A 

2-(Nb»PI0»RbpA2») 
Q AT =<l/uo)*Bgradq*«Risc+Rosc)A2) 
Q Bgradq =(Bq)/Rbp 
Q Cscc =Cfctrsc*AT*aqefi+Risc) 
Q Cscps =EBq*Cpsp 
Q Csoqpu =(Cscc+(AT*Cascq)) 
Q Csoqt =Cscqpu*Nquad*(2-DFM) 
Q Cscrff *((Qqhl/12000)A0.7)*15000000 
Q EBq =«Bq)A2/J2*uo)) ,(PI0*RbpA2»Lqmt*Nb)»0.5 
Q HLP =SQRTMsigmaOiht*Rbp*BRhoi)/(etaht*Bq)> 
Q Lfactorq =Hlq*Rbp/Lqeff 
Q Lqefl- =HLP'Etaq 
Q Lqefft =(EUq/(l-Etaq*(l+Lfactorq)))*(I.dmt+Lctot+Lvctot+Lvc+Lfcctot+Ldg) 
Q Lqm =Lqeff*(l+Lfactorq) 
Q Iqmt =Lqm*(Nquadsets) 
Q Nquad =(Lqefft/Lqeffl*Nb 
Q Nquadsets =(INT(Nquad)+(l-MOD(INT(Nquad)/Nb,D)*Nb)/Nb 
Q Qconq =Wq*0.001 
Q Qlpt =Nquadsets*Nqlp*Ql 
Q QqW =1.5*((Qrq+Qconq)*Nquadsets)+Qlpt 
Q Oq =0.6*Aqs 
Q Rise =Rbp+O-02 
Q Rose =Risc ,((((uo*Dsc ,Jscm)/(Bgradq))+l)/((uo*Dsc*Jscm)/(Bgradq)-D) 
Q Rqs =(Rqcp*Rbp)/(l+SQRT(2)) 
Q Vqs =Nb*PI0*(RqsA2-RbpA2)*Lqm 
Q Wq =Vqs*Pfeq 

Ring Parameters 
RP BRhof »<SQRT<Beta_gammasqfl)»AMN*AMU*Co)/<Zq*Qe) 
RP BRhoi «<SQRT<Beta_gammasqil)*AMN,AMU*Co)/<Zq»Qe> 
RP Circb iLqmt+Ldmt+Lctot+Lvcfot+Lvc+Lfcctot+Ldg 
RP Circt •rLqmt+Ldmt+Lctot+Lvrtot+Lms+Lvc+tfccto^Ldg 
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Table E-2. (Continued) 

Code Symbol Equation 

HP DeltaE =Ef-Ei 
RP Rbp =MAX(Rbpil:Rbpfl> 

Transport System 
=Nqb*Cscqpu 
=Lms 
=Nb*Lsms 
=SUM(N31:N405) 

* Input variables 

TS Ctrq 
TS Ltr 
TS Nqtr 

joules 
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Table E-3. Macrovt subroutine used to calculate magnetic material losses. 
Macrovt 

1 Loss (version 4/30/90) 
2 =RESULT<64> 
3 =ECHO(FALSE) 
4 =SET.VALUE(E1:KU3,0) 
5 .SET.VALUE(C5:C129,0) 
6 Ei =ARGUMENT("Ei"> 
7 «SET.VALUE(C7,Ei) 
8 Ef •ARGUMENTO'EP) 
9 =SET.VALUE(C9,Ef) 
10 PF =AKGUMENT("FF") 
11 =SET.VALUE(C11,PF> 
12 Atr =ARGUMENT("Atr") 
13 =SET.VALUE(C13,Atr) 
14 Tid -ARGUMENTCTid") 
15 =SET.VALUE(C15,Tid) 
16 Tfd =ARGUMENT("Tfd") 
17 =SET.VALUE(C17,Tfd) 
18 Tr =ARGUMENTCTr") 
19 =SET.VALUE(C19,Tr) 
20 Tf =ARGUMENTCTf) 
21 =SET.VALUE(C21,Tf) 
22 Betail =ARGUMENT("Betail") 
23 =SET.VALUE(C23,Betail) 
24 Betafl =ARGUMENT("Betafl") 
25 =SET.VALUE(C25,Betafl) 
26 Nl =ARGUMENT("N1") 
27 =SET.VALUE(C27,N1) 
28 Rimm =ARGUMENT("Rimm") 
29 =SET.VALUE(C29,Rimm) 
30 Romm =ARGUMENT("Romm") 
31 =SET.VALUE(C31,Romm) 
32 Teffinit =Tid+Tr/2+Tf/2 
33 T efff inai =Tfd+Tr/2+T£/2 
34 Tcoef =-LN(Tfd/Tid)/<LN(Betafl/Betail)> 
35 =SET.VALUE(C35,Tcoef) 
36 Vlap =(Ef-Ei)/Nl 
37 =SET.VALUE(C37,Vlap) 
38 Delta Binit =Vlap»(T_eifinit)*<l/Atr>*<l/PF) 
39 =SET.VALUE(C39,Delta_Binit> 
40 El =0 
41 Eindl =0 
42 Eresetl =0 
43 =SET.VALUE(C43,E» 
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Table E-3. (Continued) 
Macrovt 

44 Qbi =SET.VALL 2(C44,C132> 
45 Qb =SET.VALUE(C45,C133) 
46 Nb =SET.VALUE(C46,C134> 
4? Lcell =SET.VALUE(C47,C135) 
48 Ncell =SET.VALUE(C48,C136) 
49 =SET.NAM^("Alap",E2:E119) 
50 =SET.NAME("AEetalap",F2:F119) 
51 =SET.NAME("ATlap",G2:G119) 
53 =SET.NAMEI"AE)}"Ji2;Hn9> 
53 =SET.NAME("ATreset",I2:Ili9) 
54 =SET.NAMECAEreset"J2:J119) 
55 =SET.NAME("AIdrv"/K2:K119) 
5$ =SET.VALUE(EV'lap Number") 
5? =SET.VALUE(Fl,"Beta") 
58 =SET.VALUE(Gl,"PuIse Width") 
59 =SET.VALUE(Hl,"Core Loss") 
60 =SET.VALUE(Il,"Reset Time") 
61 =SET.VALUE(JV'Reset Voltage") 
6?. =SET.VALUE(Kl/'Drive Current") 
63 Ibeamf =Qb*Nb/(Tfd) 
64 =SET.VALUE<C64,Ibeamf> 
63 =FOR("lap",l,C27,l) 
66 =SET.VALUE(IWDEX(Alap,lap),lap) 
6? Betalap =Betail+(«Becafl-Betail)/(Nl))*(lap-l)> 
6a =S ET.VALUE(C68,BetaIap) 
69 =SET.VALUEaNDEX(ABetatap,iap>,Betalap) 
70 Tlap =(Tid*(Betalap/Betail) / v(-Tcoef))+(Tr/2+Tf/2) 
71 =SET.VALUE(C71,Tlap) 
72 =SET.VALUE(INDEX(ATlap,lap),Tlap) 
73 Delta Blap =Vlap*Tlap*(l/Atr)*(l/PF) 
74 =SET.VALUE(C74,Delta_Blap) 
75 Ell =139*PI()*(Romm+Rimm)*Atr»PF*((TlapnO000O0)A-O.8)*(DeHa_BlapA1.8) 
76 =SET.VALUE<C76,E11) 
77 =SET.VALUE(INDEX(AEll,lap),Ell) 
78 =SET.VALUE(E1,E1+E1I) 
79 =SET.VALUE(C79,E1) 
80 Imag =Ell/(Vlap*Tlap) 
81 =SET.VALUE(C81,Imag) 
82 Iind =(Vlap*Tlap)/(Lcell*Ncell) 
83 =SET.VALUE(C83/Iind) 
84 Eind =0.5*Lcell*(IindA2) 
85 =SET.VALUE(C85/Eind) 
86 =SET.VALUE(Eindl,Eindl+Eind) 
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Table E-3. (Continued) 
Macrovt 

Tieset 

Tresetmx 

Ereset 

87 
88 
89 
90 
91 
92 
93 Tresetmin 
94 
95 
96 
97 
98 
99 
100 
101 
102 Eresetmx 
103 
104 XH 
105 
106 XHmx 
107 
108 Vresei 
109 
110 Vresetnw 
111 
112 Qlap 
113 
114 Ibeam 
115 
116 Idrive 
117 
118 
119 Idrvmx 
120 Idrvmxl 
121 Emax 
122 
123 
124 Idrvmx2 
125 
126 Iresetmx 
127 
128 
129 

=SET.VALUE(C87,Eindl) 
=(C137/(BetaIap*300000000))-TIap 
=SET.VALUE(C89,Treset) 
=IF(lap=l,GOTO(B91),GOTO(B9Z)) 
=SET.VALUE(C94,Tresel) 
=SET.VALUE(INDEX<ATreset,lap),Tresel) 
=IF(C89<C94,C89,C94) 
=SET.VALUE(C94,Tresetmin) 
=IF(C89>C96,C89,C96) 
=SET.VALUE(C96/Tresetmx) 
=139*PI(r(Romm+Rimm; .itr*PF*«T"set*1000000)*- 0.8)*(Delta_BlapA1.8) 
=SET.VALUE(C98/Ereset) 
=SET.VALUE<INDEX<AEreset,lap),Ereset> 
=SET.VAUJE<Eresetl,EreseH+Ereset) 
=SET.VALUE(C101,Eresetl> 
=IF(C98>C103,C98,C103) 
=SET.VALUE(C103,Eresetaix) 
=Ereset/Delta_Blap 
=SET.VALUE(C105,XH) 
=IF(C105>C107,C105,C107) 
=SET.VALUE(C107,XHmx) 
=(Delta_Blap»Atr)/(Treset*Ncell) 
=SET.VALUE(C109,Vr»- -t> 
=IF(C109>C111,C109 /Clll) 
=SET.VALUE(Clll,Vresetmx) 
=Qbi-(«Qbi-Qb)/Nl)*(lap-D) 
=SET.VALUE(C113,Qlap) 
=Qlap*Nb/{Tlap-Tr/2-Tf/2) 
=SET.VALUE(C115,Ibeam) 
=Imag+Iind+tbeain 
=SET.VALUE(C117,Idrive) 
=Sf r.VALUE(INDEX(Aldrv,Iap),Idrive) 
=IF(C117>C120,C117,C120) 
=SET.VALUE(C120/Idrvmx) 
=E(C76>C122,C76,C122) 
=SET.VALUE(C122,Emax) 
=NEXT() 
=Idrvmxla-[beaml+MAX(Ibeaml,Ibeamfl) 
=SET.VALUE(C125,Idrvmx2) 
=XHmxl»2'PI0*Romm 
=SET.VALUE<C127,lresetmx) 
=SET.VALUE(C128/EI) 
=RErjRN(C128) 
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Appendix F. The CIRCE Code 
A recirculating accelerator for a heavy-ion fusion reactor requires detailed design of the lattice 

and the beam-acceleration schedule. The increase in the bend-magnet field strength must be matched to 
the energy gained by the beam per turn, and the time variation of the acceleration field should be 
chosen to balance approximately the beam axial space-charge force and to achieve the scheduled 
beam-pulse compression. The constraint that the undepressed phase advance per lattice period be less 
than about 80° must be satisfied at all times. In addition, the injection and extraction sections must be 
effectively invisible to the beam except during the first and last turns. 

A fast-running envelope code called CIRCE' has been developed to carry out the detailed lattice 
design for the LLNL recirculating heavy-ion accelerator on the Cray XMP and YMP computers. The 
model combines an envelope description of the beam transverse dynamics with a fluid-like treatment of 
axial dynamics. Appropriate terms are included to account for the effects of image forces, beam 
emittance, and space charge in the limit of paraxial motion. The beam is focused and accelerated by a 
user-specified lattice of time-varying quadrupoles, bending magnets, and accelerating modules. Here, 
we summarize the equations used in the model and discuss some aspects of the numerical methods used 
in the code. 

The set of envelope equations used here to model the beam transverse dynamics is similar to that 
first formulated by Kapchinskij and Vladimirskij2 and later adapted by Lee, Close, and Smith.3 The 
beam transverse distribution function is assumed to be uniform and elliptical in each phase-space plane, 
and in the absence of an axial magnetic field the coordinate-space ellipse may be taken to be unskewed. 
The formulation differs from the more rigorous envelope model of Chemin4 mainly in representing the 
beam space charge by a perveance term rather than obtaining it iteratively. As in Ref. 3, the treatment 
is first order in the ratio of the beam radii and centroid displacements to the beam-pipe radius R. This 
approximation makes it appropriate to represent bending magnets and quadrupoles by idealized 
expressions and to neglect higher-order multipole fields. In the present version of the code, only single-
function magnets are used, and axial fringe fields are neglected. Although the ion mass is multiplied 
where it appears by the Lorentz factor y, derivatives of yare small enough to be dropped from the ion-
motion equations. Also, we assume a circular beam pipe of infinite conductivity. 

With these assumptions, the coupled envelope equations for the coordinate-space radii may be 
written as 

ds2 Pdsds [Bp] a3 a + b R2 p 2 ( F . ] a ) 

dlk+ldidb= lLb+f$-+^Z—f!Lb 

is2 Pdsds [Bp] 1,3 a + b R* ( p . l b ) 

The notation of Ref. 3 is used here without modification. The co. - Jinate s is distance around the axis of 
the lattice, and x and y are respectively the spatial coordinates in and perpendicular to the plane of 
the lattice, with a and b being the beam coordinate-space radii in the x and y directions. The transverse 
gradient of the s-dependent quadrupole field is denoted by W, with the sign being determined by the 
magnet orientation. The magnetic rigidity [Bp] in the quadrupole-focusing terms is given in SI units by 

[Bp] = PyMc/qe ( F -2) 

where M and q are the ion mass and charge state, /? is the ratio of axial velocity to the speed of light c, 
and yMc2 is the total energy of beam ions. The perveance K in the space-charge and image-force terms is 
defined as 

y _ 1 2qeh 
4 *«o </3tf3 Mc3 ( F _ 3 ) 

F-l 



where lb is the beam current in amperes and Eo is the free-space permittivity. The beam transverse 
temperature is accounted for in Eq. (F-l) by the terms proportional to the unnormalized emittances Ex 
and fy, which are calculated in the present version of the code by assuming that the normalized-
emittance components /3jex and j3jEy are constant. The image-force terms in Eq. (F-l) were derived in 
Ref. 3 by assuming that the centroid of the elliptical beam is displaced a distance X « R from the axis 
of a straight beam pipe. With this assumption, the form of the coefficient / is 

4R2 R 2 
1+1 | 

81 R ' 
.,212 

(F-4) 

The presumption of a straight beam pipe substantially simplifies the algebra and is appropriate when 
the bend radius p is much larger than R. The two terms in Eq. (F-l) that differ from the envelope 
equations in Ref. 3 arc -alp2 in the a equation, which accounts for curvature of the beam-pipe axis with 
a local bend radius of p, and the dpVds terms, which arise from changing the independent variable from 
(to s. An approximate expression for dp/ds is obtained directly from one of the equations for 
longitudinal motion, which are presented later. 

As in Ref. 3, an equation for tin lattice-plane centroid location X is obtained from a distribution 
average of the single-particle motion equations. The resulting equation may be written in the form 

i iX . + lMi i = ± _ B l X + [ l -Il.\+SEx-^. 
ds2 p ds ds \Bp) IBp] (F-5) 

where the image-force coefficient g is given in the straight-pipe paraxial limit by 

g(a,b,X) = \* o1-*2 +£. 
4R2 R2 . 

1 + a| , ^l> 2 - f ' 2 1 2 " 
(F-6) 

The term -X/p 2 in Eq. (F-5) again accounts for the lattice curvature, and we have chosen to use fly 
explicitly in the momentum-difference term so that a bending field may be applied for extraction in a 
straight section of the lattice. The corresponding equation for the centroid y-position is not included in 
the present code version. 

The effects of the beam axial space charge are crucial to the operation of a heavy-ion recirculator 
both because the beam current affects the phase-advance depression and because the beam must be 
finally compressed to a small fraction of its initial length. To model axial dynamics, we treat slices of 
the beam as Lagrangian fluid elements characterized by an axial velocity /3c and the time T at which 
the slice arrives at an axial location s. This approach implicitly assumes that the beam has a 
negligible longitudinal temperature and that the slices remain approximately collinear. If the slice 
boundaries arc presumed to remain perpendicular to the beam-pipe axis, then the equation for T is found 
from orbit kinematics to be 

Ai
ds pc a-i pi (F-7) 

where we have again assumed paraxial motion. An approximate equation for /) is obtained by retaining 
only the electrostatic force in the single-particle motion equations and averaging the axial component 
over the elliptical beam cross section: 

4 1 . 
ds pMc2 

( l + X ) ( £ c : + EX) 
(F-8) 
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Here, the average external electric field E c x, is approximated by the voltage across accelerating 
modules divided by the gap length. The axial electric held induced by the change in bend-magnet field 
strength is neglected here, because the field has a peak strength that is less than 0.1% of the average 
accelerating gradient and furthermore has a null on axis. The space-charge field Ex is approximated by 

^-_j_fi„|_2sL-)+i|f±U)+Affil 
4**01 U^+fc2/ 2lldTW 0dsl (F-9) 

where the line-charge density X for a slice containing charge AQ is estimated from 

A _ AQ 
0c te (F-10) 

In deriving Eq. (F-9) for the space-charge field, the radial electrostatic field is assumed to vary over a 
much shorter scale length than Esc, and the continuity equation is used to convert derivatives with 
respect to s into T derivatives. When Eq. (F-9) is substituted into the fi equation Eq. (F-8), the resulting 
equation can be rearranged to give an equation for dfi/ds in terms of Ecxt and the time derivative of A//}. 

Equations (F-l) through (F-10) are recast in the code as a set of eight first-order equations and are 
integrated by a conventional fourth-order Runge-Kutta method. A constant step size in s is used except 
near the boundaries of a lattice element, where the step is chosen to land on each boundary. The results 
are insensitive to the choice of step size so long as there are 15 or more integration steps per lattice 
element. Since the envelope Eqs. (F-l) are quite complicated and may include quadrupoles of any 
length, commonly used expressions5 for the matched values of a and b averaged over a lattice period are 
not generally useful for initializing the equations in equilibrium. Instead, we integrate the equations for 
a slice near the beam midpoint over the first full lattice period and adjust the initial values of the 
beam radii and their derivatives until they equal the corresponding final values. 

An important aspect of the code is the lattice specification. The user may specify an arbitrary 
number of distinct lattice elements, specifying such properties as length, aperture, strength, and bend 
angle. At present, the element types allowed in the code are drifts, accelerating gaps, sector bend 
magnets, and quadrupoles, but solenoids and higher-order multipoles could easily be added. Each 
lattice element is given a name by the user, and lattice sections may be defined by listing names of 
previously defined elements and subsections along with the number of times the listed items are 
repeated. The final such grouping of subsections is treated as the complete lattice, and the specification 
is checked to determine whether the lattice is a closed loop. 

To facilitate code use, the code has a lattice "self-design" option. The main assumption used to 
modify the lattice parameters is that energy is gained linearly with distance s around the ring. Using 
this assumption, we can set the time-averaged voltage across accelerating gaps and the strengths and 
time derivatives of the bend-magnet fields. Also, some compensation for longitudinal space charge is 
possible by imposing an appropriate time variation on the accelerating voltage. In CIRCE, this voltage 
is allowed to vary with time up to quadratic order, and the voltage-correction terms are calculated 
from a four-term Legendre-series representation of the initial beam space charge. 
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Symbols Used 

a,b radii of beam phase-space ellipse in x,y 
£»% un-normalized omittances in x and y directions 
X transverse coordinate in plane of ring 
y transverse coordinate perpendicular to plane of ring 
K perveance (defined in text) 
[Bp] magnetic rigidity 
B' transverse gradient of quadrupolc field 
P bend radius of bend magnets {net average bend radius) 
R beam-pipe radius 
s axial coordinate along beam-pipe axis 
P v/c 
y «-f?v- 1 / 2 

M ion mass (kg) 
c speed of light 
1 ion charge state 
e magnitude of electron charge 
f.8 image-force coefficients from Ref. 3 
eo free-space permittivity 
/b beam current in amperes 
x,y beam centroid location in x, y 
By bending-field strength 
T(S) arrival time at location s 
Eext external electric field component in s-direction 
&* space-charge field component in s-direction 
X line-charge density of beam 
i beam charge 
dq charge in a slice AT in duration 
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