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RF System Considerations for Accelerator Production of Tritium and the
Transmutation of Nuclear Waste*
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Los Alamos National Laboratory, M/S H-827

P.O. Box 1663,Los Alamos, NM 87545 (505) 667-1197

Abstract the accelerator becomes larger and more expensive, be-
cause the accelerator, like a microwave tube, scales with

RF driven proton accelerators for the transmutation of nu- wavelength. Each accelerating cavity is 13k/2long, where 13

clear waste (ATW) or for the production of tritium (AFF) isthe proton velocity normalized to the speed of light and h

require unprecedented amounts of CW RF power at UHF is the RF wavelength. If the frequency is made too high,

frequencies(l). For both systems, the baseline design is for the cavities become too difficult to c.x_l,and one must rain-
246 MW at 700 MHz and 8.5 MW at 350 MHz. The main iaturize the radial-focusing system, both of which increase

technical challenges are how to design and build such a the costs of the system. In practice, abroad t;requencyspec-

large system so that it has excellent reliability, high effi- trum from about 200 to 400 MHz is considered optimum

ciency, and reasonable capital cost. The issues associated for the low energy (and hence low-13)section of the accel-
with the selection of the RF amplifier and the sizes of the erator. In the design presented here, the lowenergy end of

power suppii_s are emphasized in this paper, the accelerator operates at 350 MHz, which is near the
highest end of the allowable range yet at a frequency where

Introduction reliable 1-MW CW klystrons have been developed.

For the acceleratorproduction of tritium andthe accelera- An outline drawingof the accelerator along with its physi-
tor transmutation of nuclear waste projects, a 200-MW cal scale is shown in Fig. 1.Two proton injectors are used,

CW proton beam is used to produce neutrons at a target, and each provides 100 mA CW, at 75 keV.
and the neutrons then transmute material in desired ways.

In the ATW project, a range of proton beams from 50 to The beams are then accelerated at 350MHz by a radio-f re-
300MW has been considered, but the 200 MW case is used quency quadrupole (RFQ) accelerator and a drift tube

here for illustrative purposes. The power in the proton linac (DTL) to 20 MeV. The two legs of the accelerator,

beam in the design discussed here comes from the power which are out of phase by 180°, are combined in a funnel

grid, via dc power converters and a klystron RF system, deflection system. The 200-mA combined beam is then ac-

The 254 MW RF syst6m is almost larger by a factor of 10 celerated by 700-MHz RF power in a bridge-coupled drit't

than any yet built in terms of average power. The largest tube linac (BCDTL) and then by a coupled-cavity linac

installations of CW RF power are in large electron-posi- (CCL) to the final beam energy of 1000 MeV.

tron collider rings, the TRISTAN main ring at KEK in Ja-
pan and LEP at CERN in Geneva (2,3). TRISTAN cur- The details of the various accelerating structures are not of
rently has 30 MW installed at 508MHz, and LEP plans to concern, but in the present design, they are normal-con-

increase its RF capability at 352.6 MHz from 16MW to 32 ducting, standing-wave structures. This latter property,
MW by 1995. Both of these rings use klystrons with from which provides one technical challenge, means that each

1.0 to 1.3 MW CW output power, accelerator section behaves like a parallel LRC circuit:

when it is empty, it reflects microwave power for time du-
Protons are almost 2000 times heavier than electrons, and rations that are small compared to I/Q.

thus low frequencies (below 1GHz) are optimum for accel-
eration purposes. However, as the frequency decreases, The coupling between the accelerator tanks and the

• WorksupportedbytheUSDepartmentofEnergywithLosAiamos klystrons is made with an iris, which is designed so that

NationalLaboratory Program Development Funds. there is a good match at the design beam current. Whcn
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Fig. 1. Overall schematic of the APT/ATW accelerator.

the beamis accelerated,theproton beamis(to firstorder) The sizeof the amplifier wasconstrainedby the fact that
a resistor in parallel with the first resistor, which is the the accelerator designerswould like to havehundredsof
measure of the Ohmic losses in the cavity, phase and amplitude controls along the machine to accu-

rately control the proton beam position in phase space. Be-

A significant technical challenge is to maintain the cavity cause the machine requires a minimum of 254 MW of RF

fields to a tolerance of less than +_1% in amplitude and power, plus a 10% allowance for control margin, plus a 5%
less than 1° inphase, with a bandwidth above 100kHz. This margin for power supply ripple and waveguide system

control problem is solved with a pick-up loop in each cavity losses, a 1 to 1.25 MW saturated power for the amplifier

and a fast analog-feedback loop around each klystron. The was chosen. The list of amplifiers as used on the accelera-
necessity for accurate control of the fields forces the oper- tor is shown in Table 1. The total number of amplifiers is

ating point of the klystrons to be less than the saturated 376, and the amplifier of choice is the klystron, since it is

output power, and a control margin of 10% is required, the only amplifier that is a viable, demonstrated performer

which significantly reduces theoverall efficiency of the sys- at these frequencies and power levels. Although the

tern. Another problem with proton accelerators is that the klystron represents rather old technology, the existing

proton's 13keeps changing with energy until the proton en- 1-MW klystrons at CERN and at TRISTAN are demon-

ergy is well above the rest mass energy of 938MeV.Toover- strating saturated efficiencies of 65 to 68%, along with

come this, the entire accelerator structure has been de- mean time between failures (MTBFs) of at least 20,000

signed to be synchronous with the local value of 13.Howev- hours. While a larger amplifier would probably reduce sys-

er, ira single RF amplifier fails, the synchronous property tem costs, a higher-powered klystron would operate at

of the accelerator is lost for all higher energies. This makes higher voltages, and have more power density in the beam

the proton accelerator much less tolerant of a failed ampli- and through the output window.

fier than an electron machine, and it is correspondingly

more difficult to meet a given reliability goal. The alternative method of producing neutrons for trans-
mutation applications is with a fission reactor. Although

Baseline Technical Choices this technology is well established, it is politically and envi-

ronmentally controversial. Thus, the accelerator demon-

_e major problems encountered in designing the RF sys- stration must be lowrisk, and use established technology to
tern are the choice of RF amplifier, the size of the RF am- be competitive. Both higher power generators and more

plifier, the number of dc power supplies, optimization of efficient amplifiers are desirable options for a second-gcn-

dc-to-RF efficiency, and how to design the system for high eration accelerator, but the first design should be conser-
availability and moderate cost. In the design work to date, vative.

these problems appear solvable.

The power supplies for large accelerators are usually sized
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for onlyone or two klystro_s, but the existing proton accel-

erator at the Los Alamos Meson Physics Facility has 44 A major advantage of the large power supply is that it can

klystrons in groups of 6 or 7 attached to each power supply, be built just like half of the large ac-to-dc-to-ac converter

Because klystrons have high levels of isolation between the systems that are used to join utility grids. These converters

dc and RF portions of the device, there is no reason why can operate with the superlative reliability and efficiency

many klystrons cannot be connected to the same power required for utility operation, and they are produced by a

supply. In the design-optimization process, three options fewlarge vendors. The cost per watt is much lower than for
were considered: 1, 8, or 188klystrons connected to each a conventional few-megawatt power supply. The Atrl'/

power supply. The power-supply costs per watt become ATWsystem must operate with an availability of 75% aver-
smaller and smaller as the power-supply size is increased, aged over each year. Preliminary analyses of the MTB Fs of

and vendors' estimates were that the cost per watt scales as the major subsystems of the RF system (power supplies,

p-0.5, where P is the power rating of the pa)wer supply. By power conditioning, the RF amplifier, the cooling system,

doing a simple analysis of the MTBFs for the system, we and the low-level control electronics) indicate that the RF

found that both the 8 and 188amplifiers connected to a systemavailability can be in the 95% range without tempo-

single power supply would meet the 93% availability goal nent redundancy provided that between 50and 75% of the

for the RF system. For the baseline design, we chose the RF system failures can be predicted rather than just expe.

larger power supplies. A complication quickly arose, how- rienced.
ever.

To predict failures, we propose that there be a maintc-

With the smaller power supplies, whenever one klystron nance shift of 8 hours each week and that the RF system

arcs, the power supply is "crowbared" (shorted out by a modules be heavily instrumented. Before the maintenance

high speed switch) in a few _s, and then the supervisory shift, diagnostic readings of the failing components would
computer turns the power supply back on once the klystron be printed to guide the maintenance-shift activities. All

arc has cleared and the vacuum in the tube is back to nor- subsystems not being worked on would remain operational

:nal levels. The large power supply still requires a crowbar to minimize the start-up transients on the system. The cx-

for each bank of 8 klystrons, but inaddition it needs a fast- tra diagnostics in the klystron's case include the arc rate,

opening electronic switch in series with each bank of gain, and modulation-anode current. These would bc

klystrons. The opening switch opens and the crowbar monitored and available as charts. Therefore, ifa particu-

closes whenevera klystron arcs, and the large power supply lar klystron would be found either t¢_ close to its end-el'-

remains in operation. The series opening switch is a diffi- life values or if it is trending too rapidly to these values, the

cult and perhaps expensive technology, and the additional klystron would be replaced at the next maintenance shift.

costs may offset the savings from the large power supply. In addition, all of the solid-state switches in the powcr sys-

The dynamics of this trade-offare still under investigation, tern would be under-rated, instrumented, and dcsigncd to

fail in the shorted mode. Thus, these components w¢_uld
i i , , ,i

Cavity Type Frequency Number of Total RF Pew- RF Capability
RF Genera- er Required
tors

RFQ 350 MHz 6 3.6 MW 4 MW

DTL 350 MHz 4 4.9 MW 6 MW

BCDTL 700 MHz 24 22.5 MW 30 iW

CCL 700 MHz 342 223,2 iW 342 MW

Table 1, Frequency and number of RF amplifiers for the APT/ATW accelerator,
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experience gradual failure and operate well with somc the effects of space charge are reduced. However, high

failed components. When the instrumentation indicates voltage is not easy to deal with, and low currents and high

that the reserve margin is becoming too small, mainte- voltages may be more costly than lower efficiencyat a more

nance could be performed at the next opportunity. With mcxterate voltage. Here again, system studies and exper-

strategies such as these, most of the failures could be antic- imental verification are required to optimize the choices.

ipated with only a small penalty in replacement costs. At the Los Alamos Meson Physics Facility, three separate

types of RF generators were developed for the 805 MHz

TechnologyImprovements portion of that accelerator, and there were only 44 RF gen-

eratorsneeded for that project. With several hundred gen-
The conventional klystron at the 1-MW power level is a erators required for the APT/ATW project, several types

well proven but veryconservative solution to the amplifier of generators should be investigated, the the one with the

problem for this power _stem. The costs of a power system best combination of reliability and capital costs chosen.

generally scale as p-0.5, where P here is the RF amplifier Only time and a well-funded developmental program will
unit p_er. Thus, if a 2 MW klystroncould be developed, determine the merits of these devices fl)r such applica-
the capital costs of the RF system would be reduced by tions.
about 40%, but there would likely be a reliabilitypenalty.

The reliability penalty is difficult to estimate, so this trade References
can only be performed by actually developing new devices
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