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Summary

The 300 mA 10 MeV proton accelerator designed for
the ZEBRA (Zero Energy BReeder Accelerator) Project is
a test accelerator to demonstrate construction and
operation techniques required for the cw injector of an
accelerator breeder that could produce fissile material
for nuclear power stations. The technology development
program underway at CRNL is described in the context of
the overall goals of the program. Developments in ion
sources, radinfrequency quadrupole structures, drift-
tube structures, beam transport, diagnostics, controls
and modeling will be highlighted. Status of the ZEBRA
project and the high power pre-ZEBRA experiments is
given with a projection on future ZEBRA related activi-
ties.

Introduction

The ZEBRA (Zero Energy BReeder Accelerator)
project is the first stage of a four stage development
program® leading to an accelerator breeder based on
300 MW of proton beam power. A four stage program was
proposed because of the high cost of a full power
facility and because of the opportunity presented
between stages for a review of the overall program
taking into account technological developments and
economic changes. Each stage provided a facility that
could be justified on its own merits. For example, the
second stage, based on a 70 mA 200 MeV accelerator,
would be an excellent faci]ityz for fundamental
materials and basic neutron physics research using
ample neutron fluxes generated in a 1liquid metal
target. This paper focuses on activities leading to
the first stage and the first stage project itself.
More information on the different stages can be found
in reference 1.

The ZEBRA project included the design, con-
struction and testing of a 300 mA 10 MeV proton
accelerator operating continuous wave. Five years ago,
it was felt necessary to begin launching the first
stage of an accelerator breeder program in order that a
300 mA 1000 MeV accelerator breeder could be com-
missioned at a time when additional fissile material
would be required (in about 30 to 40 years). Over the
past five years, more uranium has been discovered in
Canada and elsewhere, and at the same time the nuclear
industry has suffered a slump worldwide. Although
electronuclear breeding remains a Tlong term goal of
RECL, it was decided that the ZEBRRA project would be
postponed; however, generic work and some pre-ZERRA
activities would continue.
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Layout of ZEBRA - a 300 mA 10 MeV proton
linac.

The ZERRA project, when it was being planned, was
to be the focus of a new Tlaboratory Tlocated in.the
province of Quebec. In addition to the cw 300 mA
10 MeV proton T1linac, other related activities were
heing planned to give the new laboratory a well rounded
research and development program. With the focus post-
poned, the new laboratory has also been postponed.

The ZERRA project was estimated to eest $150 M
including manpower and overhead for the first ten year
operating period with a staff level reaching about 170
by the end of the period. The ZERRA accelerator was
estimated to cost $20 M for hardware and installation
with the Taboratory and office building estimated at an
additional $25 M,

ZEBRA

Figure_ 1 shows a layout of the proposed 7FERRA
accelerator®., A 75 kV dc proton injector would have
delivered 375 mA of analyzed proton beam with required
beam properties to a 108 MHz radiofrequency quadrupole
(RFO) structure. The ion source-injector would have to
operate from zero to full current with the output beam
always matching the RFQ acceptance. In addition, the
injector was to operate dc with appropriate beam dumps
for unwanted species and with suitable diagnostics.
The ion source was to be based on successful work with
muiti-aperture duoPIGatron plasma generators. The
3.7 m RFQ, requiring about 1 MW of rf power, would have
bunched and accelerated 305 mA of protons to 2 MeV for
transport to a 216 MHz drift tube linac (DTL). The
70 mA of lost cw beam in the RFQ would have represented
a significant gas load, a factor dictating the large
number of cryopumps at this Tlocation. The lost beam
could have led to possible vane erosion, a problem
which would have been investigated in other devices
before beginning ZEBRA design. The post coupler stabi-
lized DTL would have accelerated the 2 MeV beam to
10 MeV in two tanks, delivering 300 mA to an appropri-
ate beam stop. Fach 4 m length DTL tank would have
required a total rf power of 1.5 MW for structure
losses and beam. One of the 3 MW proton beam stops
would have been liquid metal to gain experience with
Tiquid metal curtains prior to launching work on the
second stage of the accelerator breeder program.

ZEBRA serves as the injector for an accelerator
breeder with full current but only 1% of the final
breeder energy. The 10 MeV output energy was selected
as a compromise between being Tlow enough to keep
facility cost reasonable and being high enough to study
aspects of launching a satisfactory beam for an
accelerator breeder. ZEBRA was being designed as an
experimental facility that would investigate multi-tank
operation, high beam loading of different rf
structures, overall beam control, engineering tech-
niques, remote-handling methods, and suitable non-
destructive and non-intercepting heam diagnostics.
Although the 108 MHz rf sources would have been
triodes, discussions with manufacturers indicated that
the 216 MHz rf sources could have been klystrons.
Vacuum would have been provided by diffusion pumps in
the injector area, cryopumps in the RFQ area and ion
pumps in the DTL area. A possible additional area for
study was funneling of two beams from two 108 MHz RFQ's
into the 216 MHz DTL (an obvious overlap of interest
with a heavy ion fusion rf accelerator).

Pre-ZEBRA
A number of experiments were planned as pre-ZERRA

work to develop the technology necessary to ensure that
the 300 mA 10 MeV proton Tinac could be built. The
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activities shown in Fig. 2, which ail operate 100% duty
factor, have heen underway at CRNL for the past four
years. Details are provided in following sections.
The activities were organized into three main thrusts -
the jon source-injector, the RFQ and the NTL. Early
work on ion sources and injectors showed that a two
stage injector and the biased RFQ had more dis-
advantages than advantages and that a single stage
injector should provide the required beam emittance and
current variability in a reliable and controllable
manner.
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Fig. 2 Pre-ZEBRA activities and their relationship to

ZERRA.

lon Source and Injector

Figure 3 shows a schematic of the Injector Test
Experiment at CRNL, This facility and the Ion Source
Test Stand® have been used to demonstrate technolngy
and the operating and assembly procedures necessary for
jon sources that would he suitable for an accelerator
hreeder {and 7ERRA}. Aspects of the necessary stahle
current vartation from 0 to 375 mA have been demon-
strated but at reduced (50 kV) voitage. Proton current
variation with acceptably small variations of emittance
was possihle by neutraiization and combining heavy ion
(Ar) beams with the main beam. Work has been concen-
trating on multi-apertures, beamlet stacking”, varinus
cusp  geometries”, species  dumps and  Aiagnostic
equipment as well as on improving performance,
efficiency and plasma uniformity. Work on dc duo-
pPIlGatron ion sources with multiple apertures has heen
successfully extended to other high current beams such
as oxygen, argon and xenon. Optimization studies com-
pleted for duoplasmatron and duoPIGatron sources,
inciuding materials selection and close attention ton
cooling, have provided a gond background on which to
proceed with future experiments.
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Fig. 3 Injector test experiment for injector develop-

ment .
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A number of technique; and principles were also
developed for column design’ and diagnostic units. For
example, an emittance measuring_unit that can accommn-
date power densities of 3 kW/cm”® is being fabricated on
the basis of previous units that have operated at high
power densities. FExperiments on beam transport and
diagnostics are being planned for the existing facili-
ties.

Radiofrequency Quadrupole

Resides generic work on modeiing and determining
the overall RFQ parameter space, our main effort has
heen directed towards two projects - the RFQ Sparker
and RFQL, The 270 MHz RFQ Sparker® (Fig. 4) was built
to provide information on 100% duty factor operation
with the four vane RFQ geometry. Resuits from this
experiment have led to a redesign of our RFQl experi-
ment® because cw surface fields approaching 2.3 times
the Kilpatrick 1imit (Kp) can he achieved with copper
surfaces that have not been treated to improve surface
characteristics. The experiment has provided useful
information on microdischarge and breakdown effects in
rf structures. Nifferences between pulsed (< 1 ms
puise time) and cw operation were apparent in the
experiments undertaken. Further work will cover
surface treatment for the four vane geometry and a
study of 0breakdown characteristics for the four rod
geometry--at 108 MHz, Work on the four rod geometry
was initiated because of construction simplifications
possihle for the ZERRA RF0, High power tests at
1N8 MHz are being planned 9n association with the
University of Frankfurt.
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Fig. 4  The RFN Sparker experiment.

The understanding of design constraints and oper-
ational characteristics for RFQO structures has been
improved by the development of a computer code!! that
represents the RFO by an equivalent circuit. Recent
additions to the code have made it possible to study
the four rod genmetry.
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RFO1 is our major pre-ZEBRA high current proton
linac project. Hardware and installation costs are
estimated at ahout $1.5 M (not including professional
and technical salaries) over the three year development
and construction period. Ream from the 75 mA 600 keV
cw linac is expected in the fall of 1986, Work s
progressing well on this schedule with injector com-
ponents being bhuilt, cryopumps and diffusion pumps on
hand, and RFQ mechanical and rf tests well underway.
Construction of the high power RF0O structure with
1.47 m vanes is expected to begin this_fall following a
final design review. Present design “ employs remova-
ble vanes that make a knife edge rf joint with the
outer wall. Construction is almost complete on a fuil
scale aluminum model designed to determine frequency
perturbations from pumping slots, tuners, end caps,
straps and coupling Toop ports. A layout of the RFQl
injector is shown in Fig. 5.
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Fig. 5 The RFOLl injector.

The RF0N1 experiment should demonstrate all aspects
of RFO acceleration including beam current limits. The
experiment has been designed to cover a full range of
operating conditions, from 1.25 Kp to 2 Kp surface
electric fields in the RFN, using a 50 kV injector that
could supply up to 125 mA of analyzed heam. Tests will
include comparisons of single and multiple aperture
heamlet acceleration with beam dynamics predictions.
Considerable effort is being invested to ensure relia-
hle control and long term reliability for the entire
experiment . An output bheam energy of 600 keV was
selected to make it possible to transport the output
RFQ beam to a 270 MHz 28X drift tube linac that was
being designed for 10 mA proton acceleration. With the
addition of the new DTL, all facets of the ZEBRA
accelerator would have been investigated, but not
necessarily under the proper parameter regime.

Extensive beam dynamics calculations!?=!* and
computer code developments have aided in the design of
RFO and DTL structures. Developments have been
reported on vane electric field enhancement
factors ’16, image charge forces and space charge
forces with beam transport™".

Drift Tube Linac

Previous work!®»2% showed the parameter space
restrictions for obtaining field stabilization with
post couplers in drift tube linacs. Although there is
an incentive for improving rf efficiency by reducing
the drift tube diameter, there is a practical limit for
the ratio of the drift tube diameter to outer tank
diameter. For standard post coupler design, the ratio

should not bhe Tless than 0.1, nor should it be greater
than 0.3 (at which point there is no gap between the
post coupler and drift tube). One possible explanation
for field stabilization with post couplers in a DTL is
that the passband of an interdigital Tline (the post
couplers) 1is being overlapped with that of the Alvarez
structure to provide some stability or feedback in the
on-axis field distributions. This interpretation may
help explain why it is possible to stabilize a DTL with
post couplers opposite every seventh drift tube rather
than each drift tube.

Measurements on stem currents (Fig. 6) demon-
strated the importance of making the geometry as sym-
metric as possihble. By adding a dummy half drift tube
to each end flange of the tank, it was possible to
reduce stem currents by at least three orders of magni-
tude.
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Fig. 6 Stem current versus drift tube support.

A 3 MeV DTL2! (see Fig. 7) has been operated cw at
high power 270 MHz to accelerate several mA of
protons. This facility demonstrated ways to improve
100% duty factor DTL design. Based on these studies a
new DTL, ZBLATzl, was being designed to accelerate
0.6 MeV protons from RFQL to 2.5 MeV. The 28X linac
would have mocked the first cavities of the ZEBRA DTL
and should have provided important information relevant
to initial acceleration of low energy beams. Work is
underway for testing girder suspensions for the 2RLAT
drift tubes and for copper plating various DTL com-
ponents.
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Fig. 7 Schematic of the High Current Test Facility.
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Resonant Load

Because various devices should be high power
tested prior to large component construction, a 270 MHz
resonant 1o0ad<““ was fabricated. Tt dis a pillbox cavity
(Fig. 8) with ports and holes for mounting components
to be tested and for visual observation. The test
facility has been extremely useful for demonstrating
high power characteristics of a redesigned tuning
plunger that has performed well at high power (up to
170 kW) and for new coupling 'Ioop23 and rf window
designs. Tuner measurements showed that on-power
movement had no visible breakdown if the plunger was
within the cavity - uniike the situation when it was
withdrawn into the tuner port. The resonant load will
be used to test RFQ joint capabiiities, helicofiex rf
joints and windows made from either cerami¢ disks or
cylinders.

Diagnostics and Control

Work has bheen underway for some time on non-
destructive and non-intercepting diagnostics using beam
light monitors not only for bheam profile measurements
but for momentum analysis by use of the Doppler shifted
light from the fast hydrngen atoms formed by charge
exchange on the background gas (transverse momentum
from the Doppler broadening of the Tines), Preliminary
measurements using Doppler hroadened light techniques
have indicated that average energies of hackground gas
atoms were several eV, a value used in preliminary
calculations for estimating background gas effects?”.
The preliminary estimates Jed to the more rigorous
treatment presented in reference 24. Further work on
diagnostics will include beam phase monitors, dc beam
current monitors and the use of beam light to investi-
gate emittance characteristics.

Work on distributed control systems with "smart"
instruments and Tocal computing power 1is underway for
the RFQ1 experiment and for the ion source injector
development areas. Good results have heen achieved
with the fibre optic telemetry Tinks2® which should
provide noise-free data transfer. The RFQ1 control
system will be based on an inteliigent crate with
interchangeable modules that make the system simpie and
relatively inexpensive. An 8085-based microcomputer
will link to a bus designed for easy interfacing with
the plug-in modules. Items to be monitored include
temperatures, coolant flows, voltages, currents, rf
parameters and status signals,
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Comments

Pre-ZERBRA activities have made contributions to
the development of low beta structures and ion source
injector systems. The work is not only applicable to
ZEBRA but to any low bheta device - whether it be cw or
puised. Although the ZEBRA project itself has bheen
postponed, development work on high current cw proton
accelerators witl continue at CRNL and include RFQl,
beam transport, ion injectors, and diagnostics.
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