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High-current proton linear accelerators offer an attractive alternative for generating the
intense neutron fluxes needed for transmutation technologies, tritium production and
neutron science. To achieve the fluxes required for tritium production, a 100-mA, 1700-
MeV cw proton accelerator is being designed that uses superconducting cavities for the
high-energy portion of the linac, from 211 to 1700 MeV. The development work sup-
porting the linac design effort is focused on three areas: superconducting cavity perfor-
mance for medium-beta cavities at 700 MHz, high power 1f coupler development, and
cryomodule design. An overview of the progress in these three areas will be presented.
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INTRODUCTION

In recent years, the application landscape for particle accelerators
has been changing dramatically. Where large accelerators have tradi-
tionally been the tools of the trade for high-energy nuclear and particle
physics, accelerator applications in the last decade have grown to
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include large-scale applications like synchrotron light sources and
spallation neutron drivers. Accelerator-driven spallation sources have a
number of potential applications which include neutron science,
transmutation of nuclear reactor waste, sub-critical nuclear power
generation, tritium production, and radiation-damage studies. While
the generation of neutrons is the goal in each of these areas, specific
applications require differing neutron energy, time, and fluence profiles
from the spallation target.

Two application goals of significant interest at Los Alamos are the
production of tritium and nuclear waste transmutation. Studies done at
LANL that combine neutron production from high-Z targets, nominal
accelerator parameters achievable today and the process requirements
for these applications indicate that multizmegawatt proton accelerators
with 100-mA beam current and final energies between approximately 1
and 2 GeV will provide the desired neutron fluxes in spallation targets.'
Since these two applications are material-throughput processes, con-
tinuous-wave (cw) operation gives the highest overall efficiency for the
operation of a plant.

Having shown that this class of accelerator is a feasible alternative to
reactors for generating intense neutron fluxes, design optimizations on
machines of this type have been carried out over the past three years.
The goal of these optimizations is to increase the machine’s reliability,
operability and maintainability while reducing the operating and
capital cost. This effort resulted in a machine design that applied
superconducting rf technology to the high-energy portion of the linac
(from 211 to 1700 MeV).

PROTON-LINAC DESIGN

The accelerator design proposed for the Accelerator Production of
Tritium (APT) Project is a 100-mA, cw proton linac.> The beam
would be bunched at 350 MHz with a Radio Frequency Quadrupole
(RFQ), then accelerated to 211 MeV by a combination of Coupled
Cavity Drift Tube Linac (CCDTL) and Coupled Cavity Linac (CCL)
structures. At 211 MeV, the beam would enter into a superconducting
linac. From 211 to 471 MeV, the beam would be accelerated with 5-cell,
700-MHz elliptical superconducting cavities that have a reduced
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gap to better match the changing sub-relativistic velocities of the proton
beam. The design beta for this section is 0.64. To maintain the required
transverse focusing from the lattice, there are two 5-cell cavities per each
cryomodule, which is between room-temperature quadrupole doublets.
From 471 to 1700 MeV, the cavity design beta goes to 0.82, and the
lattice period increases to allow four 5-cell cavities per cryomodule,
which is between the doublets. Figure 1 shows a schematic layout of
the linac design.

Since the velocity of the protons is changing as the beam goes
through the linac, it is necessary to adjust the phase and gradient of the
superconducting cavities along the length of the section to achieve
efficient acceleration. This was one of the criteria that set the number
of cells in each cavity to five. A certain amount of longitudinal phase
mismatch was tolerated in the design to achieve the manufacturing
simplicity that comes with only having two cryomodule designs in the
linac. While this will lead to a slightly longer machine, it was felt the
benefits in manufacturing and the smaller number of inventoried
spare cryomodules to facilitate change outs were sufficiently attractive
attributes of the integrated design to offset the increased length.

The other criteria that set the cell number was the amount of power
that could be reliably delivered to the beam. It was felt that building
a coupler that could handle 210-kW of cw power at 700 MHz was
a reasonable goal. By putting two couplers per cavity, this allowed
delivery of 420kW into the beam while keeping peak electric fields
below 18 MV/m.

An additional constraint on the machine design was related to being
able to do hands-on maintenance of the linac. With a high-energy
100-mA proton beam, losses greater than approximately 0.2 nA/m can
cause significant activation to disallow hands-on maintenance. To mini-
mize this possibility, the cavity and quadrupole apertures were chosen
to be very large compared to the rms beam envelope. This was another
advantage of using superconducting cavities in this application; the
lower power efficiency that comes from the decreased shunt impedance
is much less important for superconducting cavities compared to
copper structures.

Combining these constraints into a self-consistent linac design was
done to evaluate the benefits of using a superconducting linac for the
high-energy portion of this machine. In a comprehensive study of the
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applying rf superconductivity to this linac, the technical advantages
were the large aperture, the ability to adjust gradient and phase along
the linac which enabled varying the linac beam current and energy, and
the ability to reconfigure the linac to compensate for failed modules
which led to higher availability. In terms of cost, it was determined that
using superconducting cavities in the high energy portion of the linac
would reduce operating costs by as much as 20% over a conventional
copper linac structure.’

The parameter space for the design of such a linac is complex. There
are many possible tradeoffs and compromises that need to be made
between coupler power, gradient, number of cells, acceleration effi-
ciency, beam current, aperture size, and focusing. The goal of the design
effort was to select a combination of parameters that was conservative
and would use values that were readily traceable to the present state of
superconducting rf technology today to reduce cost and risk.!

TECHNOLOGY DEVELOPMENT AND DEMONSTRATION

Rf superconductivity has a mature application base in electron accel-
erators and heavy ion machines. Applying this to proton linacs raises
some technical questions that cannot be directly addressed by this
database. The technical issues are the performance of 5 <1 elliptical
niobium cavities and the effect of stray high-energy protons on the
superconducting properties of a niobium cavity. Additional develop-
ment work is also needed for the 210 kW power coupler, and for the
cryomodule.

Medium-g Cavity Performance

Proton linacs in the 100- to 1000-MeV energy range need to effectively
deal with the changing velocity of the proton beam in order to accelerate
the beam efficiently. In a superconducting cavity, this is done by
reducing the iris-to-iris spacing in a multicell structure. As this spacing
is nominally SA/2, elliptical cavities designed to work with <1
particles are termed “medium-beta cavities.”

These structures represent a new operational regime for ellipti-
cal superconducting cavities which have traditionally been used for
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relativistic-electron acceleration, and hence have a g of effectively one.
The primary technical concern of these reduced-3 shapes is that they
could multipactor across the narrowed gap and broadened flat wall of
the cavity. Multipacting was responsible for limiting the performance of
superconducting cavities in the early 70s before the “elliptical” cavity
shape was developed and shown to provide a solution to the problem.*

To address these concerns, four medium-G 700-MHz cavities were
fabricated at Los Alamos; two at 5=0.48 and two at 5=0.64. Field
tests were done on these cavities to determine if multipacting was
present, and also to evaluate the field performance of the reduced-g
shape. Figure 2 shows representative power sweeps of both cavity
shapes at both 2 and 4K.

As indicated in Figure 2, and substantiated by 10 other tests, there
was no indication of multipacting in the reduced g elliptical cavities. In
addition, the field performance of the cavities was acceptable for the
gradients needed for the project. Further information about the
performance of these cavities and their run statistics are covered in
another contribution to these proceedings.’
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FIGURE 2 Qg vs E, curves for §=0.48 and 0.64 cavities at both 2 and 4 K. Neither
cavity exhibited signs of multipacting, and field performance was acceptable.
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Proton Radiation Effects Evaluation

To evaluate the effects of high-energy proton-induced radiation on the
superconducting properties of a niobium cavity, a test was designed
where two 3-GHz cavities were irradiated with up to 490nA of
800 MeV protons at the LANSCE accelerator. The purpose of the test
was to look for a manifestation of damage on the superconducting
surface resistance of a cavity at cryogenic temperatures. Irradiating the
cold cavity was done to insure that any dislocation damage would
remain frozen-in, and would not be potentially repaired, as could be the
case with a room temperature irradiation followed by a cold test.

The approach to the experiment was to irradiate two cavities. One
cavity (Cavity 1) was only measured at low power, to mitigate the
possibility of rf conditioning changing the Q. The other cavity
{Cavity 2) was swept in power to look at the high-field performance. For
both cavities, the cavity Q, and field was measured at different stages
between irradiations to evaluate cumulative damage effects. While the
measurement data presented was obtained with the beam off, mea-
surements were also taken with 490 nA passing through the cavity, and
no deleterious effects were observed as a result of the primary beam or
any secondary activity. After irradiation to 1.6 x 10'° p/cm?, the cavities
were warmed to 250 K, then recooled and remeasured. Figure 3 shows a
schematic layout of the test setup.

The goal of the test was to look for changes in the surface resistance
(R;) of the beam-affected zone. The cavities were run at 1.8—2.1K to
further increase sensitivity. Due to a residual magnetic field in the
cryostat of less than 10 mG, the R at these temperatures was still not
heavily dominated by the residual resistance (Res).

To maximize the area and increase the sensitivity, the millimeter-size
proton beam was expanded to 3.9 cm?. With a H-field dominated cavity
area of 161 cm?, our maximum sensitivity to changes in R, was estimated
to be around 5%. Figure 4 shows a plot of the low power Qgy’s for
each cavity as a function of proton fluence. For a proton fluence of
1.6 x 10'® p/cm?, no significant change was observed in the cavity Qy,
indicating that there was no significant change in the local R, due to
radiation damage.

To evaluate the cavity field-handling capability as a function of
irradiation, the second cavity (Cavity 2) was swept in power between
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FIGURE 3 Layout of the Proton Effects Experiment, showing the relative beam
envelope to scale in the x and y planes. The 800 MeV proton beam passed through the
entire assembly, including cavities, cryostat, and liquid helium. Approximately 10% of
the beam was lost in transmission.
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FIGURE 4 Plot showing the low power Q, of both cavities as a function of fluence.
No significant change was observed in the cavity Qo to a total proton irradiation of
6.2 x 10" protons (fluence of 1.6 x 10'® p/cm?).
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FIGURE 5 Plot showing the maximum peak electric field achieved prior to quench

in relation to the total number of protons irradiating the cavity. Note that the abscissa
is not linear.

subsequent irradiations. The data from the power sweeps is shown in
Figure S. The data is plotted as a histogram showing the maximum
peak-electric field achieved before quench. As shown in the plot, the
quench field decreased with an increase in total proton irradiation,
which qualitatively agrees with other data which shows that the RRR
will decrease with increased proton radiation damage in the bulk
material.b

Figure 5 also shows the response of the quench field to room-
temperature annealing the cavity. The darker bar clearly shows an
improvement in the quench field after the cavity was warmed to 250K
for approximately 1-2 h. The improvement is attributed a “healing” of
lattice damage due to radiation-induced dislocations having increased
mobility at elevated temperatures compared to that at 2—-4 K.

Power Coupler Development

The intensity of the proton beam in the APT accelerator necessitates the
development of a high-power rf coupler. Even at modest accelerating
gradients between 4.5 and 6 MV/m, the rf power in each cavity that is
delivered to the 100 mA beam is 420kW. As one of the primary design
constraints on this linac application is high availability and reliability,
we elected to focus our power coupler efforts on developing a 210 kW
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cw coupler, and then putting two couplers on each superconducting
cavity. While this is a large number of couplers (approximately 800),
we felt the modest amount of development needed to achieve a reliable
210 kW cw coupler was a reasonable trade off to the increased number
of couplers needed. In addition, this approach was necessitated by the
limited schedules of the ED&D program which supports the coupler
development work.

The detailed coupler design is currently in development. One feature
of the design is having two warm planar coaxial windows that are not in
direct line of sight to the beam for isolating the cavity vacuum from the
air in the waveguide. This window approach was selected since the
world experience with high power couplers clearly shows that warm
windows have been able to carry much higher cw rf power than cold
windows. Having dual windows should decrease the extent of con-
tamination in the event the air/vacuum window breaks or leaks, as the
volume of air between the windows is limited. This translates into higher
availability since fewer cavities would need to be taken “off line” in the
event of a window failure.

Another feature of the design is in making the coupler adjustable over
a limited range of external Q. Having an adjustable coupler is attractive,
since optimal rf matching to the cavity allows more efficient operation
of the accelerator and decreases the amount of standing wave power on
the coupler and window. A schematic sketch of the window and coupler
is shown in Figure 6.

Modelling done using MAFIA indicates that the quarter-wave stub
approach can be matched to a return loss greater than —35dB, and
with a bandwidth of 10 MHz the losses are no greater than —32dB.
To verify the modelling, low power rf measurements are also being
carried out. A more detailed descriptions of the coupler design and
modelling is available in another contribution in this proceedings.’

Cryomodule Development

The cryomodule design effort for this linac is also underway for the
£6=0.64 and $=0.82 cryomodules. The F=0.64 cryomodule is
made up of two 5-cell cavities, while the 8= 0.82 cryomodule encloses
four. Figure 7 shows a schematic representation of the cryomodule
approaches for the different beta cavities.
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As mentioned in the previous section, the power couplers for this
accelerator are required to pass 420kW to the beam, 210 kW through
each coupler. Running at this power level puts additional constraints on
the cryomodule approach in general and also changes how the thermal
management on the cryomodule is optimized.

Historically, the cryomodules designs for superconducting accel-
erators have fallen into two general categories: those with cold rf
windows that are sealed in a clean room then assembled into the cryo-
module as a unit (e.g., Jefferson Lab, TTF) and those with room-
temperature rf windows that require the cavities be opened at some
point to install the coupler into the partially (or fully) assembled cryo-
module (e.g., CERN, KEK). The choice of window type (warm or cold)
is driven primarily by how much average power needs to be delivered
by the coupler. In applications where the average power is less than
5—10kW, cold windows have proven to be a good approach since they
greatly simplify the cryomodule design and assembly. In addition,
cavities that are processed, cleaned, and assembled in the clean room
and not reopened until they are on the beam line stand a greater
chance of achieving higher gradients since the risk of contamination is
believed to be lower.

For average power requirements on the coupler above 50—100 kW,
the situation changes dramatically. Data from superconducting accel-
erators (KEK, CERN, DESY) clearly shows room-temperature
windows are consistently used to reliably pass rf power at these levels.
While test stand efforts in the past two years have seen windows and
couplers go up to 500—800 kW average power,>® previous results indi-
cate couplers and windows had difficulty running at 100—150 kW
without failures. The limiting mechanisms in these assemblies were
typically associated with the windows failing due to anomalous heating
or arcing leading to heating and excessive stresses that cracked the
ceramic, or from multipacting on the outer wall (for coaxial designs).

Given the difficulty of operating room-temperature windows at
these powers suggests that achieving similar results with a cold window
would be significantly more challenging, since cold windows require
vacuum on both sides, and cold windows need to handle stresses not
only from rf and electron heating, but also from contraction in cooling
down to cryogenic conditions. Given these considerations, we elected
to go with warm window for our couplers.
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In choosing warm windows for this project, the resultant constraints
on the cryomodule are apparent: either risk exposing the cavity to
contamination by opening the cavities more than once, or assemble a
large, complex assembly in the clean room. In both these cases, the main
concern is that contamination of the cavity may affect field perfor-
mance. Fortunately for this application, the maximum expected peak
surface electric field is 18 MV/m, so the contamination control con-
straints are not as stringent as they are for TTF at 50 MV/m, for
example.

The difficulty is in quantifying which approach has a higher risk of
contamination. Exposing the cavity by putting on the windows or
couplers later necessitates taking special precautions in opening the
coupler port late in the assembly stage. Assembling the cryomodule in
a clean room to a significant level overly constrains the cryomodule
thermal design and there is no guarantee of the assembly being clean.
The statistical nature of evaluating the impact of each of these
approaches makes the task of choosing between them formidable.

The approach we elected at this time is to do enough of the cavity,
coupler, window, and cryomodule assembly in a clean room to seal the
cavities once, then build up the rest of the cryomodule outside the
clean room. The major disadvantage in this is the thermal efficiency of
the cryomodule design, as well as the assembly ease of the cryomodule
may be compromised. A more detailed description of the cryomodule
design work being done is available in another contribution in this
proceedings.'®

SUMMARY

Over the past two years, significant work has been done in the
engineering development and demonstration of superconducting
technology as it applies to intense protons linacs. Technological work
has focused primarily in the areas of medium beta cavity perfor-
mance, power coupler development, and the effects of proton radia-
tion on the superconducting properties of niobium cavities. In moving
toward an accelerator, design efforts are focussing on optimizing
two different cryomodules corresponding to the two cavity betas
types required.
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To date, we have demonstrated that medium-beta-elliptical-cavity
shapes down to §=10.48 show no evidence of deleterious multipacting
at 700 MHz to field levels greater than twice the peak operating fields
expected, and exhibit field and Qg performance similar to 5~ 1 cavities,
thus addressing technical concerns about using these cavities for a
proton linac that requires graded-g cavities.

In testing the resilience of niobium cavities to proton radiation,
we have shown that the superconducting-cavity Qg appears to be
virtually unaffected by proton radiation damage to 1.6 x 106 p/cm?,
which is over a factor of 3 higher than the expected 40-year beam loss
for the accelerator of 5 x 10! p/em?. A drop in the cavity quench field
of approximately 24% was observed, which did partially recover by
warming the cavity to 250 K. This drop was attributed to the change
in the RRR locally in the radiation-affected zone, which was experi-
mentally determined elsewhere. But, since the required rf magnetic
field levels needed for this application are approximately a factor of
two below the expected quench field level for the test cavity, a change
of the quench level of 10-20% is not a concern.

These two results give confidence in applying rf superconduc-
tivity to intense-beam proton linac applications. The other major
component that needs demonstration is the high power rf coupler,
which is the focus of significant development efforts not only at
Los Alamos, but in the superconducting-accelerator community as
a whole.

These results contribute to a growing technology base that supports
applying superconducting rf structures to intense proton linac appli-
cations for spallation-neutron sources. These sources point in a new
application direction for accelerator technology in general. Super-
conducting rf technology enables the design of many desirable features
in such machines (operating efficiency, large apertures, operation
flexibility) that makes it an attractive design option.
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