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Use of the LEDA Facility as an ADS High-Power Accelerator Test Bed 

Richard L. Sheffield and R. W. Garnett 
Los Alamos National Laboratory, Los Alamos, New Mexico, USA 

Abstract - The Low-Energy Demonstration Accelerator (LEDA) was built to generate high-current proton beams. Its 
successful full-power operation and testing in 1999-2001 confirmed the feasibility of a high-power linear accelerator (linac) 
front end, the most technically challenging portion of such a machine. The 6.7-MeV accelerator operates reliably at 95-mA 
CW beam current with few interruptions orjaults, and qualiJes as one of the most powerful accelerators in the world. LEDA 
is now available to address the needs of other programs. LEDA can be upgraded in a staged fashion to allow for full-power 
accelerator demonstrations. The proposed post-h!FQ accelerator structures are 350-MHz superconducting spoke cavities 
developed for the AAA /APT program. The superconducting portion of the accelerator is designed for a IOO-mA proton 
beam current. Superconducting cavities were chosen because of the signijkant thermal issues with room-temperature 
structures, the larger superconducting cavity apertures, and the lower operating costs (’because of improved electrical 
efficiency) of a superconducting accelerator. Since high reliability is a major issue for an ADS system, the superconducting 
design architecture alIows operation through faults due to the failure of single magnets or superconducting cavities. The 
presently installed power capacity of 13 MVA of input ACpower is capable of supporting a 40-MeVproton beam at 100 mA. 
(The input power is easily expandable to 25 MVA, allowing up to 100-MeV operation). Operation at 40-MeV would provide 
a complete demonstration of all of the critical accelerator sub-systems ofa full-power ADS system. This work is supported by 
the U. S. Department of anergy Contract W-7405-ENG-36. 

I. THE LEDA FACILITY 

The LEDA Facility, illustrated in Figure 1, was built 
and tested as a major element of the Accelerator Production 
of Tritium (APT) Engineering Development and 
Demonstration (ED&])) program. Its successful full-power 
operation and testing in 1999-2001 confirmed the feasibility 
of a high-power linear accelerator (linac) front end, the most 
technically challenging portion of such a machine.’ In its 
present configuration, IBDA is an operational 100-mA, 
CW, 6.7-MeV proton accelerator consisting of a 75-keV Ht 
injector coupled to a 3 50-MHz radio-frequency-quadrupole 
{RFQ) linac. The equipment, presently in a “cold standby” 
condition, is located in a 143-m-long tunnel that is part of 
building MPF-356 at TA-53, located at Los Alamos 
National Laboratory (LANL). The accelerator tunnel and 
support facilities were originally built to test a neutral- 
particle beam system for the Strategic Defense Initiative 
program in the late 1980’s. 

Fig. 1. Schematic diagram of LEDA showing the injector, 
RFQ, HEBT, and beanlstop. 

Beam testing with the LEDA RFQ demonstrated not 
only successful operation with a 100-mA CW beam, but 
also included the thorough characterization of the output 
beam, providing important benchmarks for the structure and 
beam-dynamics design codes. Three years of integrated 
operation with all of the necessary support systems has 
demonstrated the feasibility needed for proposed 
accelerator-driven “neutron factories.’’ 

The LEDA facility has the following attributes: 
6.7-MeV, CW 100-mA proton accelerator 
Well-shielded 150-m long beam tunnel, with 
personnel access control 

0 Six 1-MW RJ? power generators 
e 13 MVA of input AC power that is easily 

expandable to 25 MVA - capable of supporting a 
1 00-MeV proton beam at 100 mA 

e 15 to 20 MW of cooling capability 
e 12 separate cooling systems (including 50°F 

chilled water) 
o High-power experimental and test areas 
e Equipped control room, instrumentation area, 

power supplies 
e Integral machine shop, storage areas, cranes, high- 

bay, small labs, 30 office spaces, meeting rooms, 
and a computer vault. 
A greater than $15OM facility investment. 

The 6.7-MeV accelerator operates reliably at 95-mA CW 
beam current with few interruptions or faults, and qualifies 
as one of the most powerful accelerators in the world. 

e 



11. ADS LINAC REQUIREMENTS 

The Accelerator-Driven Systems (ADS) program 
requires a hard neutron spectrum that can be produced by a 
spallation process from a proton beam. The proton beam for 
the ADS linac must have high reliability at continuous 
current levels up to 13 m4. 

The required power of the ADS linac is determined by 
the design of the subcritical multiplier. With a reactor 
equivalent power of 100 MW and with a multiplier bff in a 
range of 0.92 to 0.98, the maximum proton beam power 
required is 8 MW. 

The beam energy of the linac is determined by the 
profile of the power density depasited by the proton beam in 
the spallation target. A uniform profile as a function of 
depth into the target is ideal to reduce excessive local 
heating in the target. Figure 2 shows the profiles of 
deposited power density in tungsten for different proton 
beam energies. The power density profile is characterized 
by a smooth curve ending with the Bragg peak where the 
proton stops in the tungsten. At low beam energies, the peak 
power density is defined by the maximum of the Bragg 
peak. As the beam energy increases, the penetration depth of 
the beam into the target also increases characterized by a 
more uniform deposition of power in the target and a 
reduced magnitude of the observed final Bragg peak. A 
beam energy of 600 MeV is chosen for the ADS linac 
because of the nearly uniform deposition of power density at 
this energy in the target as a function of beam penetration 
depth. 

The beam current of the ADS linac is determined by the 
desired neutron yield. The number of spallation neutrons 
produced per proton is shown in Figure 3 as a function of 
proton beam energy. The neutron yield per proton increases 
linearly beyond SO0 MeV. Below approximately 240 MeV 
the neutron production rate is non-linear due to the onset of 
nuclear reaction thresholds for neutron production. 
Simulations show that the production rates of neutrons 
through spallation are the same for most heavy metals (Ta, 
W, Hg, Pb, Bi). The neutron production rate from uranium 
is about 60% higher than other heavey metals due to the 
large fission cross sections at neutron energies below 1 
MeV. 

Advances in superconducting radiofrequency (SCRF) 
technology, combined with the low beam current of 13 mA 
for the ADS linac, makes the application of SCRF linac 
technology very cost effective. Superconducting cavities are 
being considered because of the significant thermal issues 
with room-temperature structures, the larger 
superconducting cavity apertures, and the lower operating 
costs (because of improved electrical efficiency) of a 
superconducting accelerator. 

The main engineering challenges lie in the safe, 
controlled coupling of an accelerator to a subcritical reactor 
through a spallation target. System control and safe 
operation will demand the understanding and resolution of 

the potentially complex behavior of this coupled 
acceleratorhargetheactor system. 

Fig. 2. Profiles of deposited power density as a function of 
depth in a tungsten spallation target for a proton beam of 
various energies. 
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Fig. 3. Number of spallation neutrons per proton as a 
fimction of proton beam energy. 

111. AAA LINAC DESIGN 

A SCRF linac has been chosen for the ADS linac 
because, compared to linacs using traditional room- 
temperature (RT) copper technology, SCRF linacs are more 
power efficient and are expected to have higher reliability. 
A comparison of SCRF and RT technologies has been 
reviewed at Los Alamos by a panel of accelerator experts.' 
A superconducting linac significantly lowers the total linac 
AC power requirement, For a 600-MeV linac operating CW 
with a beam current of 13 mA, a SCRF linac requires 23 
MW of AC power as compared to 80 MW required for an 
equivalent RT linac. 

As part of an integrated acceleratorltargetlreactor study, 
target designers have identified a subcritical multiplier 
intolerance to beam interrupts lasting longer than 300 ms. 



Beam interrupts of longer duration than 300 ms would 
require an extended shutdown of the target assembly for an 
ADS system and a staged, progressive restart of the facility. 
The SCRF linac will employ independently controlled W 
modules with redundancy, allowing the re-adjustment of KF 
phases and amplitudes of the RF  modules in less than 300 
ms to compensate for faults of individual cavities or 
klystrons. The SCRF cavities will also have large radial 
apertures, relaxing alignment and steering tolerances, as 
well as reducing beam loss and improving tolerance to 
focusing magnet failures. 

Thermal transients have been a major cause of out-of- 
lock trips of the RF system in RT linacs. An SCRF linac is 
expected to have a reduced number of such trips due to 
operating at a more stable cryogenic temperature, 

Spoke cavities are low-energy SCIU structures 
developed originally at Argonnc National Laboratory, and 
have been adopted for the RIA (rare-isotope accelerator) 
linac. Development of' spoke cavities in Los Alamos was 
started in Spring of 200 1 .Ii Excellent results were obtained 
for single-cell spoke ~avi t ies .~  Figure 4 shows an 
engineering model of a multi-cell spoke cavity. An ADS 
SCRF linac has higher availability and reliability because of 
the short cavities and an IW-system design that allows for 
quick recovery from a RF-s stem failure, which is a major 
cause of linac unreliability. The RF system for the ADS 
linac is designed to operate with failed cavities. The RF 
windows and all transmission-line components can be 
isolated if a failure is anticipated by observing an increased 
arc rate or increase in temperature of the KF window. If 
such an incident occurs, the associated cavities will be 
detuned in approximately 20-50 ins. Cavities downstream 
will then be re-adjusted in phase and amplitude to make up 
the required energy-gain for detuned cavities. This strategy 
will minimize the interruption of the beam by RF-system 
failures to less than 300 ms as required. While the linac 
operation continues, the failed RF station will be repaired, 
tested, and made ready for return to service. 

Y 

III A .  SC Linac Design Details 

The linac design work discussed in this paper is based 
on previous work done in support of a design concept 
developed for the AAAIAPT p r ~ g r a m . ~ . ~  We discuss the 
details of the design layout including beam matching lkom 
the existing LEDA RFQ to the superconducting (SC) linac. 
We also discuss the beam dynamics simulation results for 
both the ideal linac and the linac with errors. Conclusions 
are drawn about the implementation of this design for the 
100-mA peak beam current. Future areas of study required 
to address observed limitations are also discussed. 

The SC linac parameters using multi-gap spoke 
resonators to accelerate the LEDA RFQ beam to higher 
energies are given in Table 1. Acceleration of the 6.7-MeV 
LEDA WQ beam to 40 MeV requires the addition of a 
section of cavities having a cavity geometric-[) value of 

0.175, as shown in column 2 of Table 1. Acceleration to 100 
MeV requires adding a second section of cavities having 
cavity geometric-P values of 0.34 (See column 3 of Table 
1). Figure 5 shows schematic layouts of the cryomodules for 
each section along with the proposed RF configurations. 
More detailed explanations of the cryomodule layout were 
described earlier in a previous reports8 Magnetic SC 
solenoid focusing is assumed in these spoke-resonator 
sections of the linac. 

Fig. 4. Engineering model of a 350-MHz, p=0.125, 5-gap 
spoke cavity. 

Specific phase and accelerating gradient ramps, 
optimized for 100-mA operation, are used to adiabatically 
capture the RFQ beam and to make the transitions from 
section-to-section as current insensitive as possible. Current 
insensitivity allows beam tuning and turn-on over a wide 
range of beam currents with essentially no tuning of the 
magnetic focusing lattice or RF parameters. For the 40-MeV 
upgrade option it has been assumed that each cavity is 
driven by a separate RF generator allowing the phases of 
each cavity to be set individually. A previous study 
indicates that this approach leads to the highest availability 
of the linac since single cavity RF failures can be 
compensated for by re-tuning downstream cavities to 
recover the lost enery-gain of the failed cavity.' The 100- 
MeV upgrade option uses a single RF generator per two SC 
spoke-resonator cavities as is shown in Figure 5. 

Figure 6 shows the synchronous phase ramping used in 
our proposed design. Figures 7-10 show the transit-time 
factor, E,T, peak cavity magnetic field, and peak cavity 
electric field, respectively as a function of energy of the 
linac up to 100 MeV. Figures 1 1 and 12 show the transverse 
and longitudinal zero-current phase advances per period and 
per unit length for our proposed design. 
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Fig. 5.  Schematic SC cryomodule layouts showing the cavities, focusing solenoids, and RF generators. 

JJI B. RFQ-boSC Linac Beam Matching 

A method to match the LEDA RFQ output beam to the 
solenoid focusing lattice of the SC section of the linac is 
required. We have developed two matching section 
schemes."" 'J' 

The first scheme uses a more conventional approach 
and does not require any modifications of the existing RFQ. 
We have designated this scheme as the "quad" nlatching 
section. It uses 6 magnetic quadrupole magnets and 2 RF 
bunching cavities to transform the IWQ output beam. This 
results in 8 parameters that must be varied and properly set 
to achieve the matching conditions. Table 2 shows the 
layout for this matching section and the settings for 
matching a 100-mA beam. Our study shows that large 
variations in the operational parameters are required to 
match at other beam currents, indicating that this matching 
scheme is not very current insensitive. 

The second scheme is more ascetically pleasing, but 
requires modification of the last section of the RFQ to 
produce a round beam at the exit of the RFQ. We have 
designated this scheme as the "solenoid" matching section. 
This is desirable since the matched beam to a solenoid 
focusing system is round. The exit section of the RFQ must 
be increased in length from 6 cm to 30 cm to achieve this. 
To maintain the present overall IWQ tank length and 
therefore minimize the required RFQ modifications, the 
increase in exit section length is achieved by removing a 
few accelerating cells in the last section of the RFQ. New 
RFQ vanes would need to be manufactured for the last 
section. Removal of a few accelerating cells will reduce the 
RFQ output energy from 6.7 MeV to 6.5 MeV. If necessary, 
this 0.2 MeV energy difference can easily be compensated 

for in the high-energy end of the linac to recover the desired 
final linac output energy. Table 3 shows the component 
layout for this matching section. This scheme uses 2 RF 
bunching cavities, a matching solenoid, and the first 
solenoid of the SC linac to achieve the matching conditions. 
This solution requires control or variation of only 4 
parameters. Smaller variations of these parameters are 
required as a function of beam current for this scheme, 
indicating this scheme is more current insensitive. 

The cryomodule layouts shown in Figure 5 were 
determined primarily by mechanical engineering 
constraints. Because of the relatively long focusing periods 
that result as a consequence of this, it will probably not be 
possible to design a completely current-insensitive matching 
section between the RFQ and the SC linac. The APT 
(LEDA) RFQ has both strong transverse and longitudinal 
focusing. The transverse focusing strength (zero-current 
transverse phase advance) per unit length in this RFQ is 
approximately 1.96"km. The focusing strength per unit 
length at the front-end of the SC linac is approximately 
O,336O/cm, a factor of 5.8 weaker. Either weaker focusing in 
the RFQ or stronger focusing in the SC linac would be 
required to allow a nearly current insensitive matching 
section to be designed. Weakening the RFQ focusing will 
tend to destroy the beam quality and may not be desirable, 
but could be studied. Stronger focusing per unit length could 
be achieved, if possible, in the SC linac through the use of a 
more compact cryomodule layout. To date, no such realistic 
solution has been found. 



III C. Simulation Results 

Beam dynamics simulations with and without random 
alignment and operational errors were carried out to 
estimate the performance of the SC linac. Standard 
simulation codes were used including the PARMTEQM 
code which was used to propagate a matched 100-IA 
proton beam through the LEDA RFQ. A 10,000 
macroparticle output distribution from PARMTEQM was 
used as input to the LINAC code which simulates the SC 
linac. Simulations at 0-mA, 13-mA, and 100-mA beam 
currents were carried out to check the current insensitivity 
of the proposed design. No beam loss was observed for the 
ideal linac when the "solenoid" matching section was used. 

Linac simulations with alignment and RF errors were 
performed for 13 mA and 100 mA only. A set of 20 10,000- 
macroparticle simulations, each having a different set of 
random errors, were run for each case. The magnitudes of 
the errors were assumed to be identical to those used for the 
baseline APT design. The range of errors are shown in 
Table 4. Modifications were made to the LINAC code to 
incorporate soIenoid displacement, tilt, and amplitude 
errors. Additionally, fringe fields were added to the solenoid 
subroutine to more accurately model these fields. In all 
simulations with errors, the solenoid fringe field is turned on 
and is set to extend out to a distance equal to the solenoid 
aperture radius. The overall effects of the fringe fields were 
found to be small. 

Simulations with errors were only completed using the 
solenoid-matching scheme. Figure 13 shows the maximum 
beam amplitude as a function of beam energy along the 
linac for 100 mA and the full set of alignment and RF 
errors. The maximum amplitude for the ideal linac is also 
shown. All 20 simulation runs are plotted so that the spread 
in values can be observed. As can be seen, some beam loss 
is observed in the first section of the SC linac. Only 20% of 
the runs exhibited beam loss, Of those 20%, only a single 
run had high losses (4 x All other runs had losses of 1 
x Close examination of which errors drive the losses 
indicates that the beam loss is linked to the longitudinal 
beam dynamics. This is verified upon examination of the 
beam profile plots where particles are seen to fall out of the 
RF bucket when RF errors are present. Figure 14 shows the 
transverse emittance growth along the SC linac as a function 
of beam energy. 

Our simulation results indicate that we have made 
significant progress in developing a SC upgrade scheme that 
would accelerate the LEDA RFQ beam from 6.7 MeV up to 
100 MeV. Some issues related to the longitudinal beam 
dynamics at the RFQ-to-SC linac interface need to be 
addressed in order to improve or eliminate the beam losses 
that are presently observed in our simulations with errors, 
however, these losses may be acceptable under certain 
operational scenarios. More detailed studies are required. 

Table 1. SC linac upgrade parameters. 
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Table 2. 100-mA quadrupole matching section component 
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Fig, 13, Maximum beam amplitude vs. beam energy €or 100 
mA and all errors. The ideal linac result is also shown. 

able 4. Random errors used in the SC linac simulations. 
Description of Error I Random Error Value 

Solenoid Transverse 
Displacement (x and y) 
Solenoid Tilt 
Solenoid Field Strength 
Cavity Transverse 
Displacement (x and y) 
Klystron Amplitude 
(static error) 
Klystron Phase Error 
(static error) 
Cavity Amplitude Error 
(static error) 
Cavity Phase Error 
(static error) 
Klystron Amplitude 

Klystron Phase 
(dynamic error) 
Cavity Amplitude 
(dynamic error) 
Cavity Phase 
(dynamic error) 

(*) 
0.25 mm 

0.16 mrad 
0.25% 
0.75 mm 

2.0% 

5.0 deg 

1 .O% 

1.0 deg 
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5.0 deg 
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Fig, 14. Transverse emittance vs. beam energy for 100 mA 
and all errors. The ideal linac result is also show.  

IV. LEDA UPGRADE PATH 

LEDA can be upgraded in a staged fashion to minimize 
the need for funding spikes and to allow for early 
irradiations, To delay disassembling a working high-power 
WQ in order to convert the RFQ for deuteron beam 
production, initial irradiations could be done with protons. 
The simplest modification is to increase the linac energy up 
to 40 MeV (cost -$lM/MeV) and operate up to the 
demonstrated 100-mA level. The neutron yield would be 



reduced (1/13 of that of‘a deuteron beam), but this still gives 
more than 1.5 dpa/yr in a 0.5-liter volume. To perform 
irradiations, the LEDA facility will require the addition of a 
liquid lithium target and post-irradiation examination 
facilities. 

Since completion of the characterization of the LEDA 
RFQ beam, the facility has been locked down and put in a 
“cold-standby” mode. This mode allows for rapid restart of 
the facility and ensures that critical hardware and 
components are retained. This facility is now available for 
use by other program. The DOE has initiated funding to 
completely decommission the LEDA hardware. This 
activity commenced in FY03 and is limited to surplusing 
excess hardware. Unless other appropriate uses are found 
and support is obtained, this effort will culminate in the 
removal and surplusing of all LEDA hardware in FY04. 

The accelerator is situated in a 143-m-long tunnel that 
is part of building MPF-365 at TA-53. Although the RFQ is 
placed in the middle of the tunnel, no tunnel extension or 
reconfiguration of the existing hardware is required for an 
increase in beam energy up to about 100 MeV by using 
superconducting accelerating structures following the RFQ. 
The output end wall of the tunnel is designed for easy 
removal. Placement of a target and exposure chamber either 
inside the existing tunnel or in a tunnel extension is possible 
and can be decided by a trade-off study. If the shielding of 
the target can be accommodated, the target could be placed 
in the tunnel. However, placement of a target just outside 
the tunnel should reduce overall expense and simplify 
shielding construction. 

If irradiations were undertaken, LEDA would be 
classified as a nuclear facility without special nuclear 
materials, similar to the Lujan Center also located at TA-53. 
The TA-53 safety basis already covers the siting of nuclear 
facilities at TA-53 of less than 20 MW. The LEDA facility 
has operated at a level that supports 6 MW of RF-power (the 
LEDA RFQ only used 3 MW of RF power with the other 3 
MW going to other test stands), a power level that could 
have supported operation of a 40 MeV, 100-mA proton 
beam. 

V. SUMMARY 

The APT project has made a sizeable investment 
(greater than $150 M) in a high-current, low-energy proton 
accelerator capable of producing high neutron fluences. This 
development has successfully served the purposes of the 
APT program, but this program has now been terminated, 
and the facility equipment is now considered excess and is 
scheduled for decommissioning. The LEDA facility could 
be adapted for a staged program to develop all of the 
systems required for a prototypical high-power materials 
testing facility, as well as enabling early irradiations. 
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