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THE ACCELERATOR PRODUCTION OF TRITIUM PROJECT 
P. W. Lisowski, Los Alamos National Laboratory, Los Alamos NM 87545, USA 

Absrmcr 

Tritium is essential for U.S. nuclear weapons to 
function, but because it is radioactive with a half-life of 
12.3 years, the supply must be periodically replenished. 
Since the last production reactor stopped operating in 
1988, tritium has been recovered from dismantled nuclear 
weapons. This process is possible only as long as many 
weapons are being retired and will not work indefinitely, 
thus requiring the United States to bring a new tritium 
production capability on line. To make the required 
amount of tritium using an accelerator system (AFT), 
neutrons will be generated by high-energy proton reactions 
with tungsten and lead. Those neutrons will be 
moderated, and captured to make tritium. The AFT plant 
design is based on a 1700 MeV linear accelerator operated 
at 100 mA CW. In preparation for engineering design, 
scheduled to start in October 1997, and subsequent 
construction. a program of engineering development and 
demonstration is underway. That work includes assembly 
of a 20 MeV, 100 mA low-energy linac plant prototype, 
high-energy linac accelerating structure protoyping, radio- 
frequency system improvements, neutronic efficiency 
measurements, and materials qualifications. 

1. INTRODUCTION 

Production of tritium in a quantity large enough to 
supply the needs of the U S .  stockpile can only be 
accomplished through neutron capture by a stable isotope 
such as 'He or 'Li. Presently only reactor or accelerator 
systems can make enough neutrons to produce tritium in 
the quantities needed. In a reactor, nuclear fission supplies 
the neutrons. In APT, neutrons are made by proton 
spallation of heavy metal nuclei. The use of spallation to 
produce neutrons makes i t  possible to avoid the use of 
fissile material, which in turn makes the system design 
simpler than that of a reactor and provides additional safety 
and environmental features. 

l. l Project History 

The design of an APT system was first considered by 
the DOE Energy Research Advisory Board (ERAB) in late 
1989 and by the JASONs, an independent scientific review 
panel, in  1992 and 1995. Reviews of APT technology 
were positive, and endorsed the need for further design and 
for a technology development and demonstration program. 
As a result, from 1992 to 1994, the DOE sponsored an 
APT preconceptual design study using a multi-laboratory 
and industry team to support a DOE Programmatic 
Environmental Impact Statement for Tritium Supply and 
Recycling. 

In December, 1995 the DOE announced a decision to 
pursue a dual track approach to obtaining a new tritium 
supply. That strategy initiated action to purchase an 
existing commercial reactor (operating or partially 

complete) or irradiation services with an option to 
purchase the reactor for conversion to a defense facility; 
and authorized work to design, build, and test critical 
components of an accelerator system for tritium 
production. The DOE has committed to select one of the 
tracks to serve as the primary source of tritium by fall, 
1998. In addition, the Savannah River Site (SRS) in 
South Carolina was selected as the location for the APT 
accelerator. 

A critical part of the DOE decision is the fact that the 
government plans to develop the technology that is not 
selected for tritium production as an assured backup in the 
event that the primary technology proves unworkable. 
For APT that means that the project will continue 
through engineering design of the plant and include 
sufficient Engineering Demonstration and Development 
(ED&D) to ensure low-risk construction and operation. 

APT ED&D activities cover areas that have the 
greatest impact on plant cost and schedule, including an 
evaluation of alternative designs, and prototyping of key 
components and subsystems. This work is being 
performed with the assistance of a Prime Contractor, 
Burns and Roe teamed with General Atomics, which will 
be responsible for plant design and construction; and with 
the Maintenance and Operations Contractor at Savannah 
River, in order to assure actual plant operations 
experience. 

1.2 Conceptual Design Report 

The basis of this paper is the APT Plant Conceptual 
Design Report (CDR) [ I ] .  The CDR establishes the 
design. cost, and schedule for the entire project. It also 
includes technical information on Environment Safety and 
Health, Operations and Maintenance, Safeguards and 
Security, and Decontamination and Decommissioning. 
The report was coordinated by Los Alamos National 
Laboratory with contributions from Sandia, Brookhaven, 
and Livermore National Laboratories; the Westinghouse 
Savannah River Company; the APT Prime Contractor; 
and supporting subcontractors Northrup Grumman, and 
Babcox and Wilcox. 

DOE requirements for the APT plant include: 
Sustained normal operation at a production rate 
within the range of 2 to 3 kg of tritium per year, 
Sustained operation at the higher production rate of 3 
kglyr averaged over 5 years, 
Production of 3 kglyr no later than 2007, 
Operational lifetime of 40 years, and 
Cost effective, efficient operation in the 2 to 3 kg/yr 
range. 

2. SYSTEM DESCRIPTION 

The AFT plant has a CW proton linear accelerator [2] 
to produce a 170 MW proton beam that is directed onto a 
tungsten target surrounded by a lead blanket. Tubes filled 
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Figure 1, APT Plant Systems and Accelerator Architecture - 
with ‘He gas are located adjacent to the tungsten and 
within the lead blanket. Spallation neutrons created by 
the energetic protons are moderated by the lead and cooling 
water and are absorbed by ‘He to create about 40 tritium 
atoms per incident proton. The tritium is continuously 
removed from the 3He gas. The overall APT plant is 
designed to operate at 71% or greater availability. 

The APT design was strongly influenced by the need 
for efficient use of the large amount of required RF power 
[3]. The selection of basic accelerator parameters, such as 
current, energy, and accelerating gradient, was determined 
by the required plant production capacity, usin, 0 a cost- 
performance model [ic]. The model has an energy- 
dependent parameterization of spallation neutron 
production in high-Z targets and includes cost estimates 
for subsystems and consumables such as electricity. The 
model also includes technical constraints, such as injector 
current limits and maintenance requirements. 

2.1 Linear Accelerator 

The accelerator system has been designed to provide: 
.A 100-mA proton beam at 1700 MeV that can be 
expanded to provide a current density at ihe entrance 
window to the TargeVBlanket that is less than 80 
p.#cm’ and uniform to within C30%, 
Beam loss within the accelerator structure that is low 
enough to allow unrestricted hands-on maintenance 
(At the highest energy, the loss corresponds to about 
0.1 nA/m.), and 
Accelerator availability during scheduled operations 
of 285%. 

The APT linac uses normal conducting (NC) water- 
cooled copper structures [SI to accelerate the 100-mA 
continuous wave (CW) proton beam to 217 MeV, and 
niobium superconducting (SC) accelerating cavities [6] 
thereafter. 

In order to smoothly and efficiently accelerate the 
proton beam without loss, there are several accelerating 
structures following the injector, each optimized for a 
specific energy range. The low-energy normal-conducting 
(NC) linac, which is used up to 217 MeV, consists of a 
350 Mhz radio-frequency quadrupole (RFQ), a coupled 
cavity drift tube linac (CCDTL,), and a coupled-cavity 
linac (CCL). Within the NC linac, the CCDTL and CCL 

use 45 1-MW 700-MHz klystrons. Each klystron 
distributes power to the accelerating structure through four 
250-kW windows. The high-energy linac, consists of 
superconducting-cavity (SCC) cryomodules of only two 
designs. From 217 MeV to 469 MeV, the cavities are 
optimized at p = 0.64, and in  the section above 469 MeV, 
at p = 0.82. The shapes were modeled after well- 
established elliptical designs used in electron machines, 
but compressed along the longitudinal axis in proportion 
to p. Each cavity has two coaxial RF couplers to supply 
up to 210 kW of 700-MHz RF power and uses a SC 
focussing lattice. 

This combination NC/SC accelerator is designed to 
have strong focusing at low beam energy and to avoid any 
phase-space transitions after the RFQ that might perturb 
the beam. Studies [7] have shown that this is important 
in order to minimize emittance growth and beam halo 
formation. The amount of clearance between the 
accelerating structure and the beam core is indicated by the 
“aperture ratio”, which is the ratio of the structure aperture 
diameter to the rms beam size. In order to ensure low 
beam loss, the linac has the largest practical aperture ratio 
at every energy. The ratio is achieved by having large 
apertures in accelerating structures and in focusing 
magnets, and by keeping the beam size small using strong 
beam focusing per unit length. The aperture ratio 
increases from about 20 at the end of the NC linac, to 80 
at the end of the SC linac. The ratios are designed [SI to 
be large enough to keep beam losses low enough to allow 
hands-on maintenance. 

3ecause of the SC linac can operate with accelerating 
cavities having only two values of p the linac output 
energy may be adjusted over a wide range, providing 
considerable operational flexibility. For example, output 
beam energy may be traded for beam current, if necessary, 
and the accelerator may be retuned for operation following 
an RF station or cavity failure. 

Cooling for the SC linac is provided by a cryogenic 
plant consisting of three identical refrigerators similar in 
design to the one in use at the Thomas Jefferson National 
Accelerator Facility. This system must provide 2wK 
helium in the superfluid state to the superconducting 
cavities, 4.5-K helium for the superconducting magnets, a 
stream of 450.K helium gas for the cryomodule thermal 
shields, and liquid helium to cool the ma, w e t  current 
leads. 



A High Energy Beam Transport (HEBT) system [9]  
delivers the beam to a targethlanket (TB). The beam 
passes through a magnetic switchyard which directs it 
either to a straight-ahead tuning beamstop or into the 
beam line serving the T/B assembly. This beam line 
terminates in a beam expander, which converts the small- 
diameter Gaussian-like beam distribution into a large-area 
rectangular uniform distribution at the target. The beam 
expander has two non-linear (multipole) magnets and two 
quadrupoles, one pair for horizontal-plane expansion, and 
the other for vertical-plane expansion. After 30 m of drift, 
the beam expands to a 16 cm by 160 cm uniformly-filled 
rectangular pattern at the T/B. 

2.2 TargetlBlanket 

The T/B assembly has been designed to meet tritium 
production requirements while maintaining a high degree 
of safety and reliability. Design features include a 
tungsten and lead assembly that stops the protons, a lead 
blanket containing 'He that produces approximately 40 
tritons per incident 1700 MeV proton, low-pressure, low- 
temperature cooling systems with redundant heat removal 
systems. and welded, doubly-contained gas handling 
systems to retain the 'He and tritium. 

Assembled from replaceable modules, the T/B has a 
beam entrance window, a centrally-located tungsten 
neutron source, a surrounding lead blanket, a reflector, and 
shielding. AI1 modules are placed in  a cavity maintained 
at a rough vacuum. A double-wall Inconel window 
isolates the T/B cavity vacuum system from the 
accelerator. 

Lead 

Figure 2, APT TargetBlanket System 

The physics design of the tungsten neutron source 
maximizes the production of neutrons through nuclear 
spallation and allows them to leak into the blanket region 
with minimum loss. The tungsten neutron source 
consists of small heavy-water cooled, Inconel-clad 
tungsten rods mounted perpendicular to the proton beam 
axis in horizontal stainless steel tubes. The tubes are 

connected to vertical manifold tubes, in a ladder 
arrangement that is about 2 m tall. To enhance neutron 
leakage from this source, the tungsten is spread over a 
large volume. The tungsten neutron source produces 
approximately 21 neutrons per 1700 MeV proton. 
Approximately 3 neutrons are parasitically absorbed by 
the tungsten, and therefore, unavailable for making 
tritium. Surrounding the tungsten neutron source ladders 
is a neutron decoupler which allows high-energy neutrons 
and other particles to leave the central region. The 
decoupler also preferentially absorbs any neutrons in 3He 
that attempt to return. The decoupler has several layers of 
light-water cooled, 3He -filled aluminum tubes. 
Approximately 46% of the total tritium production occurs 
in the decoupler. 

A blanket of lead, light water, and 'He gas surrounds 
the tungsten neutron source and decoupler . The blanket is 
120 cm thick laterally and extends about 50 cm above the 
ladders. The lead in this region increases neutron 
production by additional spallation and (n,xn) reactions. 
The neutrons are moderated to low energy by collisions in 
the lead and light water, and are captured in 'He gas 
contained in circular aluminum tubes to produce tritium. 
Tritium produced in the 'He diffuses to a manifold, where 
it is canied away by flowing 'He. The 'Hehydrogen- 
isotope mixture is transported to the Tritium Separation 
Facility (TSF) for continuous tritium removal and 
cleanup. The lead blanket and decoupler produce an 
additional 26 neutrons per proton, with approximately 4 
neutrons lost to structure and coolant. Fifty-four percent 
of the tritium is produced in  the blanket. The blanket is 
surrounded by a water reflector holding additional 
aluminum tubes which contain 3He for reducing neutron 
leakage from the blanket. Of the 170 M W  of beam power 
incident on the T/B, only 130 MW is converted to heat 
that must be removed by cooling systems. 

The tungsten neutron source, decoupler, reflector, and 
blanket are mounted inside a cylindrical steel vacuum 
vessel that is shielded both inside and outside to reduce the 
radiation dose rate to less than 0.1 mremhour for 
personnel working in  adjacent areas. 

and engineered design features. Inherent to safety is the 
low amount of heat that continues to evolve from the 
tungsten target and other components after the beam is 
removed. Unlike fission-based systems for tritium 
production, there are no delayed neutrons and no criticality 
concerns. Inconel cladding on the tungsten rods prevents 
radionuclide release in the unlikely event that the cooling 
water is lost and the rods must cool by radiating their 
decay heat. There is a highly reliable T/B fault detection 
system which would turn off the proton beam should an 
upset condition occur. Backup safety features include 
natural circulation heat removal, an active residual heat 
removal system, and the ability to flood the cavity. 

TargetBlanket safety is provided by multiple inherent 

2.3 Tritium Separation Facility 

The TSF delivers tritium in quantity and purity 
meeting production requirements. Spallation products in  
the 'Hehydrogen-isotope gas mixture produced in the 
targethlanket are removed before the gas is circulated to 



the TSF. There hydrogen isotopes are removed, and 3He 
is recirculated to the T/B. The hydrogen isotopes are 
separated by cryogenic distillation, and the tritium is sent 
to existing SRS tritium facilities. The TSF recovers 
99.9% of the tritium transported from the T/B assembly, 
and chemically and isotopically purifies it tcl a minimum 
of 99% tritium. 

2.4 Balance of Plant 

The Balance of Plant (BOP) design is driven by the 
need to meet the requirements of the linac, targethlanket, 
and tritium separation facilities. Those requirements 
include input electric power, waste heat to be removed, 
distributed utilities within the plant, shielding 
requirements. and remote handling of radioactive materials. 
About 10’ square meters of land area is needed to 
accommodate the APT plant which will be 1.5 kn long 
and bounded by a fence to provide access control. 

Incoming ac power from a local utility is converted 
by an electrical switchyard to a lower voltage for 
distribution to the accelerator and plant systems, and is 
distributed via a series of sub-stations along 1:he length of 
the plant. Nine Cooling towers and their associated heat 
exchangers are located above ground along the accelerator 
tunnel to serve the accelerator and its power s;upply 
components. Because of its major cooling load, the TB 
facility has an additional dedicated cooling station. 

The APT total electric power requirement is 486 
MWe. consisting of two major loads: the RF and BOP 
electric power loads of 377 and 109 MWe, respectively. 
The ac plant distribution system will be supplied by two 
100% capacity overhead lines from she local utility. 
Loads that must meet safety requirements are fed from 
both normal and three 800-kW power generators and 
several unintermptible power supply (UPS) backup 
systems. 

buildings are housed in  a concrete tunnel, with seven 
meters of dirt covering the linac section for shielding. 
The klystron gallery is a steel frame, metal bluilding that 
parallels the accelerator tunnel. 

The T/B building has above- and below-grade 
structures. Below-grade, the T/B building is reinforced 
concrete, while above grade it is composed of a reinforced 
concrete bay and a steel frame with metal siding. Remote 
handling equipment is used where contact handling is not 
practical or not permitted by personnel hazards, such as 
during replacement of used targets. 

The BOP contains the Integrated Control System 
(ICs), which integrates accelerator protection and 
operation, ensures safe running conditions, and adjusts 
plant production variables. The plant will be completely 
operable from the main control room. 

the BOP include radiation monitoring and protection, 
heating, air conditioning and ventilation, water supply, 
fire protection, communications, interfaces to SRS 
infrastructure, and safeguards and security. 

The accelerator tunnel and high energy beam transport 

Other infrastructure support services considered within 

3. ENGINEERING DEVELOPMENT AND 
DE iM 0 N S T RAT IO N 

The operation of all essential APT systems, structures, 
and components has been demonstrated, sometimes on a 
smaller scale and in different environments than will be 
present in the production plant. However, because the DOE 
dual-track approach has a critical decision in 1998, the APT 
Project plans to develop and demonstrate several key 
technologies and components at prototypic scale before that 
decision. These planned activities are identified in a Core 
Technology Plan which forms the basis for the ED&D 
component of the AFT project. They will be carried out 
with the assistance of the Prime Contractor, and with the 
Maintenance and Operations Contractor at Savannah River, 
in order to assure actual plant operations experience. ED&D 
has substantial breadth, but there are four major technical 
activities underway: 

Low Energy Demonstration Accelerator (LEDA) 
0 TargeVJ3lanket and materials ED&D 

Tritium separation 
High-energy accelerator ED&D 

3. I Low Energy Denionstratioti Accelerator 

LEDA activities [ I O ]  will be conducted in five stages to 
progressively demonstrate integrated high-power operation of 
the low-energy linac. 

Installation and testing of a 75-keV, 1 IO-mA proton 
injector; 
Addition of a 350-MHz RFQ accelerator to accelerate 
a 100-mA CW proton beam to 7 MeV; 
Addition of a 700-MHz CCDTL to further accelerate 
the 100-mA CW proton beam to 20 MeV; 
Addition of CCDTL modules to raise the final 
energy of the 100-mA CW proton beam to 30-40 
MeV; and 
Optional phase addition of a second parallel apparatus 
similar to that of Stage 111, and a beam combiner to 
merge two 350-MHz, 100-mA, 20-MeV proton 
beams into a single 700-MHz, 200-mA, 20-MeV 
proton beam. This beam would then be accelerated 
with CCDTL modules to an energy as high as 40 
MeV. 

Of these, the first item has been completed, while 
construction and assembly of the RFQ [ 1 I]  in the second 
item is underway. 

3.2 High Energy Accelerator 

Although the high-energy linac accelerating structures 
are based on well proven designs, RF coupling, 
manufacturability, and thermal performance will be 
demonstrated by building and testing a prototype of the 
100 MeV CCDTL section. 

The SCRF development program has as its basis the 
successful cryomodules for electron accelerators. For proton 
applications there are several engineering development 
activities leading to pre-production prototypes suitable for 
manufacture that will be addressed by the following 
activities: 



Fabrication and high-gradient testing of several single- and Construction, and Operational Testing and 

0 

cell intermediate v;lo&ty proton beams Xb cavities; 
Fabrication and testing of high-power couplers for 
SCFS medium-velocity cavities; 
Fabrication and high-field testing of multi-cell SCRF 
cavities; 
Tests of multi-cell prototype SCRF cavities and 
couplers in beam cryostats at full power, using 
resistive loads to simulate the beam; and, 
Evaluation of radiation damage of a prototype Nb 
cavitv and Nb samdes. 

Of these aciivities, the first and fifth have already been 
successfully accomplished. 

3.3 Tritium and Neutron Production ESficiency 

The technology associated with generation and 
moderation of neutrons produced by energetic proton 
beams on tungsten and lead targets has been demonstrated 
at neutron sources worldwide. The efficiency of tritium 
production for an optimized T/B has a proton energy 
dependence very nearly the same as that of the total 
neutron production for range-thick targets. Measurements 
of tritium production from simplified prototype tar, Gets at 
800 MeV and for neutron production over the proton 
energy range of interest for APT have been completed, 
confirming the predicted neutron and tritium production. 
Additional work is in the planning stage involving a 
protoypic power density system for investigating the 
engineering performance of a tritium-producing ‘He loop 
at the LANSCE accelerator. 

3.4 Materials Performance 

Candidate Targemlanket structural materials, including 
Inconel, stainless steel, aluminum alloys, lead, zircaloy and 
tungsten, are being irradiated in the high power proton beam 
at 800 MeV at LANSCE. The irradiations are planned to 
achieve a fluence corresponding to about one full-power 
APT year. Included with the materials irradiation samples 
will be a corrosion study to determine on-line and in-situ 
water chemistry in which an instrumented closed-loop 
coolant system exposes candidate materials to a prototypic 
proton flux. The materials work will lead to fundamental 
information on the response of proposed materials to 
prototypic radiation environments as a function of fluence, 
material lifetimes, water radiolysis and spallation product 
mitigation requirements, and water chemistry requirements. 

4. PROJECT COST AND SCHEDULE 

The Integrated APT Project Schedule was developed 
to support key DOE and project specific milestones, from 
Critical Decision 1, “Approval of Mission Need,” to 
Critical Decision 4, “APT Plant Acceptance.” The 
schedule is also based on key deliverables from the ED&D 
program that interface with final design and procurement 
activities. The APT Project summary schedule shown in 
Figure 3, presents the major phases of the project: 
Engineering Development and Demonstration Conceptual 
Design, Preliminary and Final Plant Design, Procurement 

Commissioning. 
Figure 3 APT Project Summary Schedule 
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The APT cost estimate includes all costs to develop, 
engineer, construct, commission, operate, and 
decommission the APT plant. The Total Estimated Cost 
(%3.5B, with contingency and escalation) includes 
Preliminary and Final Design, construction costs, and all 
associated supporting activities such as systems and 
construction engineering, construction management 
(including inspection and testing), and all project 
management. Other Project Costs (OPC) (SlB ,with 
contingency and escalation) includes costs of the 
Engineering Development and Demonstration program, 
Conceptual Design costs, Environmental Safety and 
Health program costs, start-up costs, and all of the 
associated project management and administration costs 
for OPC activities. Annual operating costs for 3 kgyr  
production are $150M. 
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DESIGN OF 250-MW CW RF SYSTEM FOR APT* 

D. Rees, Los Alamos National Laboratory, PO Box 1663, Los Alamos, NM 87545 

Abstract 

The design for the RF systems for the APT (Accelerator 
Production of Tritium) proton linac will be presented. 
The linac produces a continuous beam power of 130 MW 
at 1300 MeV with the installed capability to produce up 
to a 170 MW beam at 1700 MeV. The linac is comprised 
of a 350 MHz RFQ to 7 MeV followed in sequence by a 
700 MHz coupled-cavity drift tube linac, coupled-cavity 
linac, and superconducting (SC) linac to 1700 MeV. At 
the 1700 MeV, 100 mA level the linac requires 213 MW 
of continuous-wave (CW) RF power. This power will be 
supplied by klystrons with a nominal output power of 1 .O 
MW. 237 klystrons are required with all but three of 
these klystrons operating at 700 MHz. The klystron 
count includes redundancy provisions that wilt be 
described which allow the RF systems to meet an 
operational availability in excess of 95 percent. The 
approach to achieve this redundancy will be presented for 
both the normal conducting (NC) and SC accelerators. 
Because of the large amount of CW RF power required for 
the .4FT linac, efficiency is very important to minimize 
operating cost. Operation and the RF system design, 
including in-progress advanced technology developments 
which improve efficiency, will be discussed. RF system 
performance will also be predicted. Because of the 
simultaneous pressures to increase RF system reliability, 
reduce tunnel envelope, and minimize RF system cost, the 
design of the RF vacuum windows has become an 
important issue. The power from a klystron will be 
divided into four equal parts to minimize the stress on the 
RF vacuum windows. Even with this reduction, the RF 
power level at the window is at the upper boundary of the 
power levels employed at other CW accelerator facilities. 
The design of a 350 MHz, coaxial vacuum window will 
be presented as well as test results and high power 
conditioning profiles. The transmission of 950 kW, CW, 
power through this window has been demonstrated with 
only minimal high power conditioning. 

1 ACCELERATOR DESIGN 

The APT Linac design is based on copper, water-cooled, 
NC, accelerating cavities that accelerate the beam to an 
energy of 217 MeV and inject it into SC accelerating 
cavities. Final output energy can be varied from 1300 
MeV to 1700 MeV. This hybrid Linac architecture is 
illustrated in Figure 1. During operation, a 75-keV 
injector housing a microwave-driven ion source generates 
a continuous proton beam at 110 mA nominal current. 

From this input, a 350-MHz, 8-m radio-frequency 
quadrupole (RFQ) produces a CW 100-mA beam at 6.7 
MeV. The RFQ output beam is matched into a 700-MH-z 
coupled-cavity drift-tube-Linac (CCDTL) that accelerates it 
to 100 MeV. Acceleration to an energy of 217 MeV takes 
place in a coupled cavity Linac (CCL) that uses 700-MHz 
side-coupled cavities. 

1 r Nonnal-Conducting 1 Superconducting 

7M) MHz 
100 mA 

350 MHZ lo0 MHz 
DTL I CCL H 8 =ow I @SO82 I "MV1m I AJlvrwbleCndrnl 43 - 6 4  UVIm f 

75keV 7McV 1 0 M e V  217MeV 469 McV 110 5kV 

Figure 1. APT Accelerator Schematic. 

The SC Linac is composed of cryomodules that 
contain 5-cell 700-MHz accelerating cavities. There are 
two kinds of cryomodules, each designed for efficient 
acceleration in a different proton energy range. Cavities in 
the medium-energy section, from 2 17 MeV to 469 MeV, 
are optimized at p = 0.64, and in  the high-energy section 
at p = 0.82. 

The RF system requirements by section are 
presented below in Table 1. The justification for the 
generator selection and power capacity is presented in 
subsequent sections. The table serves to illustrate the 
scope of the APT RF system. 237 I-MW capacity 
klystrons are requirtd for the desired level of Tritium 
production. 

Structure Freq. No. of Total F S  Klystron I 1 (MHz) I RF I Required I Size I 
Systems 

RFQ 350 3 2.3 MW 1.2 MW 
CCDTL 700 21 16.6 MW 1 MW 

CCL 700 27 19.7 MW 1 MW 
29.1 MW 1 MW sc 700 30 

SC 700 I56 151 MW 1 MW 
8=0.64 

8=0.82 
Totals 237 219MW 

Table 1. RF system requirements by accelerating 
structure. 

2 RF SYSTEM DESIGN 

The magnitude of the RF system requirements 
result in the RF system being the one of the predominant 
cost factors for the APT facility. The RF system DC-to- 
RF conversion efficiency has a primary influence on the 
operating costs for the APT facility. The size of the APT 
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RF system makes component failures ii statistical 
certainty. The RF system must be designed to minimize 
the number of single point of failure components to 
insure high availability. An additional requirement 
imposed by the end user of the facility is ithat the R F  
system be based on existing, proven technology or low 
risk extensions of existing technology. 

2.1 RF System Cost and Generator Size 

The RF generator size has the single biggest influence on 
the RF system cost. The RF system cost increases by a 
factor equal to approximately the square root of the ratio 
of a 1 MW generator divided by the power capacity of the 
reduced generator size. This relationship wits generated 
from point designs of RF system architectures based 
around different generator sizes spanning 129 kW to 1 
MW. The scaling relationship is qualitatively justified by 
considering how the costs of various IIF system 
components scale with generator size. High voltage 
power supplies, power conditioning, crowbar!;, resonance 
control and RF window costs are weak fiinctions of 
generator size. Waveguide, water load, fast R . F  controls, 
RF reference, computer interface, circulator, safety 
interlocks, klystron support electronics, and RF generator 
costs are strong functions of RF generator size. 

Based on this data, previous experience at CERN 
and KEK, and conversations with klystron vendors, 1.2 
MW was selected as the generator size for the 350 MHz 
klystrons and 1.0 MW was selected as the generator size 
for the 700 MHz klystrons. Based experience itt other CW 
accelerator facilities, klystrons with modulating anodes 
have been selected as the baseline approach. The 
operating parameters of these 350 MHz and 700 MHz 
klystrons are similar. Both klystrons have a saturated 
efficiency of 65 c /o ,  a maximum beam voltage of 95 kV, a 
gain of 40 dB, a modulating anode, and can take the full 
beam power i n  the collector and operate into a 1.2:l 
VSWR at any phase. The 350 MHz tube has a 
maximum output power capacity of 1.2 MW and 1 dB 
bandwidth of . I  MHz while the 700 MHz klystron has a 
maximum power capacity of 1.0 MW and a 1 dB 
bandwidth of 1.4 MHz. 

These klystrons have one additional requirement 
that differs from the historical requirement for this class of 
CW klystrons. The APT klystron collectors are required 
to dissipate the full klystron beam power for a duration in  
excess of one hour. This requirement is driven by the 
demand load that the APT RF system places o n  the local 
utility. The APT RF system AC demand is i n  excess of 
10% of the generating capacity of the local utility. At 
this fraction of the total system-wide AC dlemand, the 
turn-on and turn-off transients and resulting imbalance of 
supply and demand are not manageable withoul expensive 
infrastructure changes and energy storage additions to the 
local grid. The response rate of the local grid would also 
significantly impact recovery times from short duration 

faults (faults lasting 30 minutes or less). Consequently, if 
the full l2F power is not required from the klystrons for 
intervals of up to one hour, the excess energy will be 
dissipated in the klystron colIector. The 350 MHz 
klystron design has demonstrated during acceptance tests 
the ability of the collector to take the full beam power for 
more than two hours. Two of the 350 MHz klystrons 
have been tested and both have achieved all performance 
requirements. Two 700 MHz klystrons, one each from 
two vendors, are scheduled for test in June and July of 
1997. The 350 MHz klystrons are being supplied by 
English Electric Valve (EEV) and the 700 MHz klystrons 
are being supplied by EEV and Communication and 
Power Industries (CPI, formerly Varian Associates). 

2.2 Conversion Efficiency 

The required DC-to-RF conversion efficiency of the APT 
klystrons is 65%. This efficiency has been demonstrated 
in acceptance test for the 350 MHz klystron and has \wen 
predicted by large signal analysis for the 700 MHz 
klystron. However, klystron physics dictate that the high 
efficiency is only realized at the saturated output-power 
level. At any level below saturation, the efficiency is 
decreased proportionally to the reduced output power. In 
accelerator service, we must provide high bandwidth 
control of the accelerating-cavity-field amplitude and phase 
by modulation of the RF drive to the klystron. This 
forces us to operate below the saturated output level to 
allow margin for control. Control system modeling baxd 
on the expected cavity field perturbations indicates a 10% 
margin should be sufficient to provide this control. This 
results in  a nominal operational efficiency of 58.5% for 
the klystrons. 

The high voltage DC power supply is required to 
provide an AC-to-DC conversion efficiency of 95 96. The 
design goal for the APT power supply is 97 %. 

The other source of inefficiency in the R F  
system is the insertion and return loss from the RF 
waveguide and waveguide components, including the R F  
window and coupler. The allocation for this loss is 7.5%. 
Combining these efficiency allocations the conversion 
efficiency of AC power from the grid to RF power to the 
beam and cavity is 51.4 %. This efficiency is also 
slightly reduced by the AC power required for the klystron 
support electronics. 

2.3 Availability 

The RF system is required to meet an 11 month 
availability of 95 lo. Because of the size of the R F  
system and the number of RF systems required, it is 
impossible to achieve the availability requirement without 
installed redundancy. We have chosen to implement 
redundancy at the RF system level rather than designing 
redundancy into the RF component level to minimize 
cost. The NC and SC sections of the accelerator utilize 



different approaches to provide the redundancy. In the SC, 
higher-energy portion of the Linac, it is possible to detune 
cavities, disable the associated RF system, and coast the 
beam through the detuned cavity. Five percent spare 
cavities and RF stations are installed on the SC Linac. If a 
single cavity or a klystron that powers several cavities 
fails, the beam phase beyond the failure point will be 
different than what would have been otherwise provided 
and, unless corrected, would generally result in poor 
acceleration efficiency and poor longitudinal focusing in 
the cavities downstream of the failure. Such an 
uncorrected situation could also ultimately lead to radial 
loss of beam. However, rephasing the linac beyond the 
point of failure is a simple operation where the RF phase 
in the SC cavities is shifted by calculable amounts, 
setting the new injection phases to the correct values. 

For NC accelerating structure the RF system is 
arranged into what we refer to as supermodules. The 
supermodule concept uses the accelerating cavity as the 
power combiner where, if n klystrons are required to meet 
the RF requirements of the accelerating cavity, then n+l 
klystrons are connected to the cavity, providing a readily 
available spare. During normal operation, the n+l  
klystrons are operated at an output power reduced by the 
fraction of n/(n+l). This operating scenario is 
recommended by tube vendors to increase the operational 
life of the klystrons. If a failure disables one of the n + l  
klystrons or associated klystron electronics, then the failed 
RF station is removed from the accelerating structure by a 
waveguide switch positioned to show the accelerating 
cavity an effective short circuit at the coupling point. The 
output power of the remaining klystrons is increased, and 
the supermodule still meets all operational requirements. 

The supermodule RF architecture is illustrated in 
Figure 2.  The figure shows a supermodule where seven 
klystrons are connected to a CCDTL accelerating structure 
while only six of the klystrons are needed to meet the 
operational requirements. The klystrons are protected 
from high VSWR with Y-junction circulators. The power 
from each klystron is split before being delivered to the 
accelerating structure to minimize RF window stress and a 
waveguide switch is provided to take any of the seven R F  
systems off line in the event of a failure in one of the 
stations. The low level RF controls are not shown in the 
f', iwre. 

There are two primary cost increases associated 
with the improved reliability of the supermodule concept. 
The most obvious increase is capital costs of the spare RF 

with beam energy. There is also a practical upper limit 
on the supermodule size dictated by differential thermal 
expansion and alignment issues. Therefore some variation 
in the number of klystrons per supermodule exists 
depending on energy. The range spans four to seven 
klystrons per supermodule. 

Figure 2. RF Supermodule 

The RF windows pose a challenging reliability 
problem. In order to maximize window reliability a 
nominal power level of 210 kW has been selected for the 
CCDTL, CCL, and the high beta SC cavities, 140 kW for 
the medium beta SC cavities, and 250 kW for the RFQ. 
These power levels are marginally higher than the 
experience base at other high average power accelerators 
world wide. To complicate matters, APT requires over 
1000 RF couplers. Even if the coupler windows have a 
very long life, the large number of windows results in a 
failure rate that is unacceptably high. To address this 
potential source of unavailability, we are implementing 
dual windows on the SC couplers that will allow the 
accelerator to continue to operate in the event of a window 
failure. With the dual SC windows the APT RF system 
can meet the 95 % availability requirement. 

3 ADVANCED DEVELOPMENT 

Although one of the APT RF system design requirements 
is that the RF technology be based on existing technology 
it is easy to justify advanced development activities which 
increase efficiency (reduce operating costs), decrease initial 
constructions costs, or insure high availability. Three 
such developments are discussed below. 

stations. There is also an impact on operating cost. 
When n+ l  klystrons are operated at an output power 3.1 Advanced RF Generator Development 

. -  
reduced by the fraction of n/(n+l) an operational efficiency 
penalty must be paid. 

The supermodule size is limited to a maximum 
of 200 accelerating cells to maintain stability within the 
levels required by the beam dynamics. Since the "real 
estate" gradient is fixed, where the cell sizes vary with 
energy, the number of klystrons per supermodule can vary 

Since the RF power required for APT is large and 
the AC power required from the grid to produce the R F  
power is the single largest component of the APT AC 
power demand, even small improvements in efficiency can 
have a significant effect on the operating cost for the APT 
accelerator. A reasonable estimate based on the 



operational availability and the cost of electricity suggests 
that the operating costs reduce by approrcimately $1 
million per year for each percentage point increase in RF 
generator DC-to-RF operating efficiency. 

Efficiency improvements can be realized in two 
ways: (1) by increasing saturated generator efficiency, 
and (2) by changing the saturation to eliminate the 
efficiency penalty that must be paid with klystron 
technology to exercise accelerator field control. The 
inductive output tube (IOT) family of generators has 
demonstrated a soft saturation characteristic with a 
relatively constant efficiency over the upper 20% of 
output power. Demonstrated saturated efficiencies are on 
the order of 70 - 75%. Unfortunately, the current state of 
art in CW IOT generators is 250 kW at 267 MHz. This 
device also has a very low perveance and correspondingly 
high beam voltage, a poor reliability record, arid low gain. 
Los Alamos is funding CPI to develop a high order mode 
(HOM) IOT. The HOM-IOT is shown in Figlire 3. 

The HOM-IOT is an annular beam device. The 
annular beam is formed by a number of se-mented 
cathodes. The portions of the segmented cathode structure 
which do not contain active material allows for the 
inclusion of radial fins to support the interior sltructures of 
the device and to break up the propagation of any coaxial 
mode along the device longitudinal axis. 'me annular 
beam allows for a very low per unit  perveance while 
achieving a very high device perveance and l ow  operating 
voltage (-45 kV). The predicted gain of the device is 
moderately higher than the gain achieved in conventional 
IOTs (24 dB vs. 21 dB) and the predicted efficiency is 
comparable to the demonstrated efficiency in  previous 
IOTs (73%). 

The operating parameters of the IOT its compared 
to the 700 MHz klystron under development for APT m 
shown in Table 2. From the table it is obseried that the 
saturated and operational efficiency as well as the reduced 
beam voltage are the primary advantages while the reduced 
gain is the primary disadvantage. However, because of the 
substantial amount of RF power required for APT, the 
operational savings resulting from the improved efficiency 
dominate the economic tradeoff between a klystron and 
HOM-IOT with a high-power driver, The savings and 
reliability improvements from a lower vollage power 
supply are also substantial. 

3.2 Stacked Inverter Power Supply 

The baseline design for the APT accelerator is 
one, SCR regulated, 12 pulse power supply with crowbar 
per klystron. Operating several klystrons from a single 
supply has been considered and rejected because of the 
impact on operational flexibility and reliability. This 
baseline technology is currently under test a.t Maxwell 
Laboratories. An alternate technology is also under 
development at Continental Electronics. This technology 

utilizes series connected solid state modules which are 
switched on to provide the high voltage DC. The 
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Figure 3. Cross-sectional view of HOM-IOT. 
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Table 2. Comparison of 700 MHz HOM-IOT and 
klystron requirements. 

switching is accomplished with Insulated Gate Bipolar 
Transistors (IGBT). A low pass filter follows the series 
connected modules which remove the switching signals 
and allows the DC to pass to the RF amplifier. A 



schematic of the IGBT supply is shown in Figure 4. The 
topology in the figure results in a 24 pulse supply with 
minimal stored energy in the output low pass filter. This 
combined with the IGBT switching speed allows for the 
elimination of the crowbar while limiting energy delivered 
to a klystron arc to an acceptable value. 

The solid state module control circuitry allows 
for additional modules to be included in the design, and 
failed modules can be switched off line. This feature 
provides for ,orceful degradation of the power supply. In 
addition, since most modules are either fully utilized or off 
for any voltage setting, the efficiency of the supply is 
very high (97 %) over a variable voltage range. Table 5 
compares the baseline 12 pulse SCR power supply with 
the IGBT regulated power supply. Requirements not 
listed in the table are comparable for both power supply 

frequency and extensive effort is under way to insure 
window reliability and design robustness. Our baseline 
approach is to utilize coaxial windows as illustrated in  
Figure 5. The window in Figure 5 has been tested to 950 
kW CW on a test stand with two windows in  a back to 
back configuration separated by a vacuum region. Only 
20 hours of conditioning were required to achieve this 950 
kW of transmission. The details of this testing are 
described in Reference [2]. 

1 CONCLUSIONS 

An RF system design for the APT accelerator has been 
presented. The design basis was described. A11 major 
components of the baseline design are currently in test or 
have completed acceptance testing and the prototype RF 
system for APT will be operational at Los Alamos at the 
end of fiscal year 1997. Advanced developments for RF 
generators and power supplies were presented and 
discussed. These components will be considered for 
inclusion in the baseline once they demonstrate their 
capabilities and undergo long term testing on the Low 
Energy Demonstration Accelerator at Los Alamos. 
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The APT design is based around splitting the power from 
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Abstract 

New high-power proton linacs must be designed to 
control beam loss, which can lead to radioactivation 
of the accelerator. The threat of beam loss is increased 
significantly by the formation of beam halo. 
Numerical simulation studies have identified the 
space-charge interactions, especially those that occur 
in rms mismatched beams, as a major concern for 
halo growth. The maximum-amplitude predictions of 
the simulation codes must be subjected to independent 
tests to confirm the validity of the results. 
Consequently, we compare predictions from the 
particle-core halo models with computer simulations 
to test our understanding of the halo mechanisms that 
are incorporated in the computer codes. We present 
and discuss scaling laws that provide guidance for 
high-power linac design. 

1 O V E R V I E W  

High-intensity, high-energy proton linacs are being 
designed for new projects around the world [ I ] .  Typical 
requirements for these linacs include high peak current 
(beam current averaged over an rf period) near 100 mA, 
corresponding to about I O 9  particles per bunch at 
bunch frequencies of several hundred MHz. and final 
energies near 1 GeV. An important design objective is 
to restrict beam losses to levels that will allow hands- 
on maintenance throughout the linac. If one adopts a 
hands-on-maintenance criterion that limits the 
activation level to 20 mRemhr at a distance of 1 m 
from a copper accelerating structure an hour after 
shutdown of the accelerator, the maximum tolerable 
beam-loss rate can be estimated from calculations 
reported in Ref. [2]. If the beam-loss rate is expressed 
in  terms of the lost beam power, the loss rate above 
100 MeV must be limited to several tenths of a beam- 
Watt per meter. The LANSCE proton linac, which 
operates with hands-on maintenance at the 17-mA 
peak and 1-mA average current levels, achieves typical 
beam-loss rates above 100 MeV of less than a few 
tenths of a Watt per meter. The challenge for the new 
generation of linacs is to provide larger average 
currents without increasing the beam loss. 

Numerical simulation codes with a space-charge 
calculation based on solving Poisson’s equation, 

* Work supported by US Department of Energy 

provide a practical method of self-consistent 
calculations for so-called collisionless beams that 
satisfy Liouville’s theorem. Liouville’s theorem 
would be violated in beams that are affected 
Significantly by particle collisions. However, the 
beam spends only a short time in the linac, typically 
several microseconds, and one finds that intrabeam 
scattering [3], resulting from multiple Coulomb 
collisions, and the Touschek effect [4], resulting from 
single Coulomb collisions, are small effects compared 
with the space-charge forces. 

Numerical-simulation studies predict that a major 
threat of beam loss in the new generation of high 
power linacs is associated with halo induced by beam 
mismatch [5 ] .  Because there is not a consensus about 
its definition, halo remains an imprecise term. In any 
given computer simulation one can unambiguously 
define an rms beam size, and a maximum particle 
displacement. Provided that the statistical precision is 
sufficiently adequate that the results are not sensitive 
to the motion of a few lone outer particles, the ratio of 
the maximum displacement to the rms size of the 
matched beam, which we call the maximum to rms 
ratio, is a useful figure of merit. Qualitatively, one 
can describe the evolution of the outer regions of the 
particle distribution for the case of an initial compact 
particle distribution (excluding the singular K-V 
distribution). A compact particle distribution might be 
arbitrarily defined as having initial position and 
velocity coordinates that are contained within about 
30 .  If this beam evolves in an rms-matched state, an 
equilibrium distribution develops in which the density 
at the beam edge falls off within about a Debye 
length. The Debye tail, whose size is a function of 
both the rms emittance and beam current, is a 
consequence of the propensity of the charges in a beam 
to provide shielding within the beam core. Rms 
emittance growth and associated growth of the Debye 
tail can occur, especially through longitudinal- 
transverse coupling of the space-charge force [6] .  For a 
beam with a given current and emittance, the size of 
this tail relative to the rms size can be changed by 
changing the focusing strength. Although there is no 
consensus about whether to call the Debye taiI a halo, 
values of the maximum to rms ratio larger than about 
5 are generally not observed in simulations, and the 
beam retains a very compact distribution [7]. 



The outer region for a beam, with the same initial 
compact particle distribution in an rms mismatched 
state, evolves differently. Many theoretical and 
numerical studies of halo formation in mismatched 
beams have been reported, showing larger amplitudes 
extending well beyond the Debye-tail of a matched 
beam. For practical estimates of expected mismatch in 
linacs, values for the maximum to rms ratio as large 
as 10 to 12 have been observed in simulaltions, and it 
is generally agreed that this is called halo. Particle- 
core models for both a cylindrical beam [8] and a 
spherical bunch [9] provide quantitative predictions for 
the amplitudes. In these models the space-charge field 
from a beam core, oscillating radiallly in the 
symmetric breathing mode in a unifiirm linear- 
focusing channel, is represented by a hard-edzed, 
spatially-uniform density distribution. The breathing 
mode appears to produce the largest amplitudes seen in 
simulations. The amplitude of the bre,athing-mode 
oscillation is directly related to the magniitude of the 
initial rms mismatch of the beam. The behavior of 
halo particles is studied in the model by representing 
them with single particles that oscillate through the 
core and interact with it. The particles slowly gain or 
lose energy as a result of multiple traversals through 
the core. A parametric resonance exists [ IO]  when the 
particle frequency is half the core frequency. The 
amplitude growth for the resonant particles is self 
limiting, because outside the core, the net restoring 
force incrcases with radius, which ]produces a 
dependence of frequency on the panicle amplitude; thus 
the resonant condition is restricted to a range of 
particle amplitudes. Chaos, which may increase the 
halo population, is observed at low tune-depression 
ratios [ I  11. 

By numerically integrating the trajectories from the 
models, the maximum amplitudes have been calculated 
as a function of an initial mismatch parameter p, the 
ratio of the initial rms core size to the matched rms 
core size. The normalized maximum partick amplitude 
is described over a useful range of tune:-depression 
ratios by an approximate empirical formula 

x,, / a  = A + Blln(p)I, (1) 

where xman is the maximum resonant-particle 
amplitude, a is the matched rms core size, arid A and B 
are weak functions of the tune-depression ratio, given 
in Ref. [9]. Approximate values for the cylindrical 
beam are A 3 B z 4, and for the spherical bunch, 
A 5 B 
for values of p very near 1, where Xmax/a rapidly 
approaches 2 for the continuous beam, and 45 for the 
spherical bunch. 

For the spherical bunch geometry, we expect that both 
the transverse and the longitudirial halo are driven 

5.  Equation 1 is not a good approximation 

primarily by the breathing mode. In the limit of a 
prolate spheroid or cigar-shaped bunch with a large 
aspect ratio, the transverse motion is still dominated 
by the breathing mode. Then, the longitudinal motion 
is dominated by the lower-frequency antisymmetric 
mode [I21 in which the radial and longitudinal 
displacements are out of phase. 

2 SCALING OF EMITTANCE GROWTH 
AND HALO 

Assuming that the bunch can be modeled as a long 
cylinder with a uniform longitudinal profile, we obtain 
simple scaling formulas for transverse rms emittance 
growth and maximum particle amplitude for the 
mismatched beam. It is known that the spacecharge- 
induced rms-emittance growth is a function of the 
tune-depression ratio Wk,,, where k and ko are the 
transverse phase advances per unit length, with and 
without space charge. For a long cylindrical bunch, 
where end effects can be ignored, and assuming 
uniform transverse focusing, the rms emittance- 
growth ratio is a function of the tune depression ratio. 
In the smooth approximation, where the focusing is 
represented by an equivalent uniform focusing channel, 
we may write k/ k, = ,/- - u t ,  where u, is a 
space-charge parameter given by 

The parameters appearing in the Eq.(2) are the charge 
q, rest energy mc', average beam current I, effective 
bunch length e, bunch frequency f, relativistic mass 
factor y, velocity (relative to that of light) p, and 
normalized rms emittance E,. The average current is 
related to the number of particles per bunch N and the 
bunch frequency, by I=qNf. 

The particle-core model for an rms-mismatched beam 
predicts that the halo particles created by the resonance 
have a maximum amplitude for a given core- 
oscillation amplitude. From Eq.( I),  the numerical 
solution predicts that the maximum amplitude is 
proportional to the matched rms size a of the core, 
given by 

In the space-charge dominated limit, when u, >> 1 ,  
the rms beam size is 



which is independent of the emittance. The emittance- 
dominated limit corresponds to u, cc 1, and we find 

In Eq.(j), the second term is much less than unity, and 
smaller emittance results in smaller a and smaller 
maximum amplitude. 

In spite of these scaling results, which show that the 
maximum amplitude for an rms mismatched beam 
decreases with increased focusing strength (larger kJ, a 
consensus does not exist that the strongest transverse 
focusing yields the optimum solution. First, there is a 
concern that if the transverse focusing is too strong, 
the longitudinal space-charge forces will increase and 
longitudinal halo may become a problem. Then, 
related to this concern, some argue [ 13, I41 that even at 
high energies the focusing strengths should be chosen 
to maintain equipartitioning between all three planes, 
to prevent the possibility of any energy exchange. If 
the linac frequency and accelerating gradient are fixed, 
one finds that because of the reduction in the 
longitudinal focusing strength with increasing energy, 
equipartitioning requires that the transverse focusing 
must also be weakened. This shifts the beam towards a 
more transverse-space-charge dominated regime, so 
that, although there is a shorter Debye tail for a 
matched or nearly matched beam [ 151, one finds both a 
larger transverse rms size and larger maximum 
amplitude [16]. Until some of these questions are 
resolved, it is prudent to require sufficient adjustability 
in  the electromagnetic-quadrupole focusing to allow 
an experimental optimization. 

3 HALO SIMULATION TESTS 

As a test of the capabilities of the space-charge codes 
to calculate the maximum particle amplitudes, 
numerical simulation runs were canied out for four 
different cases using IO4 particles per run, as 
summarized in Table I .  Two space-charge codes were 
used, one based on Gauss’ law, and the other is 
SCHEFF, which is based on a 2-D (r-z) particle-in-cell 
method [ 171. Several initial distributions were used, 
including Gaussian in both position and velocity space 
(truncated at 30), semi-Gaussian (uniform in space and 
Gaussian in velocity space, and Waterbag (uniformly 
filled ellipsoid in 4-D or 6-D phase space). For each 
case there is a set of runs for different values of the 
initial mismatch parameter p, which is the same in all 

planes. After the beam sizes were set for a given 
mismatch parameter, the velocities were scaled to 
make the emittance the same as for the matched case. 

Table 1. Simulation Runs for Comparison 
with the Particle-Core iModels. 

Fig. Space- Particle- Focusing 
Charge core Channel 
Code Model 

1 Gauss Cylinder Uniform 
2 Gauss and Cylinder Uniform 

SCHEFF 
3 Gauss I Sphere I Uniform 
4 SCHEFF I Sphere I FODO 

Figs. 1 through 4 show the ratio of the maximum 
particle amplitude from simulation to the rms size of 
the matched beam, versus the mismatch parameter p. 
For Figs. 1, 3, and 4, two curves are shown from the 
appropriate particle-core model, showing the ratio of 
the maximum resonant-particle amplitude to the rms 
size of the matched core. The lower and upper curves 
are for tune-depression ratios of 0.5 and 0.9. In Fig. 4, 
the points correspond to a maximum displacement and 
rms size that are averaged over the lattice period. The 
simulations for the uniform channels were run for at 
least 100 plasma periods, sufficient for the amplitudes 
to reach an apparent asymptotic value. A typical high- 
power linac may contain a few hundxtd plasma 
periods. 

0.4 0.6 0.8 1.0 1.2 1.4 1.8 

Mu 

Fig. 1. Cylindrical-beam simulations comparing the 
particle core-model with the Gauss’-law space-charge 
code for a uniform-focusing channel. The solid and 
open symbols are for the initial Gaussian and Semi- 
Gaussian distributions, and the circles and squares are 
for tune-depression ratios of 0.5 and 0.9. 
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Fig. 2. Cylindrical-beam simulations comparing the 
cylinder particle core-model with the Gauss (circles) 
and SCHEFF (squares) space-charge codes for a 
uniform focusing channel, both for a tune-depression 
ratio of 0.5. The initial distribution is a 4-D 
Waterbag. 
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Fig. 3. Spherical-bunch simulations comparing the 
Gauss’ law space-charge code with the sphere particle 
core-model for a uniform focusing channel. The solid 
and open symbols are for the initial Waterbag and 
Semi-Gaussian distributions, and the circles and 
squares are for tune-depression ratios of 0.5 and 0.9. 
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Fig. 4. Simulations comparing the SCHEFF space- 
charge code with the spherical particle core-model for a 
7- to 217-MeV proton linac with 100-mA beam 
current, and FODO quadrupole-focusing with a 
variable tune-depression ratio. The initial distribution 
is a 6-D Waterbag, and the bunches have a variable 
prolate-spheroid geometry. 

The agreement of the maximum amplitudes from the 
models and the Gauss’-law simulations for the 
uniform channel in  Fig. I is remarkably good for both 
the initial Gaussian and semi-Gaussian distributions. 
In Fig. 2 the test is extended to the 4-D Waterbag 
distribution, comparing both the Gauss’-law and the 
SCHEFF simulation results. Although the details of 
the maximum amplitude trajectories for the Gauss’- 
law and the SCHEFF simulations were not exactly the 
same, the maximum amplitudes agree very well with 
each other and with the cylinder particle-core model. 
We consider this result an important initial test of the 
capability of the SCHEFF code. In Fig. 3, the Gauss’- 
law simulation for the spherical bunch shows a 
tendency for some points, especially with p values 
near 1, to remain below the curves of the particle-core 
models. These results suggest that halos may have 
more difficulty developing from some initial spherical- 
bunch states. Fig. 4, representing a simulation of a 
real linac, shows that the SCHEFF results for the 
larger mismatches (greater deviations from p=l) are 
systematically higher than the sphere model by as 
much as 30%. Deviation of the points from the curves 
may be caused by inadequacies of either the model, or 
the SCHEFF space-charge calculations. For the linac 
simulation, we conclude that the results are consistent 
with the hypothesis that the breathing mode is the 
most important, although perhaps not the only driver 
of the beam halo produced by the simulation codes. 



4 CONCLUSIONS 
The particle-core models make quantitative predictions 
about the halo that is formed from the resonant 
interaction between individual particles and a 
mismatched-induced core oscillation in the breathing 
mode. The models predict that the halo will be limited 
to a maximum amplitude, which depends mostly on 
the magnitude of the initial mismatch. The simulation 
results, using two different space-charge codes, 
confirm the model predictions for the continuous beam 
in a uniform focusing channel. In other cases, 
discrepancies are observed, but the largest of these are 
only about 30%. We interpret the results to be 
consistent with the hypothesis that the breathing mode 
is the main source of the halo seen in the simulation 
codes. We believe that a reasonable estimate for the 
maximum mismatch-oscillation amplitude corresponds 
to values y that may deviate from unity by about 0.3 
to 0.4. 

We believe that a practical approach to beam-loss 
control is to inject a high-quality, well-collimated 
beam into the high-energy linac, and achieve minimal 
proton-beam loss at high energies by providing strong 
transverse focusing, carefully controlling the beam 
centroid, and providing large beam apertures. The 
optimal choice of transverse focusing strength will 
depend on the results of subsequent studies of 
longitudinal halo. Although we are acquiring a better 
understanding of the causes of beam halo in  the 
simulation codes, and providing a better rationale for 
the aperture choice, i t  is prudent to provide a safety 
margin. Such a margin is necessary to allow for errors 
and for the possibility of physics effects, which are 
not treated or are inadequately treated in the present 
codes. Consequently, to further reduce the risk of 
high-energy beam loss, we believe that the design of a 
high-power proton linac can benefit from the use of 
large-aperture superconducting linacs at high energies, 
as is now proposed for APT. 
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Abstract 

Two prototype nonlinear multipole magnets have been 
designed for use in the 800-MeV beam test of the APT 
beam-expansion concept at LANSCE. The iron-dominated 
magnets each consist of three independent coils, two for 
producing a predominately octupole field with a tunable 
duodecapole component, and one for canceling the residual 
quadrupole field. Two such magnets, one for shaping each 
transverse plane, are required to produce a rectangular, 
uniform beam current density distribution with sharp 
edges on the APT target. This report will describe the 
magnetic design of these magnets, along with field meas- 
urements, and a comparison to the magnetic design. 

1 INTRODUCTION 
Static beam-expansion systems made up of a combination 
of linear and nonlinear magnets have been proposed for 
various acceleratordriven neutron sources such as the 
Accelerator Production of Tritium (APT) facility[ I]. The 
static beam-expansion system proposed for APT accepts a 
nearly round Gaussian beam with a mean radius of a few 
miliimeters and produces a 0.16 m by 1.6 m rectangular 
beam distribution on the target. Inside the rectangle, the 
current density is nearly constant, while outside, the 
current density drops off sharply to essentially zero. The 
nonlinear expansion is accomplished in a two-stage 
process. Quadrupoles and drifts are first used to produce a 
beam that is highly elongated in the y direction, with a 
waist in the X-z plane. The first nonlinear magnet is 
placed at this waist. The leading term in the multipole 
expansion for the central field of this magnet is an 
octupole term: the higher terms that are present modify 
the octupole behavior at larger distances from the axis. 
The effect of the first nonlinear magnet is to fold in the 
tails of the distribution in y-y’ phase space, while leaving 
the x phase-space distribution substantially unchanged. 
The first nonlinear magnet is followed by quadrupoles and 
drifts that produce a beam that is elongated in the x-x’  
phase space, with a waist in the y-z plane. A nonlinear 
magnet at the second waist that is similar to the first one, 
but somewhat larger and rotated 90-,folds in  the tails of 
the x-x’  phase-space distribution. Finally, quadrupoles and 
drifts are used to produce the desired expanded beam size 
on the target. 

As a test of this concept, two nonlinear magnets have 
been designed and built for use in  a beam-expansion 
experiment using the 800-MeV proton beam of LAiiSCE. 

*Work supported by the US Department of Energy. 

2 FIELD DESCRIPTION 
In initial particle-tracking simulations of the beam 
expander, the fields of the nonlinear magnets were 
described by truncated multipole expansions with a leading 
octupole term followed by higher order terms, i.e., 

* 3 3 4 6  B =Bx-iBy=-igsZ ( I + u z - + ~ z  +CZ ), (1) 
where t=x+iy, gs is the octupole gradient, a adds a duode- 
capole component, etc[2]. The coordinates in Eq. 1 refer 
to the local magnet coordinates: they are the same as the 
beamline coordinates for the second nonlinear magnet and 
are rotated 90- for the first nonlinear magnet. Typical 
values of the parameters for the two magnets that gave 
good results for particle-tracking simulations of the 
800MeV beam expansion experiment at LANSCE are 
listed in Table I, along with the magnet lengths and clear 
beam apertures. Since the magnets are long in comparison 
to their apertures, a two-dimensional field description is 
entirely adequate for simulation purposes. The nonlinear 
magnets built for the experiment at LANSCE and planned 
for APT are variable-profile magnets for which Eq. 1 can 
be only an approximate description of the various possible 
field profiles. Indeed, apart from the leading octupole 
behavior and the fact that the field strength levels off to a 
value lower than a pure octupole field at larger x ,  there is 
nothing fundamental about the form of Eq. 1. From the 
point of view of the present beam-expansion scheme i t  is 
merely a convenient form to use for field-profile optimiza- 
tion. For the parameter values of both the LANSCE 
experiment and the APT design, contours of constant flux- 
density around the axis for the two magnets are oval- 
shaped and elongated in  the same direction as the beam 
cross section. It would not be feasible to produce these 
fields with round-aperture magnets. Fortunately this is not 
necessary in  view of the elongated beam profiles. Since 
the magnets have an aperture with a large width-to-height 
ratio, a single power-series expansion, e.g. Eq. 1, cannot 

Table I 
Field shape parameters, dimensions of the beam 
envelope, and length of the two nodinear magnets. 

Magnet First Second 
gg 6 . 4 9 8 ~  lo4 T/m3 I .979x lo4 T/m3 

a - 1 . 8 4 7 ~ 1 0 ~  l/m2 - 7 . 0 7 2 ~ 1 0 ~  l/m2 
b 1 . 2 7 9 ~ 1 0 ~  l/m4 1 . 8 7 6 ~ 1 0 ~  Urn4 
c - 3 . 9 3 6 ~ 1 0 ~  l/m6 -2.211x107 I/m6 

beam height 3 mm 5 mm 
beam width 25 mm 40 mm 

length 500 mm 500 mm 



be used to describe the field over the entire volume occu- 
pied by the beam because the radius of conwergence is 
limited to the distance from the origin to the nearest iron. 
Accordingly, a more sophisticated field description has 
been developed to parameterize the two-dimensional field 
in a way that can be used in particle-tracking simula- 
tions[3]. This field description uses a set of overlapping 
triangular dipole density distributions unifonnly distrib- 
uted on the surface of fictitious poles. The  poles are 
planes of infinite extent and permeability and are located 
outside the beam envelope, but not substantially more 
than the minimum magnet gap. Weights for the triangle 
source elements are found by a least-squares f i t  to the field 
data. 

3 MAGNETIC DESIGN 

It is possible to design iron pole-piece magnets that 
produce a field that closely approximates the truncated 
power series of Eq. 1. for fixed parameter values gs, a, b, 
and c. The design approach is based on the fact that high- 
permeability pole pieces are very nearly contours of 
constant scalar magnetic potential. "he scalar magnetic 
potential is the real part of the complex potential obtained 
by integrating Eq. 1, Le., 

Pole-tip profiles are obtained by choosing contours of 
constant real scalar potential that clear the beam pipe. 
Although the full plot of the scalar potential of Eq. 2 has 
20 lobes, in practice only 8 lobes (two per quadrant) are 
needed for a practical magnet, since distant lobes affect the 
field inside the beam envelope negligibly. The ampere- 
turns required to excite the poles are obtained by dividing 
the respective scalar potentials by the permeability of free 
space. Unfortunately, an eight-fixed-pole magnet cannot 
be used if the parameters of Eq. 1 (or other field descnp- 
tions) are to be substantially varied by varying only the 
currents, since the constant-potential contours for one set 
of parameters do not coincide with the contours for 
another set of parameters. In order to allow field-profile 
variation, we have adopted a different design approach, 
employing twelve poles instead of eight in a vanable- 
profile magnet that provides a range of leading octupole 
strengths and varying rates of departure from the octupole 
field at larger x. In the design of the 12-pole magnet, 
contours of constant scalar potential for the limits of 
parameter variation of Eq. 1 were plotted and initial pole- 
piece shapes that could, when appropriately energized, 
approximate the limiting contours were found. flat pole- 
tip surfaces were used to simplify the modeling and fabri- 
cation of the magnet. The inner, middle, and outer poles 
were energized by inner, middle, and outer windings 
respectively. In finding the final pole-piece shapes, the 
midplane field was calculated for various combinations of 
currents with a two-dimensional finite-element code and 
compared with the desired range of field profiles. Since the 

quadrupole component of field at the origin is supposed to 
be zero in the present expansion scheme, there are effect- 
ively two degrees of freedom in varying the field profile. 
The current in the inner winding required to null out the 
quadrupole field is very nearly a constant times the current 
in the middle winding and almost independent of the cur- 
rent in the outer winding. Incremental changes were made 
to the pole tip shapes until the difference between the de- 
sired and calculated fields was minimized over the width of 
the beam. The resulting cross section for the first magnet, 
including the conductors, is shown in Fig. 1. A compari- 
son of the midplane field for the first magnet calculated 
with a finite-element code and the fields from Eq. 1 using 
the parameter values of Table I is shown in Fig. 2. 

@I Inner Middle @ Outer 

Fig. 1 Cross section of the first nonlinear magnet show- 
ing the inner, middle, and outer windings. 

0.40 

h 0.30 
5 
p" 

0.20 

0.10 

0.00 
0 5 10 I5 20 25 

X (mm) 

Fig. 2 Comparison of the desired and calculated midplane 
fields of the first nonlinear magnet for the nominal setting 
(solid curve and solid points respectively). Also shown are 
the desired and calculated midplane fields at the limits of 
the field profile variation (dashed curves and open points 
respectively). The normal field component (By) is 
antisymmetric in x. 



The desired field shape of the second magnet was 
similar enough to that of the first that its pole-tip profile 
was simply a scaled-up version of that of the first magnet. 

4 MECHANICAL DESIGN AND 
FABRICATION 

Both the nonlinear magnets were built with the same 
mechanical design and fabrication procedures. The pole tip 
profile was machined by electron-discharge machining 
(EDM) followed by a light grinding of the pole tips and 
other critical dimensions to achieve the desired tolerance 
on the pole tip profile and spacing. Due to limitations in 
the EDM machining the 50 cm-long iron core was 
machined in two 25 cm-long segments. After machining, 
the two segments were aligned and held together by 
stainless steel strongbacks. Iron yokes on either side 
maintained the spacing between the top and bottom halves 
of the magnets. As shown in Fig. 1 the first nonlinear 
magnet was wound with just I ,  3, and 1 turns of hollow- 
core copper conductor for the inner, middle, and outer 
windings respectively. The larger size of the second 
nonlinear magnet made it possible to quadruple the 
number of turns per winding. The windings were formed 
on a mandrel, fit into their respective spaces, and potted 
with epoxy. The corresponding windings in each quadrant 
were connected in series allowing the magnet to be 
energized by three independent power supplies. 

5 MAGNETIC .MEASUREMENTS 
The central field of the first nonlinear magnet was meas- 
ured at the Los Alamos National Laboratory (LANL) 
using a small calibrated Hall probe mounted on a three- 
axis measuring machine. Measurements were made of the 
normal field component in  the midplane at the center of 
the magnet for the three windings energized separately as 
well as simultaneously. Some typical measurement 
results for the first nonlinear magnet are shown in Fig. 3 .  
Also included in Fig. 3 are the results of the two-dimen- 
sional field calculations for the nominal current settings. 
The fields from the three windings energized separately 
were found to vary linearly with current. This linearity 
implies that, to a good approximation, the field with all 
three windings energized simultaneously equals the sum of 
the fields with the windings energized separately. Hence i t  
is sufficient to characterize the field for the windings 
energized separately. In addition to the Hall probe 
measurements, the integral field of the first nonlinear 
magnet was measured at the Brookhaven National 
Laboratory (BNL) using a rotating coil system. The 
rotating coil was wound with tangential windings at a 
radius of 7.4 mm from the axis of rotation. The rotating 
coil measured the integral field as it was stepped in 3 mm 
intervals across the width of the magnet. These 
measurements provided a harmonic description of the 
magnetic field, from which both the integral of the normal 
and transverse field components could be calculated at any 
point of interest over the area measured. As shown in 
Fig. 4 the rotating coil measurements are in good 
agreement with the two-dimensional field calculations on 
and above the midplane. 
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Fig. 3 Calculated and measured midplane field at the 
center of the first nonlinear magnet for all three windings 
at their nominal values (solid curve and solid points 
respectively). Also shown are the midplane fields 
measured at the limits of the current range of the outer 
winding, (open points). 
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Fig. 4 Results of the rotating coil measurements of the 
first nonlinear magnet showing the integral field 5 mm 
above as well as on the midplane for a typical current 
setting (open and solid points respectively). Also shown 
are the integral fields for the same conditions estimated 
from the two-dimensional field calculations (curves). The 
integral fields were estimated from the two-dimensional 
results by multiplying by the 0.5 m length of the magnet. 

The second nonlinear magnet was measured at LANL 
with a Hall probe and three-axis measurement machine 
with similar agreement between the measured and calcu- 
lated fields. 

6 CONCLUSIONS 
Two nonlinear multipole magnets have been designed, 
fabricated and measured. The calculated and measured fields 
for both magnets were found to be in good agreement. The 
magnets are presently being installed in the first experi- 
ment at LANSCE. 
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Abstract 

High-power proton linacs (E>500 MeV) are potentially 
useful for transmutation applications, such as the 
production of tritium. In production applications, high 
availability is essential. Achieving high availability 
requires an accelerator design that simplifies niaintenance 
and accommodates commissioning procedures designed to 
minimize tune-up time. These are worthwhile goals for 
any accelerator, but the high beam powers (170 MW) and 
heavy beam loading of the Accelerator Production of 
Tritium (APT) [I]  linac introduce significant new 
challenges. This paper will describe the commissioning 
plan, as developed to date. 

1 INTRODUCTION 
The APT accelerator is an integrated normal 

conducting - superconducting (NCISC) linac [2]. It has a 
final beam energy of 1700 MeV and a CW beam current 
of 100 mA. It starts with a 75-kV injector. Acceleration 
up to 217 MeV is provided by a RFQ accelerator and a 
coupled-cavity NC linac. From 217 to 1700 MeV, 
acceleration is provided by two sections of SC linac: the 
medium-P and high-P linac sections. 

The APT accelerator must demonstrate high 
reliability and availability. To achieve this, designers 
must know how the accelerator will be commissioned and 
operated. The design, commissioning plan and operating 

believed to be achievable. 

2 IMPORTANT ELEMENTS OF 
COMMISSIONING PLAN 

The commissioning plan has been developed using 
recent commissioning experience from the FNAL linac 
up,gade and CEBAF. It is also based on the operating 
experience at the Los Alamos Neutron Scattering Center 
(LANSCE). 

The 170-MW APT linac can quickly activate or 
destroy components. Therefore, it is therefore essential to 
approach full power with a low averaged power pulsed 
beam. Table 1 shows the different beam formats that will 
be used. A pilot beam is the lowest power beam used for 
equipment checkout when commissioning begins. Its 
minimum power is limited by the response of the 
diagnostics and the pulse rate of the ion source. A 
calibration beam is used for caiibrating the amplitude and 
phase of the accelerating structures. Its power level is 
defined by the minimum beam power required by each 
calibration method. A tuneup beam brings the peak 
current to 100 mA without exceeding the design power of 
the full-energy beamstop at the end of the linac (Figure 1) 
of 3.4 MW. The average power levels of the pilot and 
calibration beams are comparable to that used for 
LANSCE tuneup. The LANSCE tuneup beam is a 480- 
W pulsed beam of 4 Hz, 1-mA peak, and 150-pm long. 

Table 1 : List of Pulsed-Beam Formats plan must be developed in  concert to ensure that the 
required beam instrumentation, controls, and access will 
be available. Types 

The goal of commissioning is to safely, quickly and 
~1 Current 

Power 
170 W 
17 kW reproducibly bring the beam to full current and energy Cal,bnt,on 

with minimum beam loss, to verify that all systems are Tuneu 10 100 1.7 MW 
(CW) 100 (CW) 170 M W  working correctly, and to develop a physics model of the 

beam dynamics that will permit computer-aided automatic 
beam tuning. 

A good physics model and automatic beam tuning 
are important for achieving high availability. The most 
difficult source of “emittance noise” to control is the 

the RFQ [4]. RFQs have been observed to be effective 

downstream of the RFQ are well understood and known to 
be capable of consistent performance with good 

APT ;:, 
degree of the neutralization [3] in the LEBT, upstream of 20 100 217 469 IWO 1700 

MeV MeV MeV MeV MeV MeV 

“emittance filters”. Because RF accelerating systems Beam 
stop 

Figure 1. Schematics of APT Linac for Commissioning 
commissioning protocols, automatic beam tuning is 

* Work supported by the US Department of Energy 
Different beamstops (Table 2 and Figure 1) will be 

required at each commissioning step. A full power 
beamstop will be installed at the Injector for beam setup 



and beam abort. A full-power beamstop is required at the 
20-MeV point because the beam dynamic up to this 
energy is highly space-charge dominated. iGood beam 
quality at this point is critical to the beam quality for the 
rest of the linac. The short APT schedule calls for linac 
installation by sections. Commissioning of a section 
will take place while later sections are being installed. To 
accomplish this, a low-average power beamstop that can 
be moved to the end of a section is needed. The radiation 
safety aspect of such a beamstop is currently under study. 
There is a full-energy, 2% full averaged powelr, beamstop 
at the end of the linac. The targethlanket will be used as 
a beamstop for CW beam tuning at power level from 2 to 
100% of the full beam power. 

Table 2: List of APT Beamstops 
CW or Average 
Pulsed Power Current 

100 

10 

CW and 10kW 
Pulsed 

CWand 2 M W  
Pulsed 
Pulsed 17 kW 

Pulsed 1.7 MW 100 

Measurements using beam diagnostic 
instrumentation will be used to develop the physics model 
for automatic tuning. A list of measurements and 
measurement methods is given in Table 3. A description 
of the APT beam diagnostics can be found in  Reference 
PI. 

3 COIMMISSIONING STEPS 
The APT-linac commissioning plan has the 

following steps (Figure 1): 

1 ,le 3: Diagnostics for Beam Measuremlents 
Measurements I Method 7 

Current I 
cw I Multi-core toroidal 
Pulsed Single-core toroidal - 
Peak current Summed BPM 

signals - 
Beam loss Ion chamber - 
Fast Protect Ion chamber - 
Beam centroids - - Position BPM 

Anple A between BPMs - 
Phase Capacity probe - 
Eneroy Time of flight - 
Transverse Gas Fluorescence or 

Energy Dispersive Magnet - 
Phase Imao,e Current Probt; 

- Beam width 

Flying wire - 

I 
Halo Scraper 

1. Installation of linac sections. Sections of linac are 
defined temporarily at beam energies: 75 kV, 20, 100, 
217, 469, 1000, and 1700 MeV. A section will be 
installed. Equipment will be checked without beam 
and with the pilot beam. Accelerating structures will 
be calibrated using the calibration beam. 

2 .  The first 20 MeV will be commissioned to full current 
using procedures developed in the Low-Energy 
Demonstration Accelerator. 

3. After completing steps 1 and 2, the pulsed tuneup 
beam will be tuned to design peak current at the full 
energy beamstop. 

4. A CW beam will be tuned to the TargetBlanket 
System. The current will increase from 2% to 100% 
in steps. 

5 .  Linac physics-model study and beam-loss 
minimization will take place. 

Methods used in these steps are described in the following 
subsections. 

2. I Steering 

A pilot beam will be used. The principal 
diagnostics that will be used to establish alignment are the 
beam position monitors (BPM), of which about 210 will 
be permanently installed. 

Several steering strategies have been investigated [6 ] ,  
of which two are particularly promising: dipole pair and 
least squares steering. Both are equally effective in 
keeping the beam centered in the beam channel, but the 
latter, although i t  requires somewhat more power 
supplies, reduces the demands on the steering magnets. 

This stage will be carried out with the accelerating 
cavities detuned to minimize their interaction with the 
beam. It will be done by linac sections 

2.2 Caviv Field Amplitude mid Phare for  NC 
Struetiires 

In the normal conducting systems, over the physical 
region between two beam monitors, a series of phase 
scans and delta-t measurements [7] will establish the field 
phase and amplitude required to achieve design 
longitudinal beam dynamics. The minimum length for 
this process is one RF “supermodule” [SI. A plot of the 

Cavity Field - Pickup Probe 
Tirne-of-Flight 
Measurement 

Beam -+ 

Cavity Cavity 
Phase Amplitude 

Heam rickup 
0 Probe 

Figure 2 .  A schematic of the setup for calibrating phase 
and amplitude of SC cavities 



beam energy and output phases as a function of the R F  
amplitude and phase will be compared with simulation to 
determine the amplitude and phase of the RF cavity field. 

2.3 Cavity Field Amplitude and Phase for  S C  
Cavities 

The APT SC linac can operate with some cavities 
idle. This flexibility requires phase calibration of cavity 
independent of the number of cavities operating upstream 
to the cavity being calibrated. Figure 2 shows a 
schematic of the setup used for calibrating the amplitude 
and phase of an SC cavity. Capacity pickups will be used 
immediately upstream of the cryomodule to provide the 
beam arrival phase. The phase of the cavity field will 
reference to this arrival phase. By directly referencing to 
the beam arrival phase, the dependence on the number of 
operating cavities of cavity phase calibration is 
minimized. The first step of the calibration procedure is 
to establish a RF field in the cavity using the klystron 
while the cavity is resonant in frequency. A calibration 
beam will then be injected. The calibration of the phase 
calibration is achieved by adjusting the phase of the RF 
field until minimum beam induced phase changes of the 
cavity field are reached. At that time, the RF field is 
orthogonal to the beam in phase. 

Calibrating field amplitude is conceptually more 
straightforward. The RF field amplitude is measured by 
field probes that are weakly coupled to the RF field. The 
field probe is calibrated to &IO% by measuring RF powers 
before installations of the cavity. Final calibration of the 
probe will be achieved by measuring the change in beam 
energy using the time-of-flight method with beam pickups 
along the accelerator. 

2.4 Tuneup of Full Peak arid Average Citrrerir 

After the accelerating structures have been calibrated 
in RF phases and amplitudes, beam tuneup of the linac 
will start. The peak current will be increased to 100 mA. 
The repetition rate will be increased while keeping the 
average beam power below the design power of the 
beamstop at the end of the linac. Once acceptable 
performance has been achieved at this power level, further 
increases in  beam power will take place with the 
switchyard configured to send the beam to the 
TargetBlanket. 

At the beginning of the tuneup to the 
TargetlBlanket, the peak current will be reduced to less 
than 2 rnA. The reduction of beam current will not affect 
the component settings along the linac because the linac 
has been designed for current independent matches [9] .  

Throughout the process, accelerator performance will 
be compared to simulations. Beam transmission, 
transverse beam position, beam energy, transverse and 
longitudinal beam sizes, transverse match, and beam halo 
will be measured. Finally, a physics model will be 

confirmed using the data obtained. Algorithms for 
minimizing beam loss will be tested. 

3 SUMMARY 
Work is underway to develop a commissioning plan 

for the integrated normaYsuperconducting linac of the 
APT. If this is developed in concert with the linac design 
and operation plan, it will lead to high availability. To 
date, commissioning steps have been determined. Pulsed- 
beam formats, beamstops, and diagnostics required have 
been specified. Calibration methods of phase and 
amplitude of accelerating structures are being investigated. 

REFERENCES 
[ I ]  Paul J. Lisowski, 'The Accelerator Production of Tritium (APT) 

Project'. these proceedings. 
[2] G.  Lawrence and T. Wangler, 'Integrated Normal- 

conductingsuperconducting High Power Proton Linac for APT', 
these proceedings. 

[3] R.  Ferdinand, J. Sherman, R. R. Stevens. Jr.. and T. Zaugg, 'Space- 
Charge Neutralization Measurement of a 75 keV. 130mA 
Hydrogen Ion Beam', these proceedings. 

[4] D. Schrage, L. M. Young, W. Clark, T. Davis, E Martinez. A. 
Naranjo and P. Roybal, 'A 6.7MeV CW RFQ Linac'. these 
proceedings. 

(51 J. D. Gilpatrick, J. E Power. C. R. Rose, R. E. Shafer and R. B. 
Shuner, 'LEDA and AF7 Beam Diagnostics Instrumentation', 
rhese proceedings. 

161 J. E. Stovall, E. R. Gray, S. Nath, H. Takeda, R. L. Wood. L. M. 
Young. K. R. Cnndall, 'Alignment and Steering Scenarios for the 
APT Linac'. Proceedings of the XVIII International Linac 
Conference,, Geneva, Switzerland, August 26-30. 1996 p. 656. 

(71 T. L. Owens, et& 'Phase Scan Signature Matching for Linac 
Tuning'. Linac94 Proceedings, August 1994. Tsukuba. Japan, 

[SI J. T. Bradley, 111. et. d., 'An Overview of the Low Energy 
Demonstration Accelerator (LEDA) Project RF Systems', these 
proceedings. 

[9] S. Nath, E. R. Gray, 7. P. Wangler and L. M. Young. 'Beam 
Dynamics Design for the APT Integrated Linac'. these 
proceedings. 

ps93. 
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Abstract 
A 75-keV, 130-mA dc mode proton injector is being 
developed at Los Alamos. The two-solenoid focusing 
system used in this injector relies on effective beam space- 
charge (s.c.) neutralization by beam ionization of the 
residual gas. The de-gee of S.C. neutralization is 
determined by measurement of the energy distribution of 
slow ions created in the beam region. A non-interceptive 
gridded-energy analyzer is used for the slow ion-energy 
measurement. Application and development of this 
diagnostic to a positive hydrogen-ion beam is presented. 
One feature of the ion-energy distribution measurement is 
a double-humped distribution. The higher energy 
component contains less than 20% of the total ion 
current. Measurements are reported which help validate 
the axisymmetric model used here to derive the de,- of 
beam S.C. neutralization, f. Fairly weak dependencies of f 
on beam current and background gas densities are found, 
and f is typically found to vary between f = 95 - 99% 
depending on the presence of the "high-energy" tail on the 
slow ion distribution. This de-g-ee of beam S.C. 

neutralization assures good transport of the hydrogen 
positive ion beam to the next accelerator. 

1 INTRODUCTION 
Low-energy (50 - 75 keV) beam transport (LEBT) of 
high-current (50 - 130 mA) positive-ion beams in 
background gas pressures of order 10 '  Torr are predicted to 
have their S.C. largely neutralized by electrons 
accumulated in a beam plasma [ I ] .  The degree of S.C. 

neutralization f is an important parameter in beam 
transport calculations. One technique [2,3] developed for 
the experimental investigation o f f  for positive ion beams 
is the measurement of the slow ion energy distribution. 
In a one-dimensional axisyrnmetric model of the beam- 
plasma interaction, where plasma ions are born cold 
(25 meV), measurement of the ion-energy distribution can 
be interpreted in terms of the residual beam space 
potential, A@. This method has the advantage of not 
intercepting the primary ion beam. 

A four-grid energy analyzer (FGA) has now been 
applied to the measurement of dc positive hydrogen-ion 
beams in a magnetic solenoid focusing channel. This 
diagnostic has previously been used for determinations of f 
in  low energy (35 keV) H- ion beam in a solenoidal 
LEBT [4], and high-energy (570 keV) proton transport 
[5] in  a quadrupole focusing channel. Design 
considerations for the FGA used in these measurements 
are given in ref. [6]. 

2 EXPERIMENTAL METHOD 

The FGA diagnostic is mounted in the injector prototype 
for the low-energy demonstration accelerator (LEDA) 
project at Los Alamos [7]. Hydrogen-ion beams at 75-keV 
energy and 50-130 mA beam currents are used in these 
measurements. A microwave proton source originally 
developed at Chalk River Laboratories [8] has been 
extended to meet LEDX requirements. A line drawing of 
the injector is shown in  ref. [9 ] .  The hydrogen-ion beams 
are produced with 600 - 800 W of microwave power, 
which typically yield a 85 - 90% proton beam fraction. 
The H?+ ion comprises the remaining beam fraction. The 
FGA is located at an axial distance z = 44 cm from the 
ion source extraction electrode. For all measurements 
discussed here the LEBT solenoids are off. The magnetic 
field at the FGA location is 10 gauss. The FGA is heated 
to 300°C to maintain reproducible energy distribution 
measurements [3,6]. 

Fig. 1. An image of the hydrogen-ion beam passing the 
FGA. 

The FGA is mounted opposite a video diagnostic 
port, and a video image of the beam propagating by the 
FGA is shown in Fig. I .  The light is generated by a 
1 00-mA, 75-keV beam interacting with the background 
gas at a pressure of 1 . 9 ~ 1 0 ~  TOK. The FGA aperture 
diameter (2r,) is 8 mm. The residual gas in the low- 
energy beam transport (LEBT) is H,. 

Before beam measurements were made, the FGA 
was calibrated in an auxiliary test stand by a low energy 
electron beam obtained from a tungsten wire heated to 
thermal electron emission temperature. The tungsten 
filament heating current is pulsed off, and the wire biased 
from voltages ranging from 2 to 40 V. The emitted 
electrons current are recorded in the FGA's Faraday cup 
(IFFA). Figure 2 shows I,,, plotted vs. grid 3 voltage 
(dotted line) for a 2 eV electron beam. Voltage biases on 
grid 2, grid 4 and the Faraday cup are set in order to 



transmit the electrons with energy greater than the 
absolute value of grid 3 voltage (V,). The equation 

IFGA(V3) = jkTllf( E)dE relates the energy distribution 

f(E) to IFGA and V, by f(E) = dI,,/d(eV,). Thle f (E )  from 
the electron gun measurement is shown as the solid curve 
in Fig. 2. The distribution peak occurs at V, = -2 V 
with an estimated error of k 0.1 V, and with a full-width 
half-maximum energy spread of 0.47 eV. These data 
show the absolute energy calibration is sufficient 
(< 1 eV), and the energy resolution (<I  eV) is similarly 
acceptable for the expected range of ion energies (0 - 10 
eV) to be measured from the beam plasma 111. The 
analyzer temperature is maintained at 325 "C during these 
calibration measurements. 
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Fig. 2.  Electron gun calibration of the FGA. 

The data acquisition program was rnade using 
Labview v4, with around 250 points on grid 3 voltages, 
each point avenged at least 700 times. Data acquisition 
takes 10 to 30 s, so data described here is an avenge over 
possible fast beam fluctuations. 

3 BEANI PLASiMA MEASUREMENTS 

A measured ion spectrum from a 120 rnA beam at 
75 keV energy is shown in  Fig. 3. The LEEIT pressure 
during this measurement is 1 . 9 ~  10.' Torr or a hackground 
H2 gas density of 1 .4~10"  (cm)-3. The main section of 
the figure shows I,,, measured as a function of V, (dashed 
line). Its saturation value of 0.14 pA is found for 
V 3  < + I  V, and then it decreases to 0 in the V, = 1 to 

- 
-0.02 0 "' -. . .. . 

- I O  IO  20 
Grid 3 Voltage [VI 

Figure 3. The FGA Faraday cup current and its derivative 
with respect to grid 3 voltage are plotted vs. V,. 

12 V range. The derivative of this curve is the ion 
distribution functionf;(E) (solid curve). A deviation from 
the higher FGA current characteristic decrease is noted at 
V 3  = 3 - 4 V where the IF,* = 0.02 PA. This current 
and its derivative are shown as an insert to Fig. 3. This 
accounts for about 10% of the saturated IEA at this 
pressure, but this component may increase to order 20% at 
higher LEBT pressures. 

The width of the ion energy distribution (A$) is 
taken to be the width ofJ(E) at the distribution base. The 
degree of beam space-charge neutralization is given by 
f = 1 - A $ l ~ l $ ~  where A$" is the potential drop across a 
uniform unneutralized beam A$"= i,R@ where i, is the 
beam current (A), R = 30 R, and p is the beam velocity. 
The unneutrdized beam potential is about 285 V at 
ib=  0.12 A for 75 keV beam. The increased width of 
the ion distribution A$ then decreases f. 

0 1 2  3 0 5 6 7 8 9 10 I I  
HZ Density FIO" em'? 

Fig. 4. Comparison of the measured and calculated FGA 
saturated currents. 

The saturated FGA current (Ilci,& may be related 
to the FGA solid angle, beam current, neutral gas density 
(nJ, and positive ion production cross section (oi) by 
applying the I-D continuity equation [6] .  The equation is 
(I,,,), = (r,)' T i, (En,oi)/2d where ra is the FGA 
entrance aperture radius of 0.4 cm, T is the FGA grid 
material transparency (40%), oi = 2 . 9 ~  cm', and d 
the distance of the FGA entrance aperture from the beam 
centerline (10.5 crn). Figure 4 shows the measured and 
calculated (IG& vs. the LEBT gas density. Here an 
auxiliary gas feed was attached to the LEBT box, and 
hydrogen gas was introduced to study the effect of larger 
LEBT pressures on f. The solid line shows the prediction 
while the discrete points show the measurement. Two 
calculations are shown for T = 0.4 and T = 0.32. There 
is good agreement considering the possible systematic 
measurement errors. 

Figure 5(a) shows f vs. ng, taking A$ from the 
low ion energy distribution (cf. Fig. 3). Little variation in 
f is observed with increasing ng. If A$ were taken from 
the full ion distribution width, f is again independent of 
nB, but it's value reduced to 95%. Figure 5(b) shows f vs. 
total beam current for 75 keV beam energy with 
n g  = 1 . 2 ~  1 01* ~ m . ~ .  It increases slowly from 96 to 99% 
with increasing beam current. 
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Figure 5. Plot of f vs. (a) the H2 gas density in beam 
transport, and (b) total beam current. 

4 DISCUSSION 

Using a gridded-energy analyzer technique we have found 
residual beam potentials in the 0 -4 V range, or 
0 - 10 V range for 75 keV hydrogen-ion beams with up 
to 130 mA current. The two potential ranges depend on 
whether a lower-intensity (e 20% of the FGA saturated 
current) but higher energy distribution is included in the 
analysis (Fig. 3). This leads to f ranging from 99 to 95%. 
The range of measured residual beam potentials 
(3 - 10 V) for an equilibrium beam agrees with that 
calculated by Soloshenko [ I ] .  TRACE beam envelope 
calculations [ 10, I I ]  for the proposed LEDA LEBT for 
LEDA RFQ matching show that this range of beam S.C. 
neutralization may be successfully matched. Further, 
higher-order beam transport calculations show that this 
range of beam space-charge neutralization may be 
transported to the RFQ without large beam emittance 
growth [ 1 I ] .  

We do not have a clear physical understanding of 
the measured two-energy ion distribution. It is unlikely an 
instrumental effect. However, since the higher energ 
portion of the distribution becomes more dominant at the 
higher gas pressures, we propose that the detected higher- 
energy ions come from a process other than lower energy 
ions being accelerated out of the beam channel by the 
residual beam S.C. potential. At higher gas densities the 
beam plasma would become more dense, and this may lead 
to excited H2 molecules which decay to charged particles 
with = I O  eV [12]. This interpretation is supported by the 
observation that the measured electron temperature 
increases from 1 to 3 eV as the LEBT gas density 
increases. 

Earlier high-energy (870 keV) proton beam 
neutralization measurements [5] invoked halo Hz+ and H,+ 
beam contributions to the measured ion energy 
distribution to explain multiple low energy distributions. 
However, the present distribution occurs at higher energy 
than the main distribution, and it seems unlikely the 
10 - 15 % H2+ beam component can account for the ion 

distribution at V, > 4 V observed here. 
Another possibility is the beam is rapidly 

oscillating between two s. c. neutralization states by 
collective oscillations in the ion-beam plasma [I]. This 
experiment would record the time-average of such a 
collective oscillation. This could possibly lead to 
emittance growth, but cannot be very large, as the rms 
beam emittance at the end of the beam transport has been 
determined to be 0.20 7~ mm-mrad [9]. 
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COMPARISON OF BEAM-POSITION-TRANSFER FUNCTIONS USING 
CIRCULAR BEAM-POSITION MONITORS * 

J. D. Gilpatrick 
Los Alamos National Laboratory, Los Alamos, NM, 87545, USA 

Abstract 
A cylindrical beam-position monitor (BPM) used in many 
accelerator facilities has four electrodes on which beam- 
image currents induce bunched-beam signals. These probe- 
electrode signals are geometrically configured to provide 
beam-position information about two orthogonal axes. An 
electronic processor performs a mathematical transfer 
function 0 on these BPMelecwde signals to produce 
output signals whose time-varying amplitude is 
proportional to the beam's vertical and horizontal position. 
This paper will compare various beam-position TFs using 
both pencil beams and will further discuss how diffuse 
beams interact with some of these TFs. 

1 BPM SENSITWITY 
BPMs typically have four electrodes on which beam image 
currents induce bunched-beam signals. These probe signals 
are initially processed or naturally configured to provide 
information about the horizontal and vertical axes that 
describes the beam's position. BPMs may have a variety of 
cross-sectional shapes, such as circuiar, rectangular, 
elliptical, etc. For the circular-cross-section BPM detecting 
thin beams, sufficient beam position information is 
contained within R,-. Specifically, 

where I, and I, are the top and bottom BPM-electrode 
signal amplitudes. I, and I, are defined ;LS 

where io is the Fourier component of the beam current, 0, 
is the electrode subtended angle, and '0 and Cp, are the polar 
coordinates of the beam position, and R, is the BPM- 
probe-electrode radiusrl]. The functions I, and Im are the 

zerofh and mlh order-modified-Bessel functions, 
respectively[l,2]. The term "g" includes the effects of the 
relative beam velocity, p , and is calculated to be 

where y is the Lorentz factor, y = (1 - P')-". 
References 3, 4, and 5 show that Eq. (1) may be 

described with the less complicated 2-D polynomial 
equation 

R,- = yo + SJ + Sy,7' + S y X , ~ ~ *  ( 5 )  

where yo and S, is the manufactured probe offset and 
sensitivity, S,, and Syrx are third-order nonlinear 
coefficients, and X and y is the horizontal and vertical 
beam position[3,4,5]. While the original equation does not 
have an analytically expressible inverse function, Eq. (5)  
does by performing a least-squares inverse f i t  to the original 
equation or set of measured BPM data. The resulting 
equation from this inverse fit procedure may be written as a 
function of Ri and R,-. 

2 PROCESSOR TRANSFER FUNCTIONS 
The electronic BPM processor performs a mathematical TF 
using the four BPM signals to produce output signals 
whose time-varying values are proportional to the beam's 
horizontal and vertical position. Mathematically, a 
position-processor's TF accepts I?? as an input and its 
output signal must be proportional to the beam position. 
However, in practice, the two output signals from the 
probe's opposite electrodes are cabled to two processor-input 
connectors. 

To be an effective position measurement TF, the 
mathematical functions describing the combined BPM and 
processor TF  have several characteristics. First, the 
effective combined TF output signal, VRm, must satisfy the 
odd symmetry equation of 

where f is a particular mathematical function. Note that if 
the beam is centered (i.e., F=O) ,  then the processor's 

* Work supported by the US Department of Energy 



output signal is zero. Eq. (5) may also be expressed as a 
function of $[dB]  as 

(7) 

where R , [ ~ B ]  = 20 log(R,), therefore, fulfiilling the ~ d d  
symmetry criterion. 

Second, it is preferred, but not necessary, that the 
combined BPM and processor TF  be linear cir very nearly 
linear. If this combined function is highly non-linear, then 
the sensitivity or gain will vary with beam position and 
either the range or the precision of the ovlcrall position 
measurement will be adversely affected. 

Third, it is preferred, but not necessary, that the 
combined BPM and processor TF have a single-variable 
analytically expressible inverse function. The existence of 
an analytic inverse function allows an accelerator control 
system to easily recalculate the beam position from the 
processors output signal amplitude. If the TF has an 
inverse function that is not analytically expressible with 
specific variables (e.g., R, and I??), the control system 
may still translate the processors output signall into a beam 
position by using look-up tables stoi-ed in the accelerator- 
control system's memory. However, to meet the required 
measurement resolution, these look-up tables me often very 
large. 

There are many hardware-dzable mathematical 
functions for a beam position processor. Some of the more 
common functions are the difference over sum (AE), arctan 
(AT), log ratio (LR), and normalized power difference 
(NPD) functions[6]. The f o w d  and analytically 
expressible inverse TFs for each of these mathematical 

K,,, are the processor TF  sensitivity or gain constants. 
Note that for centered beams, the AT function reduces to the 
AE function[7]. 

functions are shown in Table 1. K,,, K A T ,  K , ,  and 

Table 1: Processor transfer functions 
Forward TF I Analvtic I n v m  

3 FUNCTION COMPARISON 
Fig. 1 displays the combined BPM and processor TFs using 
a linear BPM response whose sensitivity is 1.11 mm-I or 
0.87 dB/mm. This linear BPM position response allows 
fora true and direct comparison of the individual processor 
TFs. Under centered beam conditions, the "K' sensitivity 
constants were normalized, resulting in processor TFs 
sensitivities KG,  KAT,  K,, and KNpD equaling 17.4-, 
17.4-, 20-, 4.3-v, respectively. The LR function has a 
slightly larger gain constant than the AIC and AT function 
and the NPDs gain constant is significantly smaller. 
However, having a low gain constant is not advantageous if 
the function is highly nonlinear. 

As displayed in Fig. 2, the A E  processor TF is the 
only function whose sensitivity is linear with beam 
position. The AT function is the least non-linear function 
and the only nonlinear function whose sensitivity reduces 
with increased displacement from the BPM's center. The 
NPD function is highly non-linear. This non-linearity 
either will limit the processor's bandwidth from beam- 
position-dependent gain switching, will have too large of a 
digital word for control system digitizers, or will provide 
inadequate beam position resolution for centered-beam 
conditions. 

Beam Position (mm) 

Figure 1. Processor output signal versus beam position for 
ALE, AT, LR, and NPD transfer functions. A linear 0.87- 
dB/mm BPM response was used and all processors wen: 
normalized to have the same centered beam response. 
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Figure 2. Combined sensitivities versus beam position for 
AE, AT, LR, and NPD processor transfer functions using a 
linear 0.87-dB/mm-sensitivity BPM. 

The cylindrical-geometry BPM changes the combined 
BPM arid processor TF. Fig. 3 shows the processor TFs' 
sensitivities for a 6.7-MeV proton beam drifting through a 



BPM described by Eq. (1) with 8, and Rp equal to 45" and 25 
mm, respectively. This particular BPM's sensitivity is 1.6 
dB/mm. The & nonlinear position sensitivity of the 
BPM changes the shape of the combined position- 
sensitivity response. All of the TFs are nonlinear and the 
LR function is the least nonlinear. Both the AT and A/Z 
position sensitivities approach zero as the beam 
displacement from the BPMs center is increased. Finally 
note that the NPD function continues to be highly 
nonlinear. 

Beam Position (mm) 

Figure 3. Combined sensitivities versus beam position for 
ALE, AT, LR, and NPD processor transfer functions using a 
cylindrical 1.6-dB/mm-sensitive BPM. 

4 BPM RESPONSE TO DIFFUSE BEAMS 
The calculation of a BPMs sensitivity, Eqs. (l), (2) ,  and (3) 
assume the beam rms width is a significant portion of the 
BPM electrode radius, Rp . In most applications, this thin- 
beam assumption is adequate. However, in  some low 
energy linacs, it is necessary to keep the beam pipe radius 
small. Because the particle beam has a finite size, the 
resultant beam-pipe radius to rms beam width ratio can be 
approximately 7: 1. If the beam widths are sufficiently wide 
and these pipe-to-beam-width ratios are sufficient small, the 
BPM's position sensitivity diverges from the nominal thin- 
beam position sensitivity. This diffuse beam effect was 
experimentally observed in Fig. 6 of Reference 1. 

To initially explore these diffuse-beam effects, the 
BPM electrode currents, as defined in Eqs. (2) and (3), were 
redefined as diffuse beams using a superposition of multiple 
thin beamlets whose beam currents were distributed in a 
two-dimensional gaussian distribution. Eq. (2) then 
becomes 

where i, is the original top electrode current as defined in 
Eq. (2), Q is the round-beam rms width, and a,, and 6, are 
normalization constants. A similar equation was redefined 
for Eq. (3). The width for each of the bins in the diffuse 
beam distribution was 10. Fig. 4 displays the diffuse- 
beam effects to a BPM sensitivity using two rms beam 
widths of 2.85 mm and 0.01 mm and BPM electrode 6, and 
Rp of 45" and 7 mm, respectively. For the 2.85-mm 

diffuse beam, the BPM position sensitivity increases more 

than the thin-beam BPM sensitivity as the beam 
displacement from the BPM center is increased. However, 
beam pipe radius to rms beam-width ratios of 3: 1, as shown 
in this example, are rare. Further calculations have shown 
that the sum of beam displacement and rms beam width 
must be greater than approximately 65 % of the BPM 
electrode radius for the BPM's response to significantly 
diverge from a BPM's thin-beam response. 

2 8.5 . E X  
gj 7 . 5  
4- x 7  
v 

'j: 6 .5  
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m 5  
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0 1 2 3 4 5 

Beam Position (mm) 

Figure 4. Diffuse- and thin-beam BPM sensitivity versus 
beam displacement from a BPM center. The BPM's radius 
and subtended angle were 7.0 mm and 45", respectively. 

5 CONCLUSION 
All of the combined circular-cross-section BPM and 
processor TFs described in this note have odd symmetry and 
are nonlinear. The LR function is the least nonlinear, and 
therefore, the optimum choice. All of the processor 
functions have a single-value analytically expressible 
inverse function except for the normalized powerdifference 
function. Finally, displaced diffuse-beam effects to BPM 
sensitivities were initially explored. It has been observed 
that sum of the rms beam width and displacement from 
BPM center must be >65% of the BPM radius for the 
diffuse beam effects to be significant. 
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Abstract 

A 20-MeV, 100-mA-CW proton-accelerator, Low Energy 
Development Accelerator (LEDA), is presently being 
developed, fabricated, and tested at Los Alamos National 
Laboratory ( L A N ) .  The beam diagnostics 
instrumentation for LEDA and the final 1700-GeV 
Accelerator Production of Tritium (APT), may be 
classified into two categories: operational and 
characterization instrumentation. The operational 
instrumentation either do not intercept or minimally- 
intercept the beam and are sufficiently prompt and robust 
to provide accurate information to the operators and 
commissioners during full-current CW beam operation. 
The characterization instrumentation, primarily utilized 
during commissioning project-phases and off-normal 
tuning procedures, operate under more traditional 100-mA- 
peak and approximately 0. I-mA-average beam-current 
conditions. This paper will review some of the LEDA 
operational and characterization beam diagnostics 
instrumentation. 

1 INTRODUCTION 

I .  I Accelerator Description 

To provide a reliable supply of tritium, a proton 
linear accelerator will be built as a part of a tritium 
production plant to be located at the Department of 
Energy's Savannah River Site in South Carolina[ 1,2]. 
The APT facility will accelerator 100-mA of CW protons 
from 75 keV to 1700 MeV using both normal-conducting 
(NC) and superconducting (SC) accelerating structures. 
The high energy beam is further transported and expanded 
on targethlanket assemblies in a 16-cm by 160-cm 
rectangular discnbution[3]. 

LEDA, the facility that will verify operation of the 
initial 20-Mev portion of APT, consists of an 75-keV, 
100-mA CW injector, an 6.7-MeV radio-frequency 
quadrupole (RFQ), a portion of the coupled-cavity drift- 
tube linac (CCDTL), and a small high energy beam 
transport (HEBT) that transports the beam to a 2 MW 
beamstop[4]. LEDA will be assembled so that the 
accelerator components are tested in a series of staged 
experiments. Experiment 1 has tested the injector, 
experiment 2 will integrate the RFQ and injector and will 
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verify the RFQ operation, and Experiment 3 will verify 
the CCDTL operation. 

1.2 Beam Diagnostics Instrumentation Goal 

The beam diagnostic measurement goal is to provide 
sufficient and necessary beam information to the 
accelerator commissioners and facility operators to operate 
the machine under normal and expected off-normal 
conditions[5]. The measurement requirements for much 
of the beam diagnostics instrumentation are given in 
Table 1. Characterization diagnostics more fully measure 
the six dimensions of beam phase space, but typically at 
the cost of intercepting the beam. These beam 
characterization measurements are most useful at key 
locations throughout the accelerator, and at the end of each 
staged commissioning-experiments. 

Energ 
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The operational or permanent diagnostics provide a 

subset of beam information using non-interceptive or 
minimally. interceptive techniques so that they operate 
under a variety of CW and pulsed beam conditions. Most 
of the diagnostics instrumentation discussed in this paper 
will be operational measurements. 



Each of the beam diagnostic measurements will have 
an integral error-correction subsystem that corrects for 
most absolute errors. These error corrections are either 
implemented with digital signal processing in the 
electronics processors or are added software algorithms in 
the EPICS computer control system[6]. 

1.2 TYPES OF MEASUREMENTS 

3. I Beam Ciirrent Measiirenient 

LEDA and APT will use three types of current 
measurements: DC- or average-beam, puked-beam, and 
bunched-beam current measurement[7,8]. The average 
current measurements are most useful during normal 
operation of the facility, pulsed or transient beam-current 
measurement provide transient current infonmation during 
startup, recovering from off-normal events, and 
commissioning under pulsed beam operations. The 
avenge beam-currents will be acquired with a dc-cumnt 
transformer which consists of a multiple saturable-core 
beamline device and an electronics processor. The pulsed 
or transient beam current measurement consists of a 
single, highly permeable core with one multi-turn 
winding that acts as the secondary winding of a 
transformer, with the beam providing the primary 
winding. The bunched-beam-current measurement is 
proportional to the peak bunched-beam current and sums 
the 350-MHz bunched-beam induced signals from the 
four-electrode beam position monitors (BPM). 

3.2 Beam Loss Measurenieiits 

Beam loss measurement systems have a twofold 
purpose: to act as an input to the fast protect system that 
protects beamline hardware in case of a catastrophic 
equipment failure should cause the beam1 to directly 
impinse on a beamline component, and i:o sense for 
slightly off-normal accelerator conditions, such as beam 
mismatches[7,9]. Beam loss will be measured using a 
argon- or nitrogen-filled ionization chambers to sense the 
ionizing radiation associated with lost beam. With 
typical sensitivity to ionizing radiation of 50-70 nC/rad 
and transient response to radiation-generated events of 
ten's of microseconds, the ionization chambers can easily 
sense a large unexpected radiation transient or a 
continuing excessive beam loss. 

3.3 Transverse Centroids (Position and AngIe) 

The beam position measurements corisist of four 
components: a BPM and its associated cabling, an 
electronic processor, an on-line calibrator, and algorithms 
in the computer control system that convert !he processor 
signals into beam positions[7,10,11,12,13]. The BPM, 
designed to measure both transverse planes, has four 
micro-stripline transmission lines terminated in  their 
characteristic impedance. As the 350-MHz bunched beam 
passes by the BPM electrodes, the beam's image currents 
induce a current on these electrodes. The electrode signals 

are then fed to the processing electronics via high-quality 
RF coaxial cables. Typical BPM electrode 5-cm-lengths, 
38'-subtended angles, and 1- to IO-cm radii, provide 
centered beam signal powers of -3 to +12 dBm with 3.3 
to 0.3 dB per mm probe sensitivities. 

The electronics processor down converts the 350-MHz 
The electronics processor down converts the 

electrode signals to 2-MHz sinusoidal signals whose 
relative amplitudes are equal to the original probe 350- 
MHz Fourier component. The log ratio of opposite 
electrodes 2-MHz signals is then performed using an 
analog logarithmic amplifier and a simple digital 
summing process. The processor's digital-output signal 
provides data to the software correction algorithms that 
compensates for the nonlinear BPM transfer function and 
the irregularities of the complete measurement system. 

3.4 Longitudinal Centroids (Phase and Energy) 

To properly tune the CCDTL and CCL accelerating 
cavities, the beam's energy and phase must be measured at 
many locations throughout the accelerator[7, 141. The 
energy measurement is accomplished by performing a 
time of flight (TOF) measurement of the beam's relative 
velocity. This TOF technique uses signals from two 
cylindrically symmetric capacitive probes separated by a 
drift distance. The measurement system then detects the 
time a particular bunch travels this drift distance by 
measuring the phase difference between the 350-MHz 
bunching-frequency probe signals. The energy is then 
calculated from the beam's measured velocity. 

The beam phase is the other required beam parameter 
necessary for proper cavity tuning. This measurement is 
performed by measuring the phase difference between the 
cavity accelerating field and the bunch. To provide an 
accurate measure of the beam phase, the phase-delay errors 
due to the energy-dependent drift times between the cavity 
and capacitive probes are subtracted from the actual 
measured phase. For both the phase and energy 
measurements, phase measurement precisions at 350 MHz 
of 0.1" with the required overall bandwidths are typical. 

3.5 Transverse Profiles 

The primary goal for the transverse profile 
measurements is to measure the CW full-current 
transverse profiles, the RMS emittance and match 
parameters to verify that the beam is matched to its 
magnetic transport[7,15,16]. To acquire these match 
parameters, less than I O  profile measurements will be 
placed in an approximate 2n range of phase advance. For 
the bulk of the profile measurements, two measurement 
techniques will be used to measure the beam profiles. 

For beam energies below 200 MeV, the beam energy 
that is deposited in the background residual gas near the 
beam region fluoresces. The fluorescent light flux density 
is dependent on the local-residual-gas partial pressure, the 
beam velocity, and the beam-current density. To acquire 



sufficiently precise profile information, the combined 
camera signal-to-noise (S:N) and light-to-background 
ratios must be >90:1 at the beam distribution peak. At 
beam energies >lo0 MeV, these S:N ratios drop below 
1OO:l with gas pressures of l o 6  Torr, 100-mA CW-beam 
currents, and 2-mm RMS widths. Also, since APT will 
be required to operate under pulse-beam conditions, many 
of the cameras viewing beam profiles will require either 
an intensifier-cameras or increased light-integration times. 

For beam energies above 200 MeV, a flying-wire 
will acquire beam profiles. The expected precision of the 
profile measurement is -10 pC (or 2 FA) of beam charge 
(current) by 50 yrn of relative wire position. For a wire 
made of S i c  (silicon carbide) or carbon (or graphite), 
having specific heats of approximately 1.2 joules per 
gam-K each, the wire-temperature rise during a single 
sweep is about 320 K based on a 1 0 - d s  wire velocity. 
For 1700-MeV protons, this temperature rise is also based 
on an energy-loss per unit length in these materials of 2 
MeV-cm'/g and 1.8 MeV-cm'lg, respectively. 
profile will either be measured by collecting the secondary 
electrons near the wireheam interaction area, measuring 
the charge depletion (secondary electrons leaving the wire) 
on the moving wire, or measuring the ionizing radiation 
produced by scattered protons interacting with the 
accelerator structures. The wire position will be measured 
by recording and differentiating an attached tachometer 
signal. 

3.6 Longitudinal Profiles (Phase and Energy Spread) 

Because of beam-momentum spread and space-charge 
forces, the beam-bunch length rapidly increases after 
leaving the linac[7,17]. Multiple bunch-length or phase- 
spread measurements close to and in  the linac can provide 
useful information on the linac operation and the 
momentum spread of the beam. Specifically designed 
image-current probes much like the capacitive probes used 
for the TOF measurements with bandwidths >IO GHz 
will be used to measure the Fourier harmonic content of 
the wall image currents produced by the microbunches. 
The technique to be used acquires the phase spread or 
bunch length by measuring the ratio of the fundamental 
and higher harmonics of a beam-induced signal from these 
image-current probes. The linac beam's energy-spread is 
acquired by measuring the beam's transverse profile in a 
dispersive region of the beam transport in the bends of the 
APT HEBT. 

The 

3.7 Beam Halo Measiirernenrs 

As with beam loss, existence of beam halo will be 
another sensitive measure of beam mismatch. The halo 
measurement will intercept a portion of the beam halo 
(Le., past four RMS-widths of the transverse beam 
distribution) for a short period of time (typically 1 ms) 
with a thin plate or jaw, typically 1 mm, constructed of 
graphite or tantalum. A nearby BLM integrates the 
induced gamma radiation, which is proportional to the 

intercepted beam. Downstream collimators will intercept 
and localize the scattered radiation from these scrapers and 
localize the resultant activation. 

3 SUiMMARY 
This paper has discussed the requirements and 

measurement techniques necessary to measure the APT 
and LEDA accelerator-beam parameters. The topics 
included were the operational beam diagnostics 
instruments to measure beam current, loss, position, 
angle, phase, energy, transverse and longitudinal profiles, 
and halo. 

REFERENCES 
[I] P. W. Lisowski, "The Accelerator Production of 

Tritium (APT) Project," these proceedings. 
[2] G. P. Lawrence, T. Wangler, "Inte,gated Normal- 

conductinglsuperconducting High Power Proton 
Linac for APT," these proceedings. 

[3] R. E. Shafer, et. al., "Overview of the APT High- 
Energy Beam Transport and Beam Expanders," these 
proceedings. 

[4J J. D. Schneider, et.al., "Progress Update on the Low- 
Energy Demonstration Accelerator (LEDA)," these 
proceedings. 

[5] D. C. Chan, et. al., "Commissioning Plan for A 
High-Current Proton Linac," these proceedings. 

[6] D. Curd, et. al., "EPICS," place holder of EPICS 
reference. 

[7] J. D. Gilpatrick, et.al., "Experience wirh the Ground 
Test Accelerator Beam Measurement 
Instrumentation," in AIP Conference Proceedings 
319, (Santa Fe, NM, August, 1993). p. 154. 

[8] K. Unser, "The Parametric Current Transformer, A 
Beam Current Monitor Developed for LEP," in AIP 
Conference Proceedings 252, 199 1, p. 266. 

[9] C. R. Rose, et.al., "GTA Beamloss Monitor 
System," in 1992 Linear Accelerator Conference 
proceedings (Ottawa, Canada, August, 1992), g. 
365. 

[ l l ]  C. R. Rose, et.al., "Description And Operation Of 
The LEDA Beam Position Measurement Module,'' 
these proceedings. 

2121 J. D. Gilpatrick, et.al., "Measurements and 
Performance of the Microstrip Beam Probe System," 
in 199 1 IEEE Panicle Accelerator Conference 
Proceedings, p. 1136. 

[13] J. H. Cuperous. "Monitoring of Particle beam at 
High Frequencies," NIM, 145, (1977), 219. 

[ 141 R. E. Shafer, "Characteristics of Directional Coupler 
Position Monitors," IEEE Transaction of Nuclear 
Science 32, No. 5 (1933). 

[ 151 J. Power, et. al., "Design of a VXI Module for Beam 
Phase and Energy," these proceedings 

[16] Mark Wilke, et. al., "Status and Test Report of the 
LAW-Boeing APLWHPO Flying-Wire Beam-Profile 
Monitor," LANL Report LA- 12732-2 180. 
D. P. Sandoval, et.al., "Fluorescence-Based Video 
Profile Beam Diagnostics: Theory and Experience," 
in AIP Conference Proceedings 319, (Santa Fe NM, 
August, 1993), p. 273. 
J. D. Gilpatrick, et.al., "Design and Operation of a 
Bunched-Beam Phase-Spread Measurement," in 1992 
Linear Accelerator Conference proceedings (Ottawa, 
Canada, August, 1992), g. 359. 



SIMULATED PERFORMANCE OF THE SUPERCONDUCTING SECTION OF THE APT 
LINAC UNDER VARIOUS FAULT AND ERROR CONDITIONS* 

E. R. Gray, S. Nath and T. P. Wangler 
Los Alamos National Laboratory, Los Alamos, NM 87545 

Abstract 

The current Lsign for the production of tritium uses both 
normal-conducting (NC) and super-conducting (SC) 
structures. To evaluate the performance of the super- 
conducting part of the linac which constitutes more than 
80% of the accelerator, studies have been made to include 
the effects of various error and fault conditions. Here, we 
present the simulation results of studies such as effects of 
rf phase and amplitude errors, cavityklystron failure, 
quadrupole misalignment errors, quadrupole gradient 
error, and beam-input mismatches. 

INTRODUCTION 
The current Los Alamos design for APT uses an 
integrated NC/SC structure [1,2]. The SC structure 
starting at 217 MeV accelerates the 100 mA, cw proton 
beam to a nominal energy of 1.7 GeV. The beam is 
delivered onto a production target. through a high energy 
beam transport (HEBT) section [3]. 

One of the main advantages (1,4] of having a SC 
Structure at high energies is that it allows a larger bore 
size reducing the risk of beam loss. In  view of the 
importance of the beam-loss issue, we did study the effect 
of various types of error conditions and component 
failures on the beam. Of specific interest are the 
transverse beam-profile along the length of the linac and 
quality of the output beam which has direct impact on the 
transport of the beam through the HEBT. 

The high-energy SC linac is comprised of two, 
medium and high p sections with p=0.64 and 0.82 
respectively. The bore radius in the sections are 6.5 cm 
and 8.0 cm respectively. Two design scenarios for the SC 
linac section are under consideration [l]. One uses SC 
quadrupole magnets in a FODO lattice; the other uses 
doublet room-temperature quadrupoles placed outside the 
cryostats. The results reported here correspond to the 
"singlet" SC design. Unless otherwise noted, simulations 
were done with a beam from the output of the NC 
structure at 217 MeV which originated at the plasma 
surface of the ion source [5]. For the error studies, the 
beam was matched across the NC/SC transition by 
ramping the quadrupole-strengths down starting at 100 
MeV without deliberate consideration of a current- 
independent match described in Ref.1. 

lLIISMATCHES 

Setting errors for the quadrupole gradients, accelerating 
gradients, or cavity phases can produce beam mismatches. 
To study the effect of mismatch at the 217 MeV input 
point, we use an initial waterbag distribution (uniform 
filling of a 6-D phase-space ellipsoid) at 217 MeV. The 
waterbag distribution has characteristics that are similar to 

Work supported by the US Department of Energy 

those seen in real beams; the distribution in any 2-D 
projection is peaked in the center and falls off gradually at 
the edges. The mismatched input distributions are derived 
from the matched ellipses in all three phase-space planes; 
the ellipse parameters for the matched be'am in each plane 
are scaled to adjust the beam size while leaving the rms- 
phase-space areas (emittances) constant. Equal 
mismatches were simultaneously applied in each plane, 
corresponding to p=0.7 and 1.3, where p is defined as the 
ratio of the initial rms beam size to the matched rms beam 
size. 
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Figure 1. Transverse and longitudinal beam profiles vs. 
quadrupole number in the SC linac for a mismatched beam 
of p1.3 at 217 MeV with an initial waterbag distribution. 

Figure 1 shows both the transverse and longitudinal 
profiles for p=1.3. The transverse beam size of the 
mismatched beam starts to grow immediately after the 
input, but after several periods settles down to a larger 
value. At the output end (1.7 GeV) the x rms beam size 
grows to about 0.82 cm compared to about 0.46 cm for 
the matched case. The effect of mismatch in the 
longitudinal space is less pronounced. The output beam 
energy spread is only slightly larger when compared to the 
matched case. 

The normal error-free output beam looks like a 
parabolic distribution in x or y. The output distribution for 
a single point mismatch shows a shoulder on it that 
depends on the size of the mismatch. For this case, the 
extent of the distribution seems to be limited as 
demonstrated by adding the simulations of many 100,000 
particle runs to reach several million total particles and as 
expected from the particle-core haio model [6]. The effect 
of mismatches for more than one point are still being 
studied. 



ERRORS 
Rf Cavity Phase and Amplitude Errors 
The rf Power system has feedback loops to inaintain the 
phase and amplitude of the lields in the cavities. Because 
the klystron power is split to drive multiple cavities, the 
feedback loop adjusts the klystron phase and amplitude to 
control the average phase and amplitude error from the 
driven cavities. The result is that even though the average 
phase and amplitude of the cavities within an RF module 
can be controlled by the feedback loop to an average of 
1.0" in rms phase and 1% in rms amplitude, each 
individual cavity can have a larger variation. As a 
representative case, we have done simulatioris assuming 
10" and 10% rms variations in each caviiy with the 
average rrns phase and amplitude for a klystron-driven set 
of cavities at 1.0" and 1%, respectively. The APT linac 
structures may experience about half of this level of RF 
amplitude and phase variations during normal operation. 

We performed a set of 20 simulation runs, each with 
cavity phase and amplitude errors set randomly, assuming 
a uniform distribution within the above specified limits. 
The initial particle distribution was obtained &om the 
preceding normal-conducting LE linac section. The results 
show that the output beam-energy centroid varies by about 
23 MeV, which is acceptable for the HEBT. Transverse 
rms emittance varies by about 24%. However, the 
longitudinal emittance growth, as expected, is higher than 
the error-free case by about 30%. 

Quadrupole Magnet Misalignments 

Misalignments are simulated with a program, PARTREX 
that follows a cenual particle and a beam ellipse envelope 
through a sequence of elements using a sequence of 
matrix transformations in a linear-field approximation. 
Because the code transports beam ellipses rather than 
individual particles, it uses considerably less running time, 
enabling the user to make a statistical analysis of the beam 
behavior under random misalignments of the large number 
of quadrupoles i n  the linac. Each simulation corresponds 
to a complete set of random errors for each quadrupole in  
the linac. 
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Two hundred simulations were made with random rms 
quadrupole alignment errors. Figure 2 shows the ordered- 
results for quadrupole misalignment errors of 0.127, 0. 
253 and 0.381 mm. For a 0.254 mm rms random 
misalignment error, there is 95% probability that the 
beam-center shift will be less than 2.8 cm. The 
corresponding numbers for 0.127- and 0.381-mm 
misalignment errors are 1.4 crn and 4.2 cm, respectively. 

A 0.254-mm rms uncertainty is a value that has been 
achieved for SC magnets in other accelerator facilities. A 
corresponding shift of 2.8 cm or larger with 5% 
probability suggests that provision should be made for 
steering in or after the linac. It should be noted, however, 
that the beam easily cleared the bore of the linac without 
steering for all the runs. 

Practical Set of Machine Errors 
We considered a set of realistic errors that include magnet 
misalignment in displacement, tilt, and roll, quadrupole 
gradient error, and RF  phase and amplitude variations. 
The numbers used are uniform distribution of errors that 
have the following RMS widths: 

0 

quadrupole magnet gradient error, k 1% 
quadrupole magnet tilt error, k 0.3 degree 
quadrupole magnet roll error, f 0.3 degree 
average RF phase error, f 1 degree 
average RF gradient error, 5 1% 
local RF phase error, f 10 degree 
local RF gradient error, f 10 '3% 
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Figure 3. Transverse (x and y) vs. quadrupole number with 
(a-b) no errors and (c-d) realistic set of errors noted in the 
text. 
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Figure 2. Beam centroid probability plots for rms 
quadrupole misalignment errors of 5,lO and 1 5  mil (127. 
254, and 381 pm). 

Figures 3 (a) and (b) show the x and y profile plots of 
a normal beam. Corresponding profile plots with the 
above set of errors are shown in Figures 3 (c) and (d). A 
small centroid oscillation is observed while the 
longitudinal profile (not shown) does not show any 
significant effect. 



FAULTS 

RF Cmity/Klystron Failure 
If a single cavity or a klystron that powers several cavities 
fails, the beam-entry phase beyond the failure point will 
be shifted and, unless corrected, would generally result in 
poor acceleration efficiency and poor longitudinal 
focusing in the cavities downstream of the failure. Such an 
uncorrected situation could also lead to radial loss of 
beam. However, rephasing the linac beyond the point of 
failure is practicable because the cavities in the SC 
structure are electrically independent. 
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Figure 4. Beam profiles vs. QuadrupoIe number in the SC 
linac with the first klystron in the p=0.64 section turned off. 

If the rf amplitudes beyond the failure point are not 
reset, the output centroid energy will be reduced. As 
expected, the increase in longitudinal emittance is 
significantly larger than the corresponding increase of the 
transverse emittance. Also, a larger increase i n  
longitudinal emittance is associated with cavity or 
klystron failures at the lower-energy end of the linac. This 
is due to the fact that in the lower-energy part of the SC 
linac. the longitudinal focusing loss as a result of a single 
cavity failure is more important, especially for 
compensation of the space-charge forces. 

Figure 4 shows the beam profiles along the length of 
the SC linac when the first klystron in the p=O.64 section 
is turned off. There is a large increase in the longitudinal 
emittance. However, since the longitudinal emittance is of 
little concern to the HEBT/ Expander system, operation of 
the linac with a klystron off is not a problem in terms of 
beam at the target. Though not a major effect on the 
transverse emittances, this does, however, represent a 
mismatch with some attendant increase in the tails of the 
particle distribution. 

Quadrupole Magnet Failiires 

Failure of one or more quadrupole magnets causes an 
immediate transverse mismatch resulting in subsequent 
emittance and halo growth. Since the focusing lattice is a 
FODO sequence, i t  is not surprising that a failure of an 
odd number of adjacent magnets causes a larger 
disruption. A failed pair of magnets early in the machine 
did not result in beam loss in the linac but did result in 
emittance growth of nearly a factor of 13. Readjusting the 

four quadrupoles downstream of the failed ones, a 
rematch can be achieved that reduces the emittance 
growth to near a factor of two. The output phase-space 
distributions with and without errors are shown in Figure 
5. There are more particles on the edges of the 
distribution compared with the error-free case even with 
quadrupole readjustment. 

Figure 5. Output phase-space distributions with a pair of 
quadrupoles at the start of p=0.64 section turned off; (a) no 
failure, (b) with failure but no adjustment and (c) with 
downstream quadrupoles readjusted. 

CONCLUSION 
On the basis of the error studies completed, it can be 
concluded that none of the error conditions put the beam- 
edge close to the aperture. Steering magnets in or after the 
linac should be installed for transporting the beam through 
the HEBTExpander system. In case of quadrupole 
failure, retuning downstream of failed quadrupoles will be 
necessary for the beam to be transported by the 
HEBTExpander system or the cryomodule can be 
replaced. HEBT can continue to operate with 
cavityklystron failure. 
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Abstract 

A dc injector capable of 75-keV, 110-mA proton beam 
operation is under development for the Low Energy 
Demonstration Accelerator (LEDA) project at Los 
Alamos. The injector uses a dc microwave proton source 
which has demonstrated 98% beam availability while 
operating at design parameters. A high-voltage isolation 
transformer is avoided by locating all ion source power 
supplies and controls at ground potential. The low-energy 
beam transport system (LEBT) uses two solenoid focusing 
and two steering magnets for beam matching and centroid 
control at the RFQ matchpoint. This paper will discuss 
proton source microwave window design, H2 gas flow 
control, vacuum considerations, LEBT design, and an iris 
for beam current control. 

1 INTRODUCTION 

At Los Alamos, the cw LEDA radio frequency quadrupole 
(RFQ) accelerator[l] has been designed to produce a 100- 
mA, 6.7 MeV beam from a 75-keV, 1 IO-mA dc proton 
injector beam. Design of the LEDA proton injector 
originated at Los Alamos in  late 1993 when a prototype 
injector was designed and subsequently fabricated. This 
injector comprises a dc proton source and a dual solenoid 
low-energy beam transport (LEBT) system which has been 
extensively tested and found to deliver LEDA WQ quality 
beams[2]. A LEBT, suitable for flexible beam matching 
to the LEDA RFQ, will first be tested with a 1.25 MeV 
cw RFQ brought from Chalk River Laboratories 
(CRL)[3]. In following sections, we present the 
mechanical design features of the proton source and 
accelerating column, injector reliability development, 
discussion of a 2.5-rn-long LEBT for initial operation of 
the LEDA RFQ, and a final 2.8-m-long LEDA LEBT 
which incorporates beam duty factor control. 

2 PROTON SOURCE AND ACCEL 
COLUMN 

The microwave proton source, originally developed at 
CRL[4] for the 50-keV Chalk River Injector Test Stand 
(CRITS), has been further developed to operate at higher 
beam energy, current, and microwave power. Figure I 

' Work supported by the US DOE, Defense Programs. 

illustrates the configuration of the ion source, new high 
voltage (HV) column, solenoid magnet insulator, and 

Figure 1. LEDA proton source and HV column. 

extraction geometry. Figure 2 shows an exploded view of 
the microwave vacuum window assembly. All source 
electronics operate at ground potential, and beam 
extraction is across a single 75 kV gap. Extraction 
geometry is based on the Fusion Materials Irradiation Test 
(FMIT)[S] accelerator extractor. The extractor electron 
trap at - 1.5 kV prevents backstreaming electrons from 
reaching the source. A ground potential electrode then 
terminates electric fields thus establishing beam space- 
charge neutralization. 

Sheld R e t o m r  (EN) 

Figure 2. LEDA proton source microwave window. 
Figure 3 shows the gas flow control system with a 

mass flow controller at ground potential. A variable leak 
valve keeps the pressure in the tube near atmospheric to 
prevent arcdowns through the tube. System response is a 
function of gas flow rate, pressure, and volume between 
the flow controller and variable leak valve. Use of a 
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Figure 3. Gas flow control for the LEDA ion source. 

pressure sensor having an internal volume of only 0.1 cm3 
enabled a minimum 3 cm3 test system volume. For a 
step change between 0.095 and 0.101 T.-l/s, the test 
system achieved an average time constant of 17.5s. The 
more complex gas system in use on the LEDA ion source 
has an approximate 6 cm' volume, but normally operates 
at 0.05 T-l/s resulting in  approximately the same time 
response as the test system. 

The HV column insulators are 95% alumina, and are 
vacuum sealed by O-rings under compression by 12 
cryogenic grade G- 10 rods. Internal vacuum-ceramic-metal 
electron emitting "triple points" are shielded by stainless 
steel inserts. Average beam power density in  the nominal 
4 cm diameter beam is 775 watts/cm'; cooling protects 
internal vacuum system components from heating by 
spilled beam. A 100 mA proton beam current causes a 
0.01 T-l/s gas load at a beam stop, and the hydrogen g " ~  
flow may be up to 0.09 T-l/s during source start up. 
Vacuum pumping of the HV column region is through a 
circular electron trap plate into diagnostics/vacuum box # I  
equipped with a 2500 I/s turbomolecular pumlp. 

3 INJECTOR RELIABILITY DEVELOPhIENT 

Two failure mechanisms of microwave window have been 
observcd: ( I )  failure of the O-ring seal after less than 40 
hours of operation, and (2) thermal fracture of the 
aluminum nitride (AIN) window. Failure mode ( I )  may 
arise from microwave and/or ion source-plasma induced 
heating of the O-ring. A solution was found by adding a 
0.8mm thick stainless steel frame glued to the AlN 
window. Use of a pressure jig ensures an intimate Torr 
Seal bond between the stainless and AIN. Tight assembly 
tolerances then result i n  a metal to metal seal surrounding 
the O-ring (cf Fig. 2) .  The microwave window is now 
capable of indefinite operation at greater than 1 kW 
microwave power. 

Rf window failure mode (2) is a product of operation 
at higher beam energies. Proton source rf efficiency is 
highest with a single AIN microwave window; however, 
back streaming electrons focused by the solenoidal field 
impact on a small point (approximately Imm diameter) in 
the center of the window. Stress in  the pinhole from 
electron impingement after an arc down c m  result in 
fracture of the AIN. A 1.3 mm thick pane of boron 
nitride (BN) shields the A1N window and does not 
measurably reduce the rf efficiency. The pinhole erosion 

rate is a function of mA-hours, and the 1.3 mm thick 
shield is expected to have a 400 hour lifetime under 
operating conditions. Tests are underway to further this 
lifetime by increasing the BN thickness, and investigating 
the use of Shapal SH-15 AIN (with excellent strength in 
compression and over three times the thermal conductivity 
of BN). 

Initial operation of the new HV column was 
compromised by an unacceptable arcdown rate. External 
arcing problems were eliminated by modifications to the 
solenoid magnet insulator, a new solenoid magnet stand, 
addition of corona rings, a revised G-IO compression rod 
design, and careful routing of the water resistor lines. 
Internal arcing was eliminated by moving the extractor 
electron trap voltage feedthrough to a position within the 
extractor assembly. However, this relocation caused a 
glow discharge to occur near the extraction gap which 
unacceptably hindered injector operation. 

Elimination of the glow discharge was successively 
accomplished by (1) reducing the magnetic field across the 
extraction gap by installation of an iron HV column face 
plate, ( 2 )  shielding the "triple points" from beam-produced 
x-rays, (3) improving the vacuum in the extraction gap by 
a new electron trap ring which increased the vacuum 
conductance by a measured factor of 3.2 (vs. a calcuIated 
factor of 4.1), and (4) modifying electron trajectories 
toward the extraction gap by an electron trap shield around 
the extractor. 

During injector testing, an oil contamination incident 
occurred. Because of a control system problem, the 
roughing line valve to vacuum box # 1 began to repeatedly 
cycle and introduced a large amount of rough pump oil 
into the vacuum box. Residual gas analysis indicated that 
conventional cleaning techniques did not remove all the 
oil contaminant, and a complete disassembly of the 
vacuum box would be necessary unless another 
decontamination method were found. After operation of 
the source with an oxygen beam (less than 6 hours totai 
run time), residual gas analysis showed the oil was 
reduced. An oil-free scroll roughing pump has been 
installed to ensure the injector remains oil free. 

4 INJECTOR LEBT 

For initial operation of the LEDA RFQ, a 2.5-m-long 
LEBT is being assembled. This LEBT will be tested with 
the 1.25 MeV cw CRITS RFQ and includes the present 
injector vacuum box # I ,  twin LEBT solenoid magnets, 
vacuum box #2 which contains a copper-swirl-tube 
plunging beam stop, and a small diagnostics box at the 
RFQ entrance. This LEBT will be fitted with a variable 
iris (Figure 4) for beam current control. Eight internally- 
cooled, flat copper plates form the iris. As the drive ring 
is rotated, a camming action causes the iris aperture to 
vary. The flat plate design and copper construction limits 
the power absorption capability of the iris, but we 



estimate the life of the iris as adequate for tests with the 
CRITS RFQ and initial operation of the LEDA RFQ. 

Figure 4. Beam ins developed for the LEDA LEBT. 

Figure 5 shows a final 2.8-m-long LEDA LEBT[6]. A 
pulsed beam is required for LEDA RFQ commissioning 
tests, and two techniques for doing this are being 
investigated. This LEBT incorporates a kicker magnet to 
provide the capability to produce a pulsed beam. Vacuum 
box #2 provides the required drift Iengtb for the angled 
beam to hit the retracted beam stop. The plunging beam 
stop and beam iris are projected to have inclined faces of 
molybdenum and be capable of long operational life. 
Vacuum box #3 will be a mounted on the LEDA RFQ, 
and accommodates beam diagnostics, beam shields, an 
isolation valve to the RFQ, and a 1100 I/s turbomolecular 
Pump. 

5 CONCLUSIONS 

Integrating the mechanical design features outlined above 
enabled a 168 hour endurance run (total run time excluding 
delays from electronic problems). This injector test met 
the LEDA beam availability requirement, and 

demonstrated a robust design. Table 1 shows the injector 
is capable of producing a proton beam of requisite quality 
for the LEDA RFQ. The first 2.5-m-long LEDA LEBT 
will be tested in mid-1997 and be ready for operation with 
the LEDA RFQ in early 1998. 

Table 1. Summary of LEDA injector requirements and 

I I Parameter Required Status I 
Energy (keV) I 75 I 75 
Current (mA) 1 I O  1 I7 I 

Duty factor (dc) I 100 100 
Duty factor (pulsed) (%) I I (10Hz. 1 ms) To be tested 

I Reliability (%) I 98 I 9 6 - 9 8  
>I68 I I68 Lifetime (hr) 

LEBT exit emittance 0.20 0.20 
( m - m d )  

H, flow (T-VS) .04 - . IO  .05-.09 
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BEAM EXPANSION WITH SPECIFIED FINAL DISTRIBUTIONS* 
Andrew J. Jason and Barbara Blind, Los Alamos National Laboratory, and 
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Abstract 

The formation of nearly uniformly distributed beams has 
been accomplished by the use of multipole magnets. 
Multipole fields, however, are an inappropriate basis for 
creating precise distributions, particularly since 
substantial departures from uniformity are produced with a 
finite number of multipole elements. A more appropriate 
formalism that allows precise formation of a d e s i i  
distribution is presented. Design of nonlinear magnets for 
uniform-beam production and the optics of an 
accompanying expansion system are presented. 

1 INTRODUCTION 
We consider the general problem of providing an 

arbitrary spatial beam distribution at a point starting from 
a given input beam. Such a technique is of interest in 
matching and for applications where material or power 
deposition must conform to a particular distribution. For 
some purposes the requirement is simply to sharply limit 
the beam extent on a target to prevent undesired 
radioactivation of surrounding areas. Often a uniform 
distribution is desired for medical purposes or for 
minimizing the cooling on a target. Other distributions 
may be useful in maximizing neutron flux from a 
spallation target. Although we here concentrate on 
producing a uniform distribution, the extension to other 
distributions is straightforward. 

The problem of producing a uniform distribution has 
previously been attacked by using a multipole series to 
provide a nonlinear field that folds the beam in phase 
space [ 1-41. The results of such processing of an initially 
gaussian beam by application of a strong octupole field 
and subsequent magnification optics are shown in Fig. 1. 

ail 
xo 

Fig. 1 Beam distribution versus transverse distance after 
nonlinear focusing by an octupole. Units are arbitrary. 

In this process, the beam is expanded within the 
octupole in, say, the x dimension so that it is very narrow 
in y to eliminate coupling terms. for sufficient 

expansion, the effect of the emittance is small and the 
x,x' phase space may be represented by a line, as was 
done in the creation of Fig. 1. Figure 2 shows the phase 
space for the distribution of Fig 1. The "ears" on the 
distribution are caused by the fold shown in Fig. 2 and are 
smaller for finite emittance and momentum spread. The 
distribution is well confined except for the wings that 
form the lower and upper branches of the field. If further 
multipoles are added the confinement can be improved. 

Y 

Fig. 2 Phase space for the distribution of Fig. 2 .  The 
ordinate is the position in Fig. I and the abscissa is the 
divergence in  arbitrary units. 

It has been noted [ 5 ]  that a series of multipoles can be 
configured to tend toward an analytically exact uniform 
distribution, but the convergence is slow. We consider a 
magnetic element that is capable of providing the precise 
distribution required. 

2 MAGNETIC FIELD 
Since it is possible to effectively decouple the two 

transverse phase planes, a one-dimensional treatment is 
adequate. Beam in an element ds, contained in a 
distribution po(,ro), described by initial phase-space 
coordinates x, and xi, transformed to a set of coordinates 
x and x' obeys the relation p ( x )  dr  = p o ( x o )  dr, if the 
two distributions are single valued. Thence, 

1) 
This relation follows Batygin [5 ]  and others. 

We consider a small-emittance beam, extended in 
.ro,xi phase space with slope a=dr, ' ldr,  and with 
small extent in y, that passes through a magnet of length 
I with y-directed magnetic field B ( x , )  on the x, axis. 

A subsequent linear optical system described by a matrix 

* Work supported by the U.S. Department of Energy 



R transports the beam to the location described by the x 
coordinates. Transformation between x and x, is 

2) 

where Bp is the beam rigidity. Inserting this relation 
into Eqn. I), the derivative of the magnetic field with 
respect to .I-, 

x = (R,, +aR, , )x ,+ f  R,,B(xo)IBp 

3) 
Integrating, the field becomes 

Thus for various choices of beam transport, the fields 
required to produce a given distribution will vary by a 
linear term. One natural choice, given a limited beam 
distribution, is to minimize the peak field by adjusting 
the linear term. An attractive alternative set:; 

R,, +aR,, = 0 ,  5 )  
i.e., a point focus on the target. 

For the case of a uniform target distribution of width 
2 w ,  Eqn. 4) becomes 

Note that for a limited initial distribution and the choice 
of Eqn. 5 ) ,  the field at large .yo is constant, a convenient 
field for magnet design. We consider an initially 
gaussian-distributed beam with rms width CT to obtain a 
field 

7)  
An alternative choice for the initial distribution is 

- 1 I cosh'(.r I c) which yields w tanh(x / c) /(2R,,c), a 
very similar function to 7) (along the x, axis) for 
c - 1.250, differing by only 3% in a limited range. The 
significance of this is that the latter distribution has k e n  
noted to represent a beam that is poorly matched in a linac 
whereas the gaussian distribution is representative of a 
well matched beam. Hence, a nonlinear magnet with 
some adjustability can presumably deal with a range of 
observed beams. 

3 BEAM OPTICS 

3. I One-Dinrensional Optics 

Consider a drift of length L as an example of an 
optical system. Then R,, = 1 and RI2 = L ; accordingly 
set a = - I /  L. For a given L the peak value of the 
magnetic field Bo can be set from the asympi.otic value of 
Eqn 7). Choosing L=l and w=l sets a=-1 and 

Bol I B p  = 1. Setting cr = 0.1, the angular deflection 
through the magnet as a function of x, is shown in Fig. 
3. 

Fig. 3 Plot of the magnetic fie., along the x, axis 
needed to produce a uniform distribution for the 
parameters given in the text. 

The phase space loci just after the nonlinear magnet 
and at the target are given in Fig. 4, where the calculation 
is limited to 6 0. Note that, at the target, the central 2 ff 
of the beam is transformed to within x = M.95  while the 
remainder of the beam is placed at 1x1 > 0.95 along the 
trajectory tending asymptotically to the lines 1x1 = 1.0. 

at magnet 

position 
(x, and x) 

Fig. 4. Phase space at the nonlinear magnet and at the 
target for the example cited in the text. 

Initial and final distributions are shown in Fig. 5 .  
The final distribution departs negligibly from constant 
within --w I x I w. Finite bin sizes in the calculation 
blur the final-distribution edges slightly. 

3.2 Errors 

We consider two possible errors that affect the final 
distribution. The first is departures from the initial 
distribution. In general, if the initial distribution is 
"wider" than the distribution for which the magnet was 
constructed, the final distribution will grow "ears" (as in  



Fig. 1); “narrower” distributions will experience rounding 
on top. This is illustrated in Fig. 6 that shows the 
output distributions for (r =0.09 and 0.1 1. If a l/cosh’ 
input distribution is used, similar changes occur in the 
distribution. 

x and xn 
Fig. 5 Normalized initial and final distributions. 

X 

Fig. 6 Final distributions for 210% width errors in the 
initial distributions. 

shown in Fig. 7 where the beam enters the nonlinear 
magnet off axis by 0.1 0. 

Steering errors also change the distribution. This is 

X 
Fig. 7 Final distribution for a steering error of 0. I 0. 

Note that despite marked changes in the distribution, 
the beam remains entirely confined for both these cases 
because of the well-defined beam limits due to the vertical 
part of the phase-space trajectory seen in Fig. 4. 

5.3 Two-Dimensional Optics Design 

Two nonlinear magnets are used in producing a beam 
that has a given two-dimensional profile on the target. In 
the first magnet, the beam is made small in the y 
dimension so that interplane coupling by the field x 
components is negligible and the beam is made large in 
the x dimension with large correlation and slope a .  A 
subsequent focusing section provides condition 5)  in the x 
direction with small w in the second linear magnet that is 
rotated 90” from the first. This limits the beam in the 
magnet gap. The beam in the y direction is highly 
correlated (as specified in the x direction of the first 
magnet). A second focusing section provides the 
condition 5) from the second magnet to the target in the y 
direction and from the first magnet to the target in the x 
direction. For each plane, the values of R,? and & m 
determined by the desired values of w and the value of 
Bo, i n  the respective planes. Such simulations have 
verified the calculations shown here. 

For a given value of Bo four quads are in general 
needed in each focusing section to meet all conditions. 
The number of quads may be reduced by using symmetry, 
system lengths, and choice of input beam. 

5 MAGNET DESIGN 
We treat the magnet design only briefly. The magnet has 
quadrupolar symmetry. For sufficiently low fields, the 
pole shape along a scalar equipotential is determined from 
the field in the complex plane. The complex potential 
provides the conformal map into a dipole geometry, to be 
used in specifying the pole width or shimming that 
provides a homogeneous field to the extreme particles of 
the beam. Variability in the magnet field shape to fit off 
nominal distributions is provided by dividing the pole 
into individually excited segments or by current sheets on 
the pole surfaces. 
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ABSTRACT 
This paper describes the magnetic design for super- 

conducting quadrupoles to  be used in the superconducting 
option of the proton linac for the Accelerator Production 
of Tritium (APT) project. The quadrupole magnets pro- 
vide the focusing for a singlet FODO lattice used in the 
linac. The magnets have a 16 cm (13 cm) aperture in the 
hi-@ (medium+) section of the linac. The proposed de- 
sign is a coil dominated magnet with a n  iron yoke a t  a 
larger radius t o  shield the magnetic field from other parts 
of the accelerator. The  field performance, field quality, 
peak field and forces on the conductor are discussed. 

1. INTRODUCTION 
The proton linac for the A P T  project is likely to 

have superconducting RF cavities for the medium energy, 
@ = 0.64, and high energy, /3 = 0.82, regions of the 
machine. Two options have been considered for the 
quadrupole focusing in the linac. One is to position 
a single superconducting quadrupole (either focusing or 
defocusing) between each of the SC RF cavities. The 
magnets would be placed in the same cryostat as the R F  
cavities. Each medium-@ (high-@) cryostat would contain 
3(4) RF cavities and 4(5) SC quadrupoles. There are 
30 medium-@ and 78 high+ cryostats in the linac. The 
other option is to  place only the RF cavities into the 
cryostat and use a room temperature quadrupole doublet 
(one focusing and one defocusing) between each of the 
cryostats. The SC quadrupole in the singlet lattice design 
provides a higher gradient and shorter period length than 
the room temperature doublet design. The singlet linac 
with the SC quadrupoles would reduce the beam size by 
about half in each of the transverse dimensions. The 
Conceptual Design Report for the A P T  project' uses the 
singlet design with the SC quadrupoles. The APT project 
is now favoring SCRF design with the separate room 
temperture quadrupole doubiet. This report discusses the 
superconducting singlet design with SC quadrupoles. 

Certain requirements for the SC quadrupoles are dic- 
tated by the linac design. These are summarized in 
Table 1. Because of the large beam current in the ac- 
celerator a large aperture is chosen to  keep the number 
of particles hitting the beam pipe to a minimum so that 
hands on maintainance wil l  be possible. The gradient 
requirements for the quadrupoles are modest for a super- 
conducting magnet. This allows conservative operation a t  
about half of the quench current. Since the A P T  acceler- 
ator is intended to be operated with an  uptime efficiency 
of 8590, good quadrupole reliability is essential. Anoth- 
er design concern is that the field from the quadrupole 

should not interfere with the proper operation of the R F  
cavity. The requirement is stated that  the field from the 
quadrupole must be less than 1 gauss at the RF cavity 
wall. This requirement is easily met. 

Table 1: Superconducting Quadrupole Parameters. 

Aperture radius (cm) 
Lattice half period (m) 
Quadrupole length (m) 

Effective length (m) 
Integrated gradient (T) 
Nominal gradient (T/m) 

Operating temperature (K) 
Number of quadrupoles 

Medium-fl 
Section 

6.5 
1.70 
0.305 
0.294 
3.30 
11.2 
4.3 
120 

- 
High-fl 
Section 

8.0 
2.03 
0.459 
0.338 
3.26 
9.6 
4.3 
390 

2. MAGNET DESIGN 
The proposed quadrupole is coil dominated with 

the iron yoke at approximately twice the coil radius 
so that most of the magnetic flux is returned in the 
space between the coil and yoke. The iron yoke remains 
essentially unsaturated for optimum shielding. Fig. 1 
and Fig. 2 show the transverse and axial views of the 
quadrupole cold mass. The iron yoke surrounds stainless 
steel laminations which register the coil position and 
support transverse components of the coil forces. A 
stainless steel shell exterior to the yoke along with the 
bore tube contains the helium. 

The coil is of a planar racetrack design and is wound 
with 460 (264) turns for the medium-@ (high-@) design. 
The construction technique for the coil is the same as 
used for the sextupole and trim quadrupole magnets for 
the RHIC project a t  BNL.2 The coil consists of alternate 
layers of insulated wire and epoxy-impregnated fiberglass 
wound in a rectangular form. The wire is a 25.5-mil 
diameter NbTi superconducting strand, and is the same 
as that used in the the outer cable of the Superconducting 
Supercollider dipole magnets. The wire has a copper to 
superconductor ratio of 1.8 to  provide conductor stability. 
The coils are conservatively designed to operate a t  one 
half the quench current. The magnet should be self- 
protecting and will not be damaged by overheating during 
a quench, because of its fast normal-zone propagation 
velocity and the short coil length. The peak field a t  



Table 2: 
Quadrupoles. 

Coil Parameters for the Superconducting 

0.133, 
Nttrrns 334 

Inductance,H 0.126 

Table 3: Estimates of contributions to  RMS field 
errors. For the evaluations of the field harmonics a 
reference radius of 5 cm is chosen. 

I Contribution 11 Error I 
0.003 GL 

GL < 10-4  g6eJ 

Random Harmonics < 4 x 
I Angular Alignment 0.6 mrad 1 
I Center Alignment I 75 urn I 

the coil limits the current that a wire can carry. The 
field a t  the coil is calculated using the 3D m<agnetic field 
finite element program TOSCA.3 Table 2 lists the  design 
parameters of the coil.The RF cavities will operate a t  
1.9K with superfluid He. There would be a 50% increased 
quench margin if the magnets were operated at the same 
conditions. However without increased refrigeration, the 
helium surrounding the magnets would be just above the 
superfluid state, which is an unstable operiiting point. 
4.3K is the likely operating temperature a t  this point. 
Skew and normal trim dipole coil windings for beam 
steering can be mounted in the magnet poles. 

3. FIELD PERFORMANC!E 
The SC quadrupoles should exhibit good field quali- 

ty for the linac. Deviations from perfect field quality can 
come from systematic design errors, random construc- 
tion errors and magnet alignment errors. 'The largest 
contributor to the field error is likely to come from the 
magnet-to-magnet variation of the integral gra.dient, G - L. 
The first harmonic allowed in magnets built with perfect 
quadrupole (26) symmetry is the duodecupolt: (66) term. 
The azimuthal angle subtended by the coil can be chosen 
to make the 66 term negligible. A conductor placement 
accuracy of 4 mils (100 pm) gives non-allowed harmonics 
that are less than 0.0004 of the integrated gradient a t  
R,,f = 5 cm. 

Table 3 summarizes the estimates of the various 
contributions to the field quality that can be expected. 
The harmonics are calculated at a reference radius of 5 
cm. The table indicates that a good field radius of 5 
cm where < 0.001 is achievable. These estimates are 
based on construction and placement errors obtained with 

APT SUPERCONDUCTING HIGH BETA QUAD 

COIL INSULATOR 

STACKING 

a42.0 
YOKE O.D. 

PHOSPHOR KAWASAKI KHMN30L ' 
STAINLESS STEEL BRONZE WEDGE 

COIL SUPPORT (3.1 
ALL DIMENSIONS IN CIA 

urn 

Figure 1: Cross section of the high-0 quadrupole. 
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Figure 2: Longitudinal section of the high$ 
quadrupole. 

the RHIC accelerator magnets. The alignment errors in 
Table 3 are estimated from RHIC magnet field measure- 
ments relative to external markers on the magnets. They 
do not include the additional contribution from magnet 
installation errors. 

One of the major design concerns for the SC quadru- 
poles that share the same cryostat with the SCRF cavities 
is whether the magnetic field from the magnets will 



I Forces !Medium-B IHinh-B 1 n - .  

Side Forces in plane 367 220 
Side Forces out of plane 4 4 ' 

Total End Forces 5957 4638 

Table 5: End force per wire and stress on NbTi for 
the A P T  linac quadrupoles and other magnets of similar 
construction. Field Level indicates whether the forces are 
at the operating value or at conductor limit. Force and 
stress are in Ibs and Kpsi respectively. 

interfere in any way with the operation of the cavities. 
The field from the SC quadrupoles a t  the cavity wall 
is estimated to be less than 50 mG with the magnets 
operating. This estimate is without the use of p-metal 
shielding which will be present to  shield the cavities from 
the earth's magnetic field. 

4. MECHANICAL ISSUES 

Because of the intense beam, the large aperture of 
the beam pipe is necessary to keep the number of particles 
hitting the pipe to  a minimum so that hands on main- 
tainance will be possible. Large aperture magnets typical- 
ly have a large Lorentz force acting on the coils. The end 
forces in particular are proportional to  the stored energy 
which has a radial dependance, Fends - However 
the gradient requirements of the A P T  linac quadrupoles 
are low enough that the stress in the NbTi is less than 
that in other magnets of similar construction. Table 4 
summarizes the side and end forces that are expected to 
be seen in the quadrupoles. The side forces are separated 
into the component in the coil plane and perpendicular 
to it. The perpendicular component measures the inter- 
action of the coil with the other coils and with the iron 
yoke. It tends to  be small when the magnet is not iron 
dominated. The total end force is summed over all four 
coils. The side forces are supported by the stainless steel 
laminations holding the coils. Whether to support the 
coil ends has not been decided. The force per wire in 
the coil end is modest enough that end support may not 
be needed. Table 5 shows the axial force per wire and 
tensile stress on NbTi. Since the Lorenta forces elongate 

Table 4: 
quadrupoles. 
force is given in lbs. 

Calculated Lorentz Forces for the APT Linac 
Side forces are h Per inch and the end 

the wires and since NbTi is stiffer than copper, it is as- 
sumed the entire force strains the NbTi and that limits 
the performance. 

The reliability of the SC magnets inside the same 
cryostat as the RF cavities is of great concern since the 
APT is expected to  operate with minimal downtime in 
production. The A P T  is also expected to  function for 40 
years. Estimates of the reliability of these magnets can 
be made using the operational experience of the Fermilab 
Tevatron and DESY HERA accelerators. The correction 
magnets in both facilities are similar in construction to  
these quadrupoles. Each of these accelerators has more 
corrector magnets than are needed for APT. The Tevatron 
corrector magnets, which have been in operation for 13 
years, have an  average mean time between failure (MTBF) 
of 3 x lo6 hours. The MTBF for the Tevatron correctors 
is increasing with time. The HERA correctors, which 
have been in operation for six years, have an  a MTBF of 
3 x 10' hours. Cold testing 100% of the superconducting 
magnets would remove the infant mortality failures. SC 
quadrupole failures should not limit the A P T  avaiIabiIity. 
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Abstract 

The design of an Accelerator Production of Tritium (APT) 
facility being investigated at Los Alamos includes a lin- 
ear accelerator using superconducting rf-cavities for the 
acceleration of a high-current cw proton beam. For elec- 
tron accelerators with particles moving at the speed of light 
(p x l .O),  resonators with a rounded shape, consisting of 
ellipsoidal and cylindrical sections, are well established. 
They are referred to as “elliptical” cavities. For the APT- 
design, this shape has been adapted for much slower proton 
beams with p ranging from 0.60 to 0.94. This is a new en- 
ergy range, in which resonators of an elliptical type have 
never been used before. Simulations with the well-proven 
electromagnetic modeling tools MAFIA and SUPERFISH 
were performed. The structures have been optimized for 
their rf and mechanical properties as well as for beam dy- 
namics requirements. The T R A K B  simulation code is 
used to investigate potential multipacting in these struc- 
tures. All the simulations will be put to a final test in exper- 
iments performed on single cell cavities that have started in 
our structures laboratory. 

1 THE CAVITY SHAPE 

Superconducting 5-cell cavities at a x-mode frequency of 
700 MHz will be used for the major part of the APT facility. 
Due to the large velocity acceptance of these cavities only 
structures for two values of 0 (0.64 and 0.82) are needed 
[ 11. For each value of 0 two different cross-sections have 
been determined, one for the mid-cells and one for the end- 
cells, where compensation for field penetration into the at- 
tached beam-pipe is required. The choice of cavity shape 
made use of previous design experience at other labs, in- 
cluding Cornell, KEK and DESY [2]. Figure 1 shows the 
shape description for the chosen geometries. The shape of 
both the medium-p (0.64) and the high-P (0.82) cavities 
uses elliptically shaped noses, straight side walls and a cir- 
cular dome. The upright nose ellipses have an aspect ratio 
of 2:l. 

In a first step the shapes of the resonators were de- 
termined to minimize electric and magnetic peak surface 
fields as far as possible. The resulting cavity shapes turned 
out to lack sufficient mechanical stability. The medium- 
p structure needed stiffener support to sustain the vac- 
uum load without yielding the material. Encouraged by 
recent cavity tests at JAERI for a /3 = 0.5 superconduct- 
ing cavity at 500 MHz[3], we revisited the proposed cavity 
shapes and came up with an improved design that had less 
steep straight walls while maintaining good performance 
in terms of rf properties. Table 1 gives the relevant geo- 

. EquatarRPdius 

a p e m u m  aodiul 

._-..___...__-_-----_._______.__________-------- 
Figure 1 : The describing parameters for the elliptical cavity 
shapes 

metric parameters for all 4 shapes. The design procedure 
used fixed beam-pipe apertures based on beam-dynamics 
requirements, and fixed straight wall slopes (5 and 7 de- 
grees in the first design and 10 degrees for both p values 
in  the final design). The elliptical noses were varied to find 
shapes with good peak-fields. The equator radius has been 
used to tune the cavities to the proper frequency. All other 
parameters fell into place automatically, assuming smooth 
transitions between the different parts of the cavity shapes. 

P 
cell-type 
aperture[cm] 
equator[ cm] 
major axis[cm] 
slope[degree] 
dome[cm] 
cell-length[cm] 

0.64 0.64 0.82 
mid end mid 
6.5 6.5 8.0 

19.95 19.95 20.1 
10.00 12.00 14.00 
10.00 10.00 10.00 
3.233 2.811 4.969 
13.71 13.71 17.56 

0.82 
end 
8.0 

2 0.1 
17.80 
10.00 
4.167 
17.56 

The end-cell geometries use inner half-cells identical to the 
mid-cells. The outer half-cell uses an equator radius and a 
cell length identical to the mid-cells, and the elliptical nose 
and the circular dome radii have been used to retune the 
cell to the desired 700 MHz. 
The simulations have been done on single cavity cells, us- 
ing r-mode boundary conditions at iris positions where 
neighboring cells exist. This was sufficient and more effi- 
cient i n  optimizing the cells for the accelerating mode. An 
investigation of the higher order mode (HOM) spectrum 
has been done for the full 5-cell geometry. These results 
will be reported in a separate contribution [4]. 



2 PERFOFWANCE DATA 

The electromagnetic design of the cavity-cells has been 
done with MAFIA [5] and SUPERFISH [6 ] .  From the elec- 
tromagnetic fields, a set of secondary quantilies has been 
derived that describe the rf performance of these structures 
and their interaction with the beam. Table 2 gives the num- 
bers for the most important quantities in a comparison of 
the mid-cells of the original design with the new shapes 
with larger side-wall slope. 

new old new old 
Qo [10"1 1.02 1.08 1.34 1.35 
Geometry Factor 162 177 21:3 215 
ZT2/Q W/mI 246 256 297 299 
E p k / E a  2.94 2.96 2.48 2.50 
Hpk/Ea[G/5MV/m] 355 340 305 303 
pcllv [Wl 8.13 7.32 9.25 I 9.16 1 

-- 

The unloaded QO assumes a surface resistance (R,) of 15.9 
no, ZT2/Q is the ratio of effective shunt-impedance and 
Qo, E p k / E ,  and Hpk/Ea give the ratio of peak surface- 
fields over accelerating gradient (E,=EoT). P,,, is the 
power dissipated into the cavity by the accelerating mode. 
These power value reflect the dissipated power to achieve 
the average accelerating gradient (5.16 MVlrn at ,8=0.64 
and 5.92 MV/m at P=0.82) for the T M O I O  ii-mode. The 
transit time factor (T) for a particle with the design-0 is 
0.78 for all mid-cells. 
In terms of the rf-parameters there is only a small1 difference 
in  performance between both designs. The major driver for 
switching to the new shapes is the potential gain in struc- 
tural stability. The increase of power deposited into the 
medium-P cavities by 10 % does not have a significant ef- 
fect, since most of the accelerator consists of high$ struc- 
tures. The results for the end-cells are very similar, the only 
major difference being the transit time factors i.hat are only 
0.59 for the end-cells. This drop is partially compensated 
by a increase in EO,  so that EoT is only about 10 c/o smaller 
than for the mid-cells. 

3 STRUCTURAL ANALYSIS 

Some preliminary structural analysis has been done on 2D 
models of the cavity shapes [7]. The shapes with the 10 de- 
gree slopes in the side-walls seem to be struclurally more 
stable. Both shapes can withstand the vacuum loads with- 
out stiffening. The other consideration in appl:ying stiffen- 
ers has to do with raising the resonant frequencies of the 
cavity mechanical modes to decrease the microphonic de- 
tuning sensitivity in operation. These studies .are continu- 
ing. Even if these studies indicate that stiffeners are needed, 
they can probably be less complex than the conical stiffen- 
ers used for our first single-cell test cavity with the original 
steeper-sloped side-walls. 

The choice for a 10-degree slope came from the prelimi- 

a clear minimum in von-Mises stresses for a shape with 
a straight wall slope around 10 degrees (with and with- 
out constrained iris). For the high$ cavity this minimum 
was not so clear, in fact even larger inclinations showed the 
sames stresses as the 10 degree slope did. But, for these 
larger inclinations the rf performance deteriorated strongly. 
The peak surface magnetic fields also increased, so did the 
frequency sensitivity with radius variations. 

4 MULTIPACTING 

Another concern is the potential for multipacting in these 
elliptical structures. So far experimental results for cavi- 
ties with @ M 0.85 at Cornell and SACLAY[S], as well as 
the above mentioned result from JAERI, indicate that there 
should be no principal problem for such geometries. A fi- 
nal resolution of the multipacting aspect will come from the 
laboratory tests on single-cell structures that is presently 
under way in Los Alamos. To support the experimental 
work, there is a numerical study under way at the Uni- 
versity of New Mexico [9]. The T R A K H  code is being 
used to investigate the single-cell geometries of both cavity 
shapes for multipacting susceptibility. First simulations in- 
dicate possible multipacting for values of Ea between 2.8 
and 4.5 MVim. 

5 SINGLE CELL CAVITY TEST 

I 
Figure 2: The tested P=0.64 single-cell cavity with stiff- 
ener 

In the LANL superconducting structures laboratory we 
have completed assembly of the equipment for a vertical 
test of superconducting cavities at 700 MHz under moder- 
ate rf power without beam. We are presently testing a single 
cell cavity at @ = 0.64 with the end-cell shape of the origi- 
nal choice of geometry. This is seen as a meaningful test of 
the operability of cavities as proposed for the APT facility, 
since it will provide data on the presence of multipacting in 
the medium-@ structures and it will also provide some field 
performance data. The end-cell geometry of a multi-cell 
cavity is more critical in determining performance. This is 
due to a) the wider elliptical nose that brings the opposing 
cavity walls closer together than in the mid-cells, and b) 
the steeper sloped side-walls result in opposing walls that 
are closer to parallel walls, which increases the potential 
for two-point multipacting. The cavity uses niobium with a 

nary 2D structural analysis. The medium-P cavity showed RRR=250 and material of a thickness of 1/8". These spec- 



ifications are identical t o  the ones for the planned accelera- 
tor facility. 
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A bstracr 

In another contribution to this conference [ 11 the design 
of superconducting cavities for low velocity proton beams 
will be reported. Besides an optimization of the rf prop- 
erties of the accelerating x-mode, other modes, possibly 
excited by the traversing proton beam, need to be regarded. 
The full spectrum of modes in @ = 0.64 and @ = 0.82 
5- cell cavities, as proposed for the Accelerator Produc- 
tion of Tritium (APT) facility [4], has been calculated up to 
frequencies higher than 2.0 GHz. These have been evalu- 
ated for their potential to affect the beam. The presence of 
“trapped” modes has also been investigated. In addition to 
the specific mode spectrum, the total power deposited into 
the cavities by the beam has been determined from the in- 
duced wake-fields. Due to the operation with beams below 
the velocity of light, extreme care was required to prevent 
incorrect results by wave reflections from the boundaries 
of the calculation volume. The simulations indicate that a 
power deposition of up to 17 W per cavity can be expected 
in the worst case. This power might have to be removed by 
higher order mode couplers, which is a technically feasible 
task. Transporting this power out to a room temperature 
dump does not even noticeably increase the requirements 
to the cryogenic system. Also for the prevention of beam 
break-up effects and for suppression of resonant excitation 
of specific higher order modes (HOMs) it is of interest to 
investigate the removal of this HOM-power. Different ap- 
proaches to implement this removal technically are enter- 
tained. 

1 INTRODUCTION 

The HOM spectrum, which includes modes with frequen- 
cies above and below the accelerating TMOIO x-mode, has 
been calculated with the MAFIA rf-solver[3]. The simu- 
lations have been done for the monopole modes that can 
deposit energy into the cavity and can change the energy 
of the traversing bunches. Also the dipole modes that can 
cause beam deflection have been investigated. The simu- 
lations for both @s have been done in an axisymmetric 2d 
model of a full five-cell cavity. 

8 
- 0 . 4 5 0  2.776E-I7 0 . 4 5 0  

Figure 1: The ,0=0.64 five-cell cavity with the accelerating 
mode 

2 THE HIGHER ORDER MONOPOLE MODE 
SPECTRUM FOR THE @ = 0.64 CAVITY 

The monopole spectrum of the medium-@ cavity has been 
calculated up to a frequency of about 2.8 GHz. The two 
lowest mode bands (TM010 and TM020) and some of their 
properties are presented in the following Table: 

Mode AWcell 
Order 
TMOIO 0 
TM010 2n/5 
TM010 3n/5 
TM010 4n/5 
TM010 7r 

TM020 0 
TM020 2x/5 
TM020 3n/5 
TM020 4x/5 
TM020 T 

Frequency 
[MHzI 
681.59 
686.54 
692.64 
697.56 
699.53 
1396.82 
1410.73 
1432.74 
1458.80 
148 1.02 

kloss 
[V/PCI 
0.0001 
0.00 15 
0.001 I 
0.004 1 
0.2033 
0.0023 
0.0045 
0.0002 
0.0059 
O.OOO4 

WQ 
I01 

0.105 
1.396 
1.014 
3.733 
185.00 
1.034 
2.049 
0.106 
2.595 
0.172 

The modes of the TMOIO band are not equally spaced, this 
indicates that the coupling between cells is determined by 
next-neighbor and second-neighbor coupling. This behav- 
ior is due to the large pipe and iris size of 6.5 cm. All modes 
in the bands given in Table 1 are below the pipe cut-off and 
need to be considered for a potential deposit of power into 
the cavity, if excited by the traversing bunches. The po- 
tentially most dangerous mode is the TM020 “zero” mode. 
Its frequency is close to a multiple of the bunch repetition 
frequency of 350 MHz. We are looking into a slight modifi- 
cation of the end-cell geometry, to remove this multiplicity. 
AI1 other monopole modes are above pipe cut-off. They can 
travel out of the cavities and pose a lower risk for dangerous 
bunch interaction or increasing the cryogenic load. Their 
only danger could be, if they are structure modes, whose 
significant field-amplitudes could be trapped in the inner 
cells of a cavity. The spectrum, up to the limit it was calcu- 
lated, did not indicate any such modes. These results have 
been obtained using an average pipe-length between neigh- 
boring cavities. A detailed study using all distinct cavity 
distances present in the design, is under way to rule out any 
mode trapping for certain cavity arrangements. It should 
be mentioned that the loss-factors listed above are valid for 
particles at ,0=l.O. The loss-factors at the velocities seen 
in the actual accelerator are lower. See also the section on 
wake fields. 



3 THE HIGHER ORDER MONOPOLE MODE 
SPECTRUM FOR THE p = 0.82 CAVITY 

The monopole spectrum of the high$ cavity has been cal- 
culated up to a frequency of about 2.3 GHz. The two lowest 
mode bands m o l 0  and TM020) and some of their prop- 
erties are presented in the following Table: 

Mode AWcell Frequency k~,,,, 1~ Order 
TMOlO 0 674.20 0.0001 0.049 
TMOlO 2x/5 681.16 0.0018 1.666 
TM010 3n/5  689.94 0.0006 0.577 
TM010 4 x / 5  697.19 0.0047 4.381 
TM010 n 699.92 0.3161 287.38 
TM020 0 1357.69 0.0009 0.415 
TM020 2n/5 1367.65 0.0100 4.671 
TM020 3n/5 1384.50 0.0018 0.830 
TM020 4x/5 1409.56 0.0227 10.252 
TM020 x 1439.37 0.0016 0.727 

[MHzl [ V W I  

Also for the high-@ cavity the cell-to-cell coupling is in- 
fluenced by second neighbor coupling. The modes of the 
TMOIO and the lowest four modes of the TM020 band are 
below the pipe cut-off. The TM020 n-mode and all other 
monopole modes are above cut-off. Up to approximately 
2.3 CHz no mode has been found close to a multiple of the 
bunch repetition frequency of 350 MHz. So resonant exci- 
tation is not expected. A further investigation of the higher 
modes indicates a potentially trapped mode at 1.944 GHz. 
Also, a recalculation with explicit pipe length instead of the 
average pipe length needs to be done. 

4 DIPOLE MODES FOR THE p = 0.Ci4 AND 
,d = 0.82 CAVITIES 

Dipole modes in the cavities of the APT linac could cause 
deflections of the proton beams. Bob Gluck.stern, in an 
analysis independent of the specific mode spectrum, looked 
at the most important issues for beam break-up (BBU) for 
the APT accelerator [2]. His findings indicate Ithat BBU is 
not an issue for several reasons: 

0 Presence of substantial external transverse focusing 
(estimate based on IS]). BBU forces act like smali 
perturbations on the coherent motion of the beam un- 
der the focusing forces. 
Fabrication variations in  the AFT cavities (approxi- 
mately 400 are in the accelerator) result in a distribu- 
tion of frequencies of the deflecting modes along the 
linac. This lowers the effective Q of these modes sig- 
nificantly (estimate based on [6]) .  

These estimates do not depend on a Q reduction by the 
presence of HOM couplers. Further investigations of these 
estimates using the explicit mode spectrum are under way. 

The next two tables give the lowest dipole mode-bands 
and their WQ values. 

@ = 0.64 Mode A@/cell Frequency WQ 
Order [MHz] [Wn] 
TM110 n 924.60 0.0003 
TMllO 4n/5 929.66 0.017 
TMllO 37r/5 938.45 0.003 
TMllO 2 ~ / 5  950.87 0.090 
TM110 0 963.42 0.018 
E l l 1  0 1072.50 0.003 
E l l 1  2 x / 5  1124.77 0.058 
TEll l  3 n / 5  1196.22 0.060 
TEll l  4n/5  1277.79 0.727 
E 1 1 1  57 1359.41 0.861 
TEll l  6 ~ / 5  1412.15 0.027 

The E 1 1 1  modes above the 7r mode are above cut-off. 
The higher part of the mode band is affected by the pipe 
between neighboring cavities. Thus there are more than 5 
modes in this band. Only the lowest 6 modes are listed 
here. No mode is close to a multiple of 350 MHz. 

@ =  0.82 Mode 
Order 
T E l l l  
TE111 
T E I l 1  
TEl l l  
E l l 1  
TM111 
TMII1 
TM111 
TM111 
m111 
TM111 

AWcell I Frequency I WQ 
[MHz] [Cllrn] 

0 860.16 0.035 

2x/5 
3T/5 

6n /5  

The T M 1 1 1  modes above the 37r/5 mode are above cut- 
off. The higher part of the mode spectrum is determined 
by pipe and cavities. Thus there are more than 5 modes in 
this band. Only the lowest 6 modes are listed here. The 
3x/5-mode is close to a multiple of 350 MHz and needs a 
closer look, to evaluate its danger for BBU. 

5 WAKE FIELD SIMULATIONS 

Wake-field calculations give an estimate of the integrated 
power deposited into HOMs by bunches traversing a cavity. 
So far the power deposition into the monopole modes has 
been calculated with the MAFIA T2 solver. The difficulty 
in these simulations is the velocity of the bunches. The 
wake excitation is strongly ,&dependent. Modern wake- 
simulation codes have formulations for open boundary con- 
ditions. These can simulate beam pipes that have no re- 
flection for out-going waves. Unfortunately these formu- 
lations depend on moving charges with p = 1.0. For 
slower bunches closed boundary conditions have to be cho- 
sen. These result in reflection of the outgoing waves that 
move faster than the bunches. The reflections can act back 
on the bunch and change the wake potentials. Thus these 
simulations have to be set up carefully to minimize these 



effects. I have used long beam-pipes that were tapered off 
at the ends. This increased the time needed for waves to 
travel between the boundaries. Also, their velocity is arti- 
ficially reduced by enforcing multiple reflections between 
the pipe walls. All wake-functions have been inspected vi- 
sually to rule out the possibility that the bunch saw the large 
excursions of the artificially added reflected waves. 

4.00000E+ll 
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0. 

-2.00000E*ll 

-4.00000E.11 

-6 OOOOOE+ll X I  
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Figure 2: A typical wake function for a low$ simulation. 
At the left end of the plot you see an overlap of the calcu- 
lated wake and the charge distribution in a bunch, assumed 
to be Gaussian. The choice of calculation volume has to 
make sure that the large wake excursions due to the artifi- 
cial reflections occur outside of the bunch-frame. 

I1 0.52 I 0.584 I 4.0 I 7-17 II 
1 I I 

1.00 1 9.0 1.0 1 tl 
Table 5 gives the loss factors for the design-ps of both the 
medium and high-p sections. These have been calculated 
for bunch-lengths derived from the beam-dynamics simu- 
lations for the linac. The simulations have been done for 
the full range of ps the bunches have in each of the linac 
sections. From these ranges the actual HOM power for a 
5-cell-cavity has been derived. The power data assume: 

0 a 100 mA beam with a bunch repetition rate of 350 

all excited power would go into the structure. 
MHz, 

The latter assumption is an overestimate. A major part 
of the HOM spectrum goes into modes above pipe cut- 
off. These modes can leave the structure without adding 
to the cryogenic load of the cavity. Their power could be 
removed in a warm part of a beam-pipe. Also most modes 
are not at multiples of the bunch repetition frequency. Their 
HOM power is out of phase with the traversing bunches 
and some of the power could on average go back into suc- 
ceeding bunches of the beam. We are working on a less 
conservative estimate of HOM power to be removed. It 
should also be mentioned that the wake simulations have 
been done for a single-cell cavity. The 5-cell cavity value 
has been assumed to be five times this value. The validity 
of this approach has been tested for a /3 = 1.0 beam. For 
comparison also some numbers for an electron linac have 

been added to the table to demonstrate the strong variation 
with ,B and bunch-length, that both work in advantage of 
the proton linac. 

6 HIGHER ORDER MODE COUPLERS 

HOM power needs to be considered for two different rea- 
sons. First, the power deposited into the cavities can add 
significantly to the cryogenic load of the system. The worst 
case estimate done in the previous section indicates that 
the HOM power can be of the same order as the rf-losses 
from the accelerating mode itself. Second, HOM modes 
can have an adverse effect on the beam-dynamics if sin- 
gle modes act on the bunch to cause deflection or emit- 
tance growth. Since the APT facility needs to run very 
reliable for a long time without a long start-up time, it 
was decided to add HOM coupling as a safety measure. 
There are two venues investigated right now. The first is 
to add dedicated HOM couplers at both ends of each cav- 
ity. For this approach we look at loop-coupler geometries. 
These coaxial type couplers have a broad band capability 
to remove unwanted modes without affecting the acceler- 
ating mode strongly. A second path is to investigate the 
main-coupler potential to remove HOM power. In partic- 
ular, all TMo,k-type modes will couple strongly to this 
coupler. If all modes that need to be considered show a 
sufficiently strong coupling to this coupler, and if we find 
a setup that allows to remove this power before it would 
reach the coupler window, we will try to avoid additional 
dedicated HOM couplers. 
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INTEGRATED NORMALCONDUCTING/SUPERCONDUCTING 
HIGH-POWER PROTON LINAC FOR THE APT PROJECT 
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Abstract 

The baseline accelerator design for the APT (Accelerator 
Production of Tritium) Project [ I ]  is a normalconducting- 
superconducting proton linac that produces a CW beam 
power of 170 MW at 1700 MeV. Compared with the pre- 
vious all-NC linac design, the NC/SC linac provides sig- 
nificant power savings and lower operating and capital 
costs. It allows a much larger aperture at high energies, 
and permits greater operational flexibility. The design has 
been approved by high-level technical panels and is pub- 
lished in a Conceptual Design Report [2]. The high-ener- 
gy portion is a superconducting (SC) rf linac employing 
elliptical-type niobium cavities, while the low-energy por- 
tion is a normal-conducting (NC) linac constructed from 
copper cavities. This provides an integrated accelerator de- 
sign that makes optimum use of the two technologies in  
their appropriate regions of application. The NC linac, 
which consists of an injector, RFQ, CCDTL, and CCL, 
accelerates a 100-mA beam to 217 MeV. The SC linac is 
built in  two sections optimized for different beam velocity 
spans, with each section made up of cryomodules contain- 
ing 5-cell cavities and SC singlet quads in  a FODO focus- 
ing lattice. Alternate SC linac designs are being studied 
that employ a doublet focusing lattice using conventional 
quadrupoles located between cryomodules. 

BASELINE NCfSC LINAC DESIGN 

The APT linac design is driven strongly by the large 
amount of rf power required to accelerate the 100-mA CW 
beam. Efficient conversion is needed at each stage in the 
power train to minimize capital and operating costs. Para- 
meter selection and costfperformance modeling to achieve 
this objective have been discussed previously [3]. The 
current baseline design has evolved from an earlier all-NC 
linac design [4]. System architecture is displayed in  
Fig. I ,  with additional parameters listed in Table 1. The 
low-enero linac, which is basically the same as in  the 
all-NC design, accelerates a 100-mA proton beam to 217 "Y. 

Normalconducting Superconducting 
3 3  MHz 700MHz 700 MHz 

100 n!A 

I I rplFQHCCDTLI CCL H Y e  p =  0232 
6.4 MVim 

1700 MeV 
I 1190rnAI 1 .1 -16~MVlm I 5 5 MVIm 

I 
75 keV ?MeV 100MeV 217MeV 469MeV 

Fig. I .  Architecture of APT integrated NUSC linac. 

MeV in copper water-cooled structures. A 75-keV injector 
housing a microwave-driven ion source generates a contin- 
uous 110-mA proton beam. From this input, a 350- 
MHz, 8-m-long RFQ produces a CW 100-mA beam at 
6.7 MeV. The RFQ is built in  four resonantly-coupled 
segments, and rf drive is provided by three 1.2-MW CW 
klystrons through 12 windows. 

The RFQ output is matched into a 700-MHz CCDTL 
that accelerates it to 100 MeV. The CCDTL is a coupled 
sequence of 2-gap and 3-gap short DTLs, embedded in  an 
8432. FODO focusing lattice [ 5 ] ;  the quads are external to 
the structure. Acceleration continues to 217 MeV in a 
700-MHz side-coupled CCL that has the same focusing 
period. In the CCDTL and CCL, the average accelerating 
gradient is ramped up to 1.3 MVfm, and accelerating and 
focusing parameters change smoothly with beta. The re- 
sult is a linac that has strong focusing at low beam energy 
and is free from phase-space transitions after the RFQ. 
Beam dynamics analyses and simulations have shown 
these factors to be critical in  terms of minimizing core 
emittance growth and the generation of halo [6]. As seen 
in Table 1, transverse emittance growth is negIigible after 
20 MeV and longitudinal emittance grows only slightly. 

Table 1. NC Low-Energy Linac Parameters 
Parameter RFQ 

Length (m) 8.0 

Structure gradient (IMV/m) 1.38 
Average gradient (MVlm) 1.38 

Synchronous phase (deg) - (90-33) 
Shunt impedance (MWm) - 
Phase-adv.lperiod (deg) - 
Quadrupole lattice period 

Quadrupole G*L prod. (T) 
Trans emitt. (n rnm-rnrad)* 0.160 
Long emitt. (x mm-mrad)* 0.405 

Aperture : beamsize ratio - 
Copper rf losses (MW)  1.26 

* Normalized rms values. 

No. of quadrupoles - 

Aperture radius (rnm) 2.3-3.4 

Number of klystrons 3 

CCDTL 
1.1-1.6 
0.4- 1.2 
102.3 
- (60-30) 
18-52-33 
80 
80h 
234 
2.6-2.2 
0.163 
0.44 
10- 17.5 
6.5- I4 
5.0 
21 

CCL 
I .6- 1.5 
1.2-1.3 
104.3 
-30 
3 3 - 3 1  
80-35 
SPh 
I25 
2.2-2.0 
0.163 
0.45 
17.5-25 
14-17 
6.8 
27 

The SC high-energy linac consists of a string of 
cryomodules each containing three or four 5-cell 700-MHz 
niobium accelerating cavities, alternating with SC quads 
in a FODO focusing lattice. There are two kinds of cryo- 
modules, each type designed for efficient acceleration in a 
different velocity range. Cavity shapes 171 in the medium- 
beta section (217 MeV to 469 MeV) are optimized at p = 
0.64, and in the high-beta section at p = 0.82. The shapes 
are similar to the well-established elliptical designs for 
electron machines, but are compressed longidudinally in  
proportion to beta. Because the cavities are short and are 
driven independently, each section of the SC linac has a 
broad velocity bandwidth, which allows the gradient pro- 
file and output energy to be adjusted over a wide range. 
Because of the high beam current, the major design push 
is not for high cavity gradient but high power rf coupler 
capability. As coupler performance with beam has been 
demonstrated at about 150 kW and the technology is d- 
vancing rapidly, a performance rating of 210 kW has been 
chosen for the high-P section and 140 kW for the medium- 
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p section. Each cavity is supplied by two antenna-type 
coaxial couplers mounted on opposite sides of the down- 
stream beam tube. Dual warm coaxial windows are 
planned, located in the input lines so that they do not see 
the beam directly. 

Fig. 2 sketches the structure of a p=0.8:2 cryomodule 
and its rf drive. Each cavity pair is powered by one 1-MW 
700-MHz klystron. The quads [SI have SC coils and iron 
poles, and are similar to the RHIC trim quads. The 
p=0.64 cryomodules contain three 5-cell cavities, which 
are powered by one 1-MW klystron, and four SC quads. 

1-MW Klystron 
I 

r I l l  I I  
F - Quad 

/ 

5-Cell Cavity 4- 4.06 m - * 
Fig. 2. High-beta cryomodule architecture c:P = 0.82) 

Table 2. lists key parameters of the two sections of 
the SC linac. The selection of cavity gradients and 
numbers of cells per cavity are restricted in  both sections 
by the need to maintain conservative peak surface fields, 
and power coupler specifications that are close to demon- 
strated levels. The rf distribution is governed by the need 
to fully utilize the 840-kW power available from each 
1-MW klystron, since the rf system dominates the acceler- 
ator cost. A 2K opcrating temperature for the niobium 
cavities was chosen to minimize LHe refrigerator and 
cryodistribution costs. To bound the 2K cryogenic load, 
the average cavity Qo is taken as 5x1OY, and the static heat 
leak is estimated at 5 W per meter of cryomoclule. 

Table 2. Baseline SC High-Energy Linac F'arameters 

Parameter 
Structure gradient (MV/m) 
Avg. gradient (iMV/ni) 
Peak surface field (MV/rn) 
Section length (m) 
No. of (5-cell) SC cavities 
No. of klystrons ( I  -MW) 
Synchronous phase (deg) 
Coupler power (kW) 
Power per klystron (kW) 
Trans. phase adv.lperiod (deg) 
Quadrupole length (cm) 
No. of quadrupoles 
Quadrupole gradient (T/m) 
Trans. emittance (x mm-mrad)* 
Long. emittance (x deg-MeV)* 
Aperture radius (mm) 
Aperture-radiudrms-beam-size 
Thermal load @ 2 K  (kW) 
* Normalized rrns values. 

8=0.64 
4.8 - 5.5 
I .43- I .5 1 
14.9 - 17.1 
2 04 
90 
30 

140 
840 
83 - 67 
30.5 
120 
6.4-8.1 
0.16 - 0.17 
0.36 - 0.46 

-30 to -35 

65 

2 . 3  
37 - 56 

$ = 0 . 8 2  

1.89 

792 
312 
I56 
-29 
210 
840 
81 - 32 
45.9 
390 
5.4 
0.17 - 0.20 
0.46 - 1.10 
so 
58 - 85 
11.5 

5.4 - 6.4 

14.0 - 16.6 

The key beam dynamics [9] goai for the accelerator is 
to achieve very low beam losses (0.1 nA/m ai. 1700 MeV) 
in order to assure unrestricted hands on maintenance. The 
NC/SC linac design provides apertures that are much lar- 
ger than the rms beam size, with the largest apertures at 
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high energies where the activation threat per lost proton is 
greatest. In the NC linac, the aperture increases in steps 
to 50 mm, while in the SC linac it jumps to 130 mm at 
217 MeV, and then to 160 mm at 469 MeV. Strong 
transverse focusing keeps the beam size small, and in. con- 
cert with careful matching, minimizes halo generation. 
Figure 3 summarizes the result, comparing the linac aper- 
ture dimension with both rms beam size and the radius of 
the outermost trajectories in a 100,OOO particle siinula- 
tion. At full energy, the aperture ratio (ratio of aperture to 
rms-beam-size) is over 80, at the end of the NC linac it is 
17, and at 100 MeV it is 14. 

1 \ 
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Fig. 3. Aperture radius, rms beam size, & radius of outermost 

In order to meet the high availability goal for the 
accelerator (>S5%), redundancy schemes are used to pro- 
vide excess rf drive in both the NC and SC linacs, but m 
implemented differently in each. The NC linac i s  divided 
into "supermodules" consisting of 100- 150 coupled accel- 
erating cells, with each uni t  supplied by n+l klystrons 
(typically 5 to 7), where only n units are needed for oper- 
ation. When an rf station fails, i t  is isolated by a wave- 
guide switch, power from the remaining klystrons is in-  
creased to compensate, and the supermodule continues to 
provide the full energy gain needed in that section. In  the 
SC linac, redundancy is provided by including 5% more r f  
stations and cryomodules than are needed to deliver the 
nominal 170 MW output power. These are distributed 
along the high-fi linac to compensate for failed units. 

Beam simulations show that the SC linac is insensi- 
tive to a broad range of construction or operating errors 
and also can continue to function in a variety of off- 
normal conditions, including having single klystrons, 
cavity pairs, and quadrupole pairs out of service. Opera- 
tional flexibility is enhanced by the retunability OF the 
high-beta section of the SC linac and the adjustability of 
the cavity gradients. 

particle for NUSC baseline linac design. 

DOUBLET-LATTICE SC LINAC 

The singlet-lattice FODO design for the SC linac 
meets the performance objectives for APT and provides a 
very high aperture ratio because of the strong focusing per 
unit length. However, because the quadrupoles are inside 
the cryomodules, construction of these units is complex 
and relatively expensive. The overall linac architecture is 



also less than optimum in terms of accessibility of the 
quads for alignment and space for beam diagnostics. 
Looking for a better SC linac architecture, we have recent- 
ly been studying designs based on conventional quadrupole 
doublets located in the warm regions between cryomod- 
ules. This approach simplifies cryomodule construction, 
shortens the linac by 100 m, reduces the number of quad- 
rupoles. and lowers costs. 

Fig. 4 shows the high-6 architecture for the alternate 
SC linac design, and Table 3 summarizes the parameters. 
Each cryomodule contains 4 cavities, with one klystron 
driving each cavity pair, using a maximum coupler power 
of 210 kW. The doublet focusing period is 8.54 m. In 
the medium-6 section, the cryomodules contain two 5-cell 
cavities, supplied by two power couplers at 124 kW each. 
A single klystron drives three cavities, so the power of 
two klystrons is distributed between 3 cryomodules. The 
doublet period is 4.88 m, providing the relatively strong 
focusing that the simulations show is needed in this sec- 
tion for good beam control. Beam dynamics for the 
doublet-based SC linac are discussed in Ref. 9. 

TI-MW Klystron V 
I 

8.54 m w 

Fig. 3. High-6 architecture for doublet-lattice SC linac. 

Table 3. Doublet-Lattice SC Linac Parameters 

Parameter 
Structure gradient (MVlm) 
Avg. gradient (MV/m) 
Peak surface field (MV/m) 
Section length (m) 
No. of (5-cell) SC cavities 
No. of klystrons ( I -MW) 
Synchronous phase (deg) 
Coupler power (kW) 
Power per klystron (kW) 
Trans. phase adv./period (deg) 
No. of quadrupoles 
Trans. emittance (x mm-mrad) 
Long. emittance ( x  deg-iMeV) 
Aperture-radi us/rms-beam-size 
* Normalized rrns values. 

8 = 0 . 6 4  

1.26 
13.1 - 15.0 
249 
102 
34 
-30 to -35 
123.5 
741.2 
83 - 67 
102 
0.17 - 0.18 
0.34 - 0.33 
37 

4.24 - 4.85 
/3=0.82 
5.4 - 6.4 
2.25 
14.0 - 16.6 
649 
304 
152 
-29 
210 
840 
81 - 32 
I52 
0.18 
0.33 - 0.39 
65 

A high-P section architecture with only two cavities 
per cryomodule is also being investigated. The latter has 
stronger focusing than the 4-cavity unit, because of the 
shorter period, so the beam size is smaller. However, i t  
makes the linac significantly longer than the FODO base- 
line and more expensive, because of the larger number of 
components. Beam simulations without errors show that 
the rms performance is essentially the same for the 
2-cavity and 4-cavity cases. However, error and halo 
studies must be carried through to provide a more con- 
clusive comparison of the two options, especially with 

respect to how much beam halo is projected into the high- 
energy beam transport (HEBT). 

OTHER DESIGN ASPECTS AND ED&D 

There are several other important aspects of the APT 
accelerator design (not already referenced) that are covered 
elsewhere in these Proceedings. These include a descrip 
tion of the rf power system [ 101, the HEBT and expander 
system [ 1 11, and the accelerator commissioning plan [ 121. 

Engineering development and demonstration pro- 
grams to confirm design and operation of the major com- 
ponents of the NC/SC linac are well underway. The 
LEDA program [ 131, which is prototyping the low-energy 
linac at full power, has the injector performing at APT 
specifications, and the RFQ [I41 is under construction. 
For the SC linac, complete cryomodule prototypes will be 
built and tested prior to industrial production. This step 
will follow construction and testing of “cryounits” that 
will integrate 5-cell cavities, power couplers, tuners, and 
cryostat. Preliminary rf field tests on a single-cell p = 
0.64 cavity show no problem in  meeting the desired Qo vs 
E specifications. Also, recent proton irradiation 
measurements on niobium test cavities at Los Alamos and 
Saclay have put to rest the question of performance reduc- 
tion at high proton dose levels [ 151. 
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BEAM DYNAMICS ASPECTS FOR THE APT INTEGRATED LINAC* 

S. Nath, K. R. Crandall’, E. R. Gray, T. P. Wangler and L. M. Young 
Los Alamos National Laboratory, Los Alamos, NM 87545 

Abstract 

The accelerator-based production of tritium calls for a 
high-power cw proton linac. The current Los Alamos 
design uses an integrated approach in terms of 
accelerating structure. The front part of the accelerator 
uses normal-conducting (NC) structures while most 
( S O % )  of the linac structure is superconducting (SC). 
Here, we report the beam-dynamics rationale used in the 
integrated design and present particle simulation results. 

INTRODUCTION 

The linac for the production of tritium calls for 100 mA of 
cw proton beam to be delivered onto a production target. 
Previous design [ I ]  consisted entirely of normal- 
conducting structures. In that design, we minimized the 
number of transitions between accelerating structures. In 
addition. the phase advances per unit length in both the 
transverse and longitudinal motion were tailored to be 
continuous at the only transition point Le. RFQ and the 
CCDTL at 6.7 MeV. The structure beyond 100 MeV was 
also a NC coupled-cavity structure. 

At higher energies, however, there are some 
advantages of using SC rf-cavity structures discussed in 
detail elsewhere 12.31. In brief, i t  allows comparatively 
Iarger bore size minimizing the risk of beam loss - an 
issue of utmost importance for such a high power linac. 
Considerably more operational flexibility is another 
advantage of using SC structures at higher energies. A 
substantially higher power efficiency is obviously the 
major attraction in terms of life-time operational cost. To 
arrivc: at an optimum integrated design, we studied several 
desipschemes in terms of lattice, focusing strength and 
number of accelerating cavities per cryomodule i n  the SC 
section. The design features of the linacs are described in 
an accompanying paper [3].  In the following sections, we 
describe the beam dynamics and simulated performances 
of a few of the design-options studied so far. 

DESIGN OVERVIEW 

At present, 217 MeV, which corresponds to the end of a 
supermodule in the NC section is chosen as the transition 
enersy between the NC low-energy (LE) linac to the SC 
high-energy (HE) linac. It is a good compromise in terms 
of the desire to switch at the lowest possible energy to 
maximize the benefits of the SC linac, and confidence in 
the SC-cavity performance for the shortened elliptical 
cavity which increases with the design velocity. 

Beyond 217 MeV, the SC structures accelerate the 
beam to a nominal energy of 1.7 GeV. The HE SC linac is 
comprised of two sections, a medium-P section with 
identical cavities optimized for a velocity p=0.64, and a 
* Work supported by the US Department of Energy 
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high-beta section with identical cavities optimized for a 
velocity P=0.82. Each section consists of a sequence of 
identical cryostats. The rationale for the two-velocity 
section/5-cell-cavity architecture is based on the velocity- 
acceptance characteristics of the cavities as a function of 
the number of cells per cavity. Detailed analysis is 
contained in Ref. 2 .  

Two design scenarios for the SC linac section are 
considered. One uses SC quadrupole magnets laid out in a 
FODO lattice. The magnets are contained within the 
cryostats alternating with the cavities. In another option, 
the quadrupole magnets are laid out in a doublet 0) 
lattice outside the cryomodules. Heretofore, we refer them 
to as singlet and doublet design respectively. 

SINGLET DESIGN 

In the singlet design, there are three Nb cavities in the 
p=O.64 section, while the p=O.82 section contains four 
cavities per cryomodule. The medium-P section 
accelerates the beam through a nominal energy range from 
217 MeV to 469 MeV with an average or real-estate 
accelerating gradient ranging from 1.43 to 1.51 MV/m. 
The high-p section ranges from 469 MeV to 1700 MeV 
with an average accelerating gradient of 1.89 MV/m. The 
beam dynamics parameters are listed in Table 1. The 
length of the focusing period in the transition from the 
normal to the SC section approximately doubles from 2.0 
m to about 3.4 ni. 

* 
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Figure 1. Zero-current transverse and longitudinal phase 
advance per unit length (degreekm) across the transition 
between the NC and SC linac at 217 MeV. 

No separate matching section is used to match the 
beam across the NC/SC transition. Instead, matching is 
achieved by smoothly ramping the quadrupole strengths, 
beginning at 24 MeV, so that the focusing strength across 
the transition is smooth. From 24 MeV to 100 MeV, the 
gradient is scaled down as l/p0.”. The strength is scaled 



as l/po.40 from 100 to 155 MeV, and as 1/p0." from 155 to 
217 MeV. This prescription results in a continuous zero- 
current phase advance per unit length as shown in Fi,we 
1. The average (i.e. real-estate) acceleratirig gradients 
across the transition are almost equal as are the average 
design phases. This makes the zero-current longitudinal 
phase advance per unit length also continuous across the 
NClSC transition point. 

Table 1. Beam Dynamics Parameters for the Singlet SC linac 
without equipartitioning 

Parameter 

Ratio of aperture radius to 
matched m s  beam radius 

39 to 43 54 to  70 

w W P 7 9 i c -  -4 
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Figure 2.. Transverse and longitudinal profile plots in the 
"singlet" SC linac from 469 MeV to 1.7 GeN for non- 
equipartitioned mode of operation. 

In the context of the optimization process for the 
singlet-lattice design, the quadrupole gradient profiles 

along the linac must be chosen. As one possibility, merits 
of equipartitioning [4, 51 were investigated. Derailed 
results are described in an accompanying paper [6] .  
Figure 1 and Table 1 correspond to a non-equipartitioned 
case. For the equipartitioned case, we have a similar, 
smooth transition as is shown in Ref. 6. The ratio crol/oot 
decreases from 0.55 at 25 MeV to 0.30 at 1.7 GeV. In the 
equipartitioned linac, on the other hand, the ratio is nearly 
constant throughout the linac. It should be noted that 
equipartitioning requires operating the linac with reduced 
transverse focusing strength above 25 MeV. The 
quadrupole strength at the end of the equipartitioned linac 
is about 55% of the strength in the non-equipartitioned 
linac. 
m m  I W I ~  x-wr s d m  ap: am oyo11477p*- -4 
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Figure 3. Transverse and longitudinal profile plots in  the 
"singlet"super-conducting linac from 469 MeV to 1.7 GeV 
for equipartitioned mode of operation. 
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Figure 4. Longitudinal and transverse rms normalized 
emittance vs. energy for full current in the "singlet" SC linac 
for equipartitioned mode of operation. 

Simulation results without any errors for both the 
equipartitioned and un-equipartitioned mode are shown in 
Figures 2 through 4. Initial beam distribution of 1007000 
particles originating at the plasma surface of the ion 
source are followed [7] through the entire linac. Beam- 
profile plots for full current from 469 MeV to 1.7 GeV in 
the un-equipartitioned and equipartitioned cases are 
shown in Figures 2 and 3 respectively. Relative to the rms 
size, the beam is smaller in the equipartitioned case but in 



absolute terms, the beam-size is roughly 55% larger. No 
oscillations in the profiles indicate a good match in the 
transition region. Longitudinal and transverse emittance as 
a function of energy for the equipartitioned case are 
plotted in Fig. 4. The optimum choice for the quadrupole 
gradient profile in the final design will also depend on the 
results of the linac performance, when errors are included. 

DOUBLET DESIGN 

In the doublet design for the SC section. the cryomodules 
contain only the Nb cavities; the room-temperature 
quadrupoles are placed outside. For the p=0.64 section, 
there are two cavities per period. In the p=0.82 section, 
two configurations were studied; one with two cavities per 
period and the other with four cavities per period. 

In order to achieve a current independent matching 
between the normal-conducting and SC structure, the quad 
strengths in the NC section need to be ramped down more 
than was done in the singlet design. The period-length at 
217 MeV for the NC and the SC structures are about 2.0 
m and 1.9 m respectively. In order to achieve the same 
phase advance per unit length at the transition, we start 
tapering down the field gradient of the quadrupoles in the 
NC section starting at 100 MeV where ~ ~ r 7 7 . 2 ” .  
Quadrupole gradients are ramped down to make oe=32.7’ 
at 2 17 MeV reducing the phase advance by equal amounts 
per period. In the longitudinal plane, ool per unit length 
are the same at the transition for cps= -30”. 
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Figure 5. Output phase-space distributions at 1.7 GeV for 
the doublet design with four cavities per period in the 
p=0.82 section. 

The matching between the p=0.64 and p=0.82 SC- 
sections starts with finding suitable design phases for the 
last period of the p=0.64 section and the first period of the 
p=0.82 section. The phases in the p=0.64 section are then 
ramped appropriately to achieve a smooth longitudinal 
transition. For the design with two cavities per period in 
the p 4 . 8 2  section, the quads in the p=0.64 section need 
to be ramped up from 5.75 to a final value of 7.75 T/m to 
match the oot=SOo value in the first period of the p=0.82 
section. For the design with four cavities per period, 
period-lengths are longer. Here, in addition to ramping the 
quadrupole gradients in the p=0.64 section, the gradients 
in the interface need to be adjusted slightly. 

Good matching is achieved for all currents between 
zero and 100 mA in both the designs described above. It 
should be emphasized that no special difficulties were 
encountered in achieving a current independent singlet to 
doublet match at 217 MeV. The output phase space 
distributions at 1.7 GeV for the design with four cavities 
per period in the p=0.82 section are shown in Figure 5 .  
The output phase space distributions for the design with 
two cavities per period look very similar except that it has 
slightly smaller transverse rms dimension. In both the 
designs, there is very small growth in the transverse 
emittance. Figure 6 shows the relationship between 
maximum rms -beam-size, aperture-size, and maximum 
transverse coordinate of a particle as a function of energy. 

100 - 
90 - SC, 2/4 Cavity, Doublet Design 
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Energy (MeV) 
Figure 6. Maximum rms beam-size, aperture size and 
ma?timum transverse coordinate of the outermost particle 
vs. energy. 

CONCLUSION 

Beam-dynamics simulations show that both singlet and 
doublet designs are viable options for the SC linac 
section. An integrated NC/SC design using either of the 
options provides the beam quality required for the APT. 
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DESIGN OF A VXI MODULE FOR BEAM PHASE AND ENERGY 
MEASUREMENTS FOR LEDA* 
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Abstract 

Beam diagnostics systems being designed for the Low 
Energy Demonstrator Accelerator (LEDA) at Los Alamos 
include beam synchronous-phase and beam energy 
measurements[l]. The LEDA machine will utilize an 
RFQ front end operating at 350 MHz, followed by several 
700-MHz DTL accelerating structures. Signals from 
cavity-field probes and beam image-current probes will be 
down-converted to 2 MHz for phase measurement in VM 
modules. Each 2-MHz signal is sampled at 8 MHz with a 
12-bit ADC and the resultant data stream is converted into 
I and Q components which update at a 2-MHz rate. The I 
and Q signals are then converted to a relative phase 
measurement. Each VXI module will contain four 
channels of phase measurement hardware which allow for 
two channels of differential-phase measurement. Low- 
noise AGC circuits will accommodate signal variations 
over a 64 dB dynamic range. An on-board calibration 
system provides a system absolute accuracy of +1 de,-. 
DSP filtering allows 200-kHz bandwidth measurements to 
be made with a resolution of cO.1 degrees over a dynamic 
range of 46 dB. 

1 INTRODUCTION 
The energy and synchronous phase of the LEDA beam 
will be determined via a time-of-flight measurement 
system. Capacitive pick-up probes, as shown in Fig.1 
will be placed along the beam line to sample the 350- 
MHz component of the beam current. The probes consist 
of a cylindrical electrode of 5-mm length, suspended by 
two SMA vacuum feedthrough connectors. Three of these 
probes will be installed on the beamline during the first 

Figure 1 The capacitive probes are designed as integral 
parts of standard 4.5 in. Dia. Conflat vacuum flanges. 
Two SMA vacuum-feedthrough connectors support the 
pick-up electrode. 

testing period of the LEDA RFQ. At the nominal 
accelerator current of 100 mA, over 25 dBm of signal 
power at 350 MHz is available. These beam signals will 
be down-converted to 2-MHz IF signals in VXI modules 
located in the diagnostics equipment racks which are about 
60 m from the beamline. In a similar fashion, the cavity 
field probes will produce high-level signals which are also 
down-converted. 

Two types of down-converters are required as the DTL 
cavities operate at twice the frequency of the RFQ. The 
700-MHz cavity-field signals must be downconverted to 
2 MHz for comparison with the beam. This requires the 
generation of two local oscillator frequencies (348 and 698 
MHz) from a common 2-MHz reference. 

The outputs of the down-converter module mate with a 
second VXI-based module being designed to measure the 
phase relationship of the 2-MHz IF signals. This module 
must have a dynamic range of at least 46 dEi (+6 to -40 

2 MHz Input 
Phase "A" 

2 Mtlz Input 
Phase " B  

Analog Output 1 

2 Mtlz Input 8 MHz to all ADCs 
Phase Reference 

Figure 2 A block diagram of the digital processor. The phase of the analog input is measured and output as a 12-bit 
word. One LSB corresponds to 0.0879 degrees. 
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dBm) and a phase resolution of 0.1 degrees. This phase 
measurement will have a bandwidth of from dc to 200 
kHz, which is greater than the kequency response of the 
accelerator rf system. 

A third module will generate constant-phase 350- and 
70O-MHz signals for calibration of leach phase- 
measurement channel. The amplitude of the calibration 
signals will be variable over a 64-dB range. 

In this article we describe the salient features of the 
design of the VXI module which performs the phase- 
measurement. These features include the digital filtering 
and UQ process, the analog AGC front end, and the 
calibration and error correction technique. 

2 I/Q PROCESS 
The phase of a sinusoidal signal is readily available from 
its in-phase and quadrature-phase (I&Q) components. The 
arctangent of the ratio of I and Q gives the angle of the 
signal relative to the phase of the sampling dock used to 
define I and Q. 

To get the I and Q components, a signal is sampled at 
four times its frequency, or once every 90 degrees. This 
results in a repeating pattern of I, Q, -I and -Q values. 
These values are subtracted appropriately to pioduce 21 and 
2Q. All common-mode errors are consequentially 
eliminated and low frequency noise (relative to one half 
the sampling frequency) is attenuated. 

We have chosen 2 MHz as our IF which requires a 8- 
MHz sampling clock. Since our measurement bandwidth 
is only 200 kHz, we can apply some FIR filtering to the 
2-MHz I and Q data streams to reduce the noise by about 
50% before the arctangent is calculated. The arctangent 
function is calculated by a Plessey PDSP16330 
Pythagorus processor[2]. This chip uses a look-up table 
technique to provide a 12-bit 360-degree range with no 
ambiguity of quadrant. A block diagram of the digital 
processor is shown in Fig. 2. 

In the final design the FIR filter between the VQ 
process and the arctangent process to reduces the 
measurement bandwidth and noise. Unfortunately the 
PDSP16330 has a fixed 12-bit output, so 1.his filtering 
will not enhance the measurements ultimate resolution. 
For this reason an additional programmable FIR filter will 
follow the arctangent process to be used in cases in which 
increased resolution is desired. In this case it will be 
important to guarantee that the phase noise is sufficiently 
low relative to the average value, so that the averaging is 
not done over the inherent discontinuity that occurs at 
zero and 360 degrees. In other words, the phase of the 
input signal as seen by the Phythagorus chip should be 
adjusted to be near 180 degrees at the nominal beam 
energy. 

3 T H E  ANALOG FRONT END 

The digital process, which calculates the signal phase, is 
inherently normalized in amplitude by taking the ratio of I 
to Q. To maintain the optimum phase resolution, 

however, it is necessary to use most of the range of the 
ADC which is 12 bits in our case. We use an AGC 
circuit to provide a nearly constant output amplitude over 
a 75 dB dynamic range. This circuit presents the 2-MHz 
signal to the ADC at a level which is always near its full 
scale range. Figure 3 shows a diagram of the analog front 
end (AFE). 

The AGC circuit is based on an Analog Devices 
AD600 part which has an electronically-controlled 
variable attenuator followed by a 40-dB, fixed-gain 
amplifier[3]. One of the interesting features of this chip 
is that the output noise is independent of the gain of the 
circuit when a single stage is used. Since we require a 46- 
dB dynamic range we have cascaded two stages of gain 
control (the AD600 has two stages per package). 

control 
offset 

I 'r' 
8 MHr sampling clock / 

Figure 3 
includes an AGC circuit with a 75-dB dynamic range. 

A diagram of the analog front end which 

The two AGC stages are configured to always use the 
maximum gain in  the first stage and minimum (unity) 
gain on the second stage, thereby keeping the output 
noise to a minimum. For signals which are large enough 
to not require the additional gain of the second stage, the 
noise level is fixed as a function of amplitude. As the 
input signal decreases and more gain is required, the noise 
from the first stage is amplified, along with the signal, by 

'1- 

,014  . , . , . , . . . . . , . 
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Figure 4 The theoretical phase resolution of the analog 
front end circuit as a function of signal amplitude for a 
4 0 0 - m ~  bandwidth. 



the second stage. A graph of the phase resolution of the 
AFE as a function of signal amplitude is shown in Figure 
4. 

The signal that is used to control the gain of the AGC 
is linear in dB of relative magnitude of the input signal, 
and is presented to an ADC in addition to the leveled 
output. This feature will be used to facilitate the phase 
error correction. 

4 CALIBRATION AND ERROR 
CORRECTION 

In order to achieve the desired 21-degree absolute accuracy 
it will be necessary to correct for the phase shift of the 
AGC circuit as a function of input signal level as well as 
provide a periodic calibration of the system to correct for 
thermal drifts and aging effects. A separate VXI module 
will generate multiple pairs of constant-phase, 350-MHz 
and 700-MHz signals whose amplitudes can be 
programmed over a 64-dB range. These signals will be 
connected to the beam-phase and cavity-phase probes on 
the accelerator beamline via phase-stabilized Heliax" 
cables. 

The calibration signals will be stepped through their 
64-dB dynamic range while the phase of each digital 
channel and the associated AGC-control level are logged. 
The control system will interpolate this data to create an 
array of phase correction data vs. control level which will 
then be down-loaded into the phase measurement module. 
Subsequent phase measurements will then use this 
correction table to correct the phase data from the 
Pythagorus processor in real time. A default data set will 
be stored in ROM to improve the measurement accuracy 
prior to, or in lieu of, the on-line calibration. 

5 ADDITIONAL FEATURES 
There may be times when it is desirable to analyze a large 
array of phase data taken just prior to an event such as a 
fast-protect or beam-abort trigger. A large FIFO memory 
will be incorporated with each differential-phase channel 
(two per VXI module) which will store the most recent 
200,000 measurements at the full 2-MHz rate (100-ms 
worth). This data will also be useful for "off-line" FFT 
analysis, where it is undesirable to take data over the VXI 
bus at the full 2-MHz rate on multiple channels, 
simultaneously. 

A 12-bit DAC will provide an analog representation of 
each of the two differential-phase measurements to the 
front panel. These outputs will be useful during the 
installation and commissioning of the measurement 
system. They may also prove to be useful for some beam 
measurements using analog test instrumentation. 

and interfacing to the Plessey Pythagorus chip. Testing 
of these two circuits has just begun. 

The initial results indicate that the phase resolution of 
the single-channel system is about 0.035 degrees for a 0- 
dBm input level versus a theoretical value of 0.02 degrees 
(defined as one standard deviation). This corresponds to a 
differential-measurement resolution of about 0.05 degrees 
which is well within our requirements. A single 
measurement at an input level of -40 dBm showed a 
resolution of only 0.2 degrees which is four times higher 
than the theory predicts. This discrepancy needs further 
study. 

Noise immunity problems with interfacing the two 
separate analog front end and the digital circuits, combined 
with some test instrumentation limitations, have 
prevented us from finishing the characterization of the 
response over the full dynamic range at this time. A 
second prototype board which combines all of the r e q u i r e d  
circuitry on a single board is in the process of being 
fabricated. This is expected to eliminate the interface 
problems we experienced, and allow us to finish the 
characterization of the analog and digital front end of the 
VXI phase measurement system. 

7 CONCLUSION 
The design of a prototype VXI-based beam energy and 
synchronous-phase measurement system is underway. 
Low-noise AGC circuits will accommodate signal 
variations over a 64-dB dynamic range. An on-board 
calibration system provides a system absolute accuracy of 
+1 degree. DSP filtering allows 200-kHz bandwidth 
measurements to be made with a resolution of ~ 0 . 1  
degrees over a dynamic range of 46 dB. The analog and 
digital front-end circuitry of the phase-measuring module 
has been designed and testing is underway. The initial 
testing indicates that the phase resolution of the module 
will easily meet the specification at the higher signal 
levels. Additional testing is underway. 
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6 PROTOTYPE TESTING 
A prototype circuit was fabricated which includes the 
AGC circuits and ADCs for testing. In addition, the 
digital processor circuits were fabricated using a 
programmable gate array for decoding the VQ data stream 
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Abstract 

The low-level F2F (LLRF) control system is an essential 
component of the RF system for the Accelerator 
Production of Tritium (APT). Requisite for good 
performance at a reasonable cost is system modeling prior 
to actual hardware build. Models have been created to 
help establish the LLRF control system baseline design. 
These models incorporate common signal processing 
functions and control functions as well as mixed 
continuous and discrete-time analysis. Components 
include klystron saturation curves, waveguide delays, 
realistic resonant cavity equivalents, and LLRF 
proportional, integral, and differential (PID) control 
transfer functions. They predict the performance of the 
L L W  system in the presence of beam noise, excitation of 
non-fundamental modes which occur in the 
superconducting cavities, and pulsed beam situations. 
This paper will describe the basic model and will present 
results for a variety of operating scenarios. 

1 MODEL DESCRIPTION 
The functionality of the low-level RF (LLRF) control 

system for the APT was described in reference 1.  In order 
to best design this system we have relied on computer 
modeling to predict system response to a variety of inputs 
during different operational scenarios. The software used 
is MATRIXXTM, a graphical modeling and analysis 
control system program. In MATRIXXTM, common 
signal-processing and control functions such as transfer 
functions, limiting, dead band, etc. are all available. It 
allows both linear and nonlinear functions, as well as 
mixed continuous and discrete-time analysis (e.g., digital 
control of a continuous-time plant) and it provides iconic 
programming (functional blocks, signal flow connectors). 
We have developed LLRF control system models for a 
variety of reasons: 1) specification of RF components; 2) 
verification of system design and performance objectives; 
3 )  optimization of control parameters; and 4) testbed for 
exploratory control system development. This modeling 
has been utilized and proven on a number of LLRF 
control system designs: GTA; AFEL; Boeing’s APLE; 
University of Twente’s FEL. It is now being used as a 
tool for the design of the APT LLRF control system. 

The graphical modeling approach allows the model to 
be built as a combination of “superblocks,” each 
representing the transfer function of its individual 
components. The overatl system model schematic is 
represented by the top-level block diagram shown in  

* Work supported by US Department of Energy. 

figure 1. Represented as baseband in-phase and quadrature 
signals, the model includes an ideal current-source beam 
with noise, a multi-mode accelerator cavity (single gap), a 
non-linear klystron (with saturation and ripple), wave- 
guide and transmission line delays, and a LLRF controller 
with feedback and feedforward characteristics. The level of 
detail available to represent individual components within 
the RF system (including the accelerating cavity) can be 
significant. With such a model, we have been able to 
predict how a particular LLRF control system design will 
react to a variety of operational scenarios. These include 
the presence of beam noise, klystron high voltage power 
supply ripple, and beam pulsing or fault shutdown. 

BE*u FEEDFORW4CO U0G 

J 
UWlN FIELD F E E W C K  USLE 

Figure I .  LLRF control system model block diagram. 

2 MODEL RESULTS 
Model analysis provides for certain parameters to be 

modified depending on the scenario being tested. These 
external parameters allow easy modification of the core 
model to investigate different operational cases. Figures 2 
through 6 show the results of modeling the case of 
normal turn-on of the RF into the cavity followed by 
turn-on of the beam, as well as the case of rapid beam 
shutdown (due to pulsing or a beam abort). 

As seen in figure 2, there is an initial RF turn-on 
transient in the cavity field and a spike in the field 
amplitude and phase errors. Figure 2 shows the type of 
field amplitude and phase errors we can expect for this 
turn-on/ CW operation. As seen, the beam turn-on causes 
a +I/-2% field amplitude error and a + 1 / - 0 . 5 O  field phase 
error. The LLRF control system in this model utilizes 
just a cavity field feedback signal. An optional beam 
feedforward feature for tighter control is discussed at the 
end of this,paper. 

Figure 3 shows that the klystron saturates until the 
field gets close to its nominal value when the loop 
achieves control and the cavity field and klystron forward 
amplitude settle to their nominal levels (ready for beam). 
Field errors are now close to zero. Reflected amplitude is 



identical to the forward amplitude without beam, 
indicating the large mismatch due to strong overcoupling 
without beam. When the beam is turned o n ,  at t = 500 
ps, the klystron forward output increases to compensate 
for the beam loading and the klystron saturates once more. 
Again, the cavity field and klystron forward amplitude 
eventually settle to their nominal levels. 

Since any beam noise will drive modes other than the 
fundamental in the superconducting cavities, we wanted to 
study the effects of these other modes. Figures 3 and 4 
show the results when we include the two inodes nearest 
to the fundamental. The klystron output does not match 
perfectly to these other modes in the cavity, and 
consequently, the reflected signal (figure 3)  does not drop 
to zero as expected when the beam is present. Note the 
relative magnitudes of the plots in figure 4. Because the 
steady-state magnitude of the funtlamental is 
approximately 3400 times that of the 698 MHz mode and 
even greater than that of the 68 1 MHz mode, their effects 
are fairly minimal. With a 2 MHz filter built into the 
feedback control system (to eliminate the possiblity of 
attempting to control a fedback mode signal which would 
have the wrong phase and thereby cause the control 
system response to blow up) the transient-induced modes 
damp out over time. 
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Figure 2. Normal RF and beam turn-on. 
amplitude and phase errors. 
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Figure 4. Normal RF and beam turn-on: cavity modes 
excited. 



Another case investigated with the model was the 
effect of rapid beam shutdown. This might occur 
intentionally due to pulsing of the beam, perhaps for 
cavity conditioning, or unintentionally, due to a beam 
abort caused by some system error requiring fast beam 
shutdown. As seen in figures 5 and 6, without beam 
feedforward, there is a large transient when the beam is 
turned off, while the RF remains on. However, this 
transient is short-lived and should not cause any problems 
to the cavities, 

When the beam is off and the transient passed, the 
cavity and the klystron return to the states they were in 
prior to the beam turn-on, and are ready for beam re- 
introduction. This model indicates that if the beam is 
turned off, the control system requires it to remain off for 
at least 50 ps before turning it on again in order to reach a 
controlled steady-state field in the cavity. 

a im lam t r x ,  

n m  (w 

Figure 5. 
signals. 

Beam turn-off effect on cavity field, error 

o m IOQ) 1XC 

Figure 6. Beam turn-off effect on forward signal out of 
klystron, cavity reflected signal. Beam power shown. 

We have also done some modeling to predict the 
effectiveness of a beam feedforward feature in the LLRF 
control system. These models predict that we can reduce 
the turn-on turn-off transients that occur in the 
amplitude and phase errors to +I/-0.5% and +0.3/-0.5” 
respective 1 y . 

3 C O N C L U S I O N S  

The modeling effort has been extensive for the AFT 
project. The basic LLRF control system model has been 
proven on past projects and gives a solid foundation upon 
which to base our LLRF control system design. We an: 
now in the process of developing VXIbus modules which 
perform the control functions defined by the models. 
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THE LEDA BEAM-POSITION MEASUREMENT SYSTEM* 
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Sensitivity, 20.5 mm probe (at 
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3.38 dB/mm 
Abstract 

center) 
Sensitivity, of 47.5 mm probe 
(at center) 
Sensitivity, 175.3 mm diameter 
probe 
(at center) 
Measurement Accuracy, each 
probe (I 50% of radius) 
Measurement Accuracy, 20.5 
mm probe (I 50% of radius) 
Measurement Accuracy, 47.5 
mm probe (I 50% of radius) 
Measurement Accuracy, 175.3 
mm probe (S 50% of radius) 
Measurement Resolution 
(I 50% of radius) 
Processing Intermediate 
Frequency (IF) 
Position-Measurement 
bandwidth 

This paper describes the beam-position measurement 
system being developed for the Low Energy 
Demonstration Accelerator (LEDA) and the Accelerator 
Production of Tritium (APT) projects at Los Alamos 
National Laboratory. The system consists of a beam- 
position monitor (BPM) probe, cabling, down-converter 
module, positiodintensity module, on-line error- 
correction system, and the necessary control system 
interfaces. The modules are built on the VXI-interface 
standard and are capable of duplex data transfer with the 
control system. Some of the key, system parameters are: 
position-measurement bandwidth of at Ieast 180 kHz, the 
ability to measure beam intensity, a beam-position 
measurement accuracy of less than 1.25 percent of the 
bore radius, a beam-current dynamic range of 46 dB, a 
total system dynamic range in excess of 75 dB, and built- 
in on-line digital-system-error correction. 

1.63 dBlmm 

4.22 &/mm 

5 1.25% of radius 

I +O. 13 mm 

I f0.30 mm 

I i l . 1  mm 

I 0.2% of radius 

2.00 MHz 

2 180 kHz 1 INTRODUCTION 

Max. signal dynamic range 
Req’d # of 20.5 mm diameter 
probes (1”) 
Req’d #/ of 47.5 mm diameter 
probes (2”) 
Req’d +# of 175.3 mm diameter 

A key part of the APT project is to demonstrate the 
technical feasibility of the front end of the accelerator. 
This proof-of-concept machine, called the Low Energy 
Demonstration Accelerator (LEDA), will operate in both 
pulsed and cw modes using a 100-mA proton injector, a 
6.7-MeV RFQ, a high-energy-beam-transport (HEBT), 
and a beamstop. This paper describes the beam-position 
measurement system being designed for the LEDA 
experiment keeping in mind that the measurement 
system implemented for LEDA will likely need to be 
scaled to accommodate a much larger APT facility [ 11. 

Some of the important technical requirements of the 
LEDA beam-measurement system are shown in Table 1. 

75 dB 
1 each 

3 each 

1 each 

Table 1: LEDA Beam-Position Requirements. 

Beam Frequency 350.0 
Beam current range 
Beam Dvnamic range 

The beam-position-monitor (BPM) probes have 
inside diameters ranging from 20.5 to 175.3 mm and are 
the four-lobe type. Image currents from the beam induce 
voltages on the four lobes proportional to beam position 
with respect to the lobes and beam intensity. 

An additional requirement of the system is to 
employ real-time error correction to compensate for 
cable mismatches, probe variations, and processing- 
electronics offset and gain non-linearities. 

There are several common implementations of 
beam-position-measurement systems: amplitude-to- 
phase, difference-over-sum, and log ratio [2 ] .  The 
chosen system uses log ratio. One advantage of the log- 
ratio transfer function is its improved sensitivity and 
linearity over that of the other methods. Its main 
drawback is logarithmic ripple errors in the log 
amplifiers because they don’t strictly follow a true log- 
transfer function. 

Each beam-position measurement system consists of 
a probe (three probe diameters will be used in LEDA), 
cabling, a down-converter module, and a 
position/intensity module. The Error-Correction 
Reference Chassis provides referencekalibration signah 



to the various systems. 
measurement system is shown in Fig. 1. 

A block diagram of one beam- 

Probe 350MHz 4 -  

Ethernet 
to other 
systems 

IF-sum 
350 MHz 

To other Correction 
systems Reference 

350 MHz Reference 

Fig. 1 Block diagram of one beampositiondintensity 
system. 

Signals from each beam-line probe are fed to a 
down-converter module in which they are converted to 
an intermediate frequency (IF). These IF signals, labeled 
IF-T, B, R, and L in the figure, are then sent to the 
positionhtensity module for beam-position and intensity 
processing. A 2-MHz local-oscillator reference signal is 
provided to each down-converter module to be used in 
deriving the 345 MHz. Digital data and control signals 
are fed to the modules via the VXI-bus. The error- 
correction reference chassis can accommodate up to six 
BPM systems. It provides 30 -MHz error-correction 
signals to each system one at a time. An internal 
multiplexer in the chassis is used to select and switch the 
signals. 

2 DOWN-CONVERTER MODULE 

The down-converter module is used to convert the 
350-MHz rf signals down to the intermediate frequency 
(IF) of 2 MHz. It has four rf inputs, one LO reference 
input (2 MHz), and four IF outputs. Some of its 
requirements are listed in Table 2. 

Table 2: Down-Converter Requirements. 

Item I Value Units 
RF input frequency I 350 

t 2*oo 4 
IF output frequency 
## of rf  inwts 
Input Impedance 

# of IF outputs 
LO reference frequency 2.00 MHz 
Max. rf input power dBm 

Max. IF output power (PldB) I 15 
Channel Insertion Gain 15 
Max. noise figure I 16 
Dynamic range 

tracking error 
Channel-to-channel phase 
tracking error 

? deg. 

3 POSITION / INTENSITY MODULE 

The positiodintensity module processes the IF 
signals according to the log-ratio transfer function. This 
processing technique is explained in detail in several 
papers including reference [3]. The module uses AD606 
logarithmic-amplifiers with usable dynamic range 
exceeding 80 dB at the 2-MHz IF. Some of the 
positiodintensity module’s requirements are listed in 
Table 3. 

Table 3: Positionhtensity Module Requirements. 

Number of IF inputs 
Input Impedance 
Number of measurement axes each 
Range, x-, y-axis (into 1 MQ) I f 10 I V 
Range. intensitv (into I MQ) I 0-10 I V 

I 
~ 

Max. input power 15 dBm 
Digitizer Resolution 12 bits 

Additionally, this module incorporates digital error- 
correction circuitry to compensate for non-linearities in 
the system such as from the cabling, probe effects, and 
the processing electronics. This module is described in 
detail in reference [4]. 

4 ERROR-CORRECTION SUBSYSTEM 

The design of the entire beam-position measurement 
system is built around the central requirement of using 
real-time error correction. The log-ratio technique 
provides a good foundation for such a system and was 
one of the main reasons for its selection. The error- 
correction process is implemented in the following 
fashion. The slot-zero controller in the VXI chassis 
selects the BPM system to correct. It does this by 
selecting the desired Positiodhtensity module. It then 
addresses the Error-Correction Reference Chassis and 
outputs a known power level to the pre-selected 
measurement system. When the cable attenuation, the 
splitter losses, and the probe parameters are already 
known and accounted for, the actual power at the input 
of the down-converter module can be calculated based 
on the known output power level from the Error- 



Correction Reference Chassis. The selected channels on 
the Positioflntensity module are then read by the control 
system and compared with the expected value based on 
known system parameters. The error is then subtracted 
from the ideal to obtain a corrected value. This error- 
correction process begins at the largest input-power level 
and proceeds in 1-dB steps to the lowest expected level. 
In doing so, an 12-bit array is constructed of expected 
values and actual values. A linear interpolation routine 
fills in the corrected table values between the I-dB 
sampled steps. Once the tables are computed, the slot- 
zero controller uploads the correct lookup table values to 
RAM lookup tables in the selected Position/Intensity 
module. The process is the same for each of the 
measurement systems. 

After these lookup tables are computed and 
uploaded to the respective modules, then in real-time, 
12-bit sampled data fiom the tog amps in each module is 
corrected before the algebraic difference is taken. It 
should be noted that the generation of reference signals, 
recording these data, and computing the LUT values 
does not occur in real time. 

5 CONCLUSIONS 

The beam-position measurement system has been 
fully specified and work begun on each of the 
subsystems or modules. 
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A ZOO-A, 500-H~, TRIANGLE CURRENT-WAVE MODULATOR AND 
MAGNET USED FOR PARTICLE BEAM RASTERING* 
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Abstract 

This paper describes a simple 2D beam-rastering system 
to uniformly spread a 100-mA 6.7-MeV cw proton beam 
over a 50-cm by 50-cm beam stop. The basic circuit uses 
a 20-mF capacitor bank, a IGBT (insulated gate bipolar 
transistor) full-wave inverter, and a 1-mH ferrite dipole 
magnet to produce a 2 500-Gauss peak triangular- 
waveform deflection field at 500 Hz. A dc input voltage 
of 200 volts at 2.6 amps (520 watts) produces a 160- 
ampere peak-tqeak triangular current waveform in the 
ferrite magnet at 500 Hz. For dual-axis rastering, two 
ferrite dipoles are used, one at 500 Hz, and the other at 
575 Hz, to produce a uniform 2D beam distribution at the 

The paper will discuss the IGBT modulator and 
ferrite deflector in detail, including current and voltage 
waveforms, and the f e m e  magnet B-dot (dB/dt) signal. 

beam stop. 

1 INTRODUCTION 

High energy particle beams. if narrowly focused, can 
exceed the power density limitations of the beam stop. 
Currently, there are several approaches available to 
diffuse the energy of the beam across the beam stop. One 
technique involves defocusing the beam. Another is to 
raster the beam across the beam stop to reduce the peak 
power at any one location. This paper describes a design 
for a beam-rastering system comprised of a ferrite-dipole 
magnet and triangle current-wave 
modulator. In the complete system, both 
the x- and y-axes will be rastered. To 
date, one system has been designed, built, 

Fig. 1 Picture of the magnet with the IGBTs on top. 

3 MODULATOR 

The modulator uses two International Rectifier half- 
bridge IGBT modules configured into an H-bridge as 
shown in Fig. 2. A TTL level pulse generator provides 
the Q and Q-bar timing signals to the IGBT drivers. The 
IGBTs are switched in pairs; Q1 and Q4 switch together, 
then Q2 and Q3 switch on during the last half cycle. The 
bypass diodes in the IGBTs switch on when their 
respective IGBT turns off allowing the inductive energy 

and tested at full current at the required 
frequencies of 500 Hz and 575 Hz. These 
frequencies were detennined empirically 
to provide uniform power distribution over 
the beam stop. 

Paster 
Magnet 

2 MAGNET 

The magnet is approximately 20 cm 0 

by 8-cm aperture. With a 40-turn coil, the 
inductance is about 1.1 mH. At 80 A, the 

by 23 CIII (H) by 30 ~m (L) with an 8 - ~ m  
0 
a 

field inside the bore is 500 G. Fig. 1 is a 
picture of the first magnet developed to Fig. 2 Electrical schematic of the beam-rastering modulator. 

prove the concept. 

* Work supported by the US Department of Energy. 



in the magnet to return to the capacitor bank. The 
common-mode chokes eliminate large dV/dt transients at 
the output of the driver cards and help to protect the IR- 
2110 driver ICs. The h V 0  IGBT modules, the charging 
diode, and the series resistor are mounted on a heatsink 
for cooling. The TR-2110 IGBT driver boards are 
mounted on the side of the heatsink. A picture of the 
modulator is shown in Fig. 3. The IGBTs are rated at 

Fig. 3 View of the modulator showing the hmtsink, the 
drivers, and the IGBTs. 

140 A, 600 V, and have a switching risetime of under 90 
ns. The capacitor bank consisls of ten 2OoO-pF high 
rms-currcnt-rated capacitors. 

3 SYSTEM OPERATION 

The modulator has beeti tested and operated successfully 
at both 500 and 575 Hz. The data shown and included in  
this paper arc at 500 Hz. Several tests were run on the 
system including measuring the total power dissipation 
as a function of output current, power dissipation as a 

l . 6 2 V  
8ZOmV 

19 Dec 1996 
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m PS m J  ; M ~ O *  Chi ~ .l*o jj '500 ~ , 

Fig. 4 Data of the mangle magnet current. 

function of frequency, the output current levels, and the 

magnetic field levels inside the magnet. A typical 
magnet current waveform is shown in Fig. 4. 

In this figure, the modulator was operating at 200-V 
dc, 2.6-A dc, and yieided a magnet current of 162 App. 
The measurement equipment consisted of a Pearson #lo1 
current transformer (100 AN) and a Tektronix TDS- 
340A oscilloscope. Current measurements were also 
done using a Pearson #3025 with 40 AN sensitivity. 

To measure the quality of the magnetic field inside 
the magnet, a B-dot (dB/dt) loop was used. The B-dot 
voltage signal is shown in Fig. 5 along with a 
superimposed current waveform for timing and reference 
purposes. The risetime of the B-dot signal is about 2 p. 

The B-dot loop consisted of a one-turn wire loop in 
the magnet aperture with a cross-sectional area of about 

TekRun 100kSls Average 
----f--q-_-+ I 

IO 01"10 

Fig. 5 Magnet current and B-dot loop waveforms. 

124 cm'. Overshoot in thc B-dot is due to eddy currents 
in the copper magnet coil. The UR droop is also 
observable. Both effects have becn simulated and 
confirmed with SPICE simulations. 

The circuit shown in Fig. 2 was operated and power 
dissipation data were taken. This data is shown Fig. 6. 

Fig. 6 Plot of moduhtor dissipation with and without 
the 5-Ohm series resistor. 



The top curve is total power dissipation including the 5- 
I2 series resistor. The lower curve excludes the resistor. 
The 5-CI resistor and charsing diode help to isolate the dc 
power supply fiom the large current transients in the 
IGBTs and inductor. 

The expected rastering pattern for two rastering 
magnets operating at 500 and 575 Hi, and loo0 gauss p- 
p is shown in Fig. 7. The beam-spot rms width should 

I 

L 
c 

I 

1 

Fig. 7 Plot of the rastering pattern fiom two 
rastering magnets operating at 500 and 575 Hz. 

be at least half the spacing between the traces to achieve 
i 5% uniformity in beam power density. Because of 
eddy-current limitations, a ceramic beam tube is 
required. The inner surface should have a one skin-depth 
metakation to carry the beam image currents. 

5 CONCLUSIONS 

The basic concept of using IGBT switches to create a 
triangular current waveform in a raster magnet works 
well. Two rastering magnets operating at non-harmonic 
frequencies will provide a uniform 2D rastering pattern. 
The 40-turn magnet coil will be redesigned to reduce the 
eddy-current losses and the IJR droop. 
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Abstract 

This paper describes the specification, design and 
preliminary operation of the beam-positiodintensity 
measurement module being built for the Low Energy 
Demonstration Accelerator (LEDA) and Accelerator 
Production of Tritium (APT) projects at Los Alamos 
National Laboratory. The module, based on the VXI 
footprint, is divided into three sections: first, the analog 
front-end which consists of logarithmic amplifiers, anti- 
alias filters, and digitizers; second, the digital-to-analog 
section for monitoring signals on the front panel; and 
third, the DSP, error correction, and VXI-interface 
section. Beam position is calculated based on the log- 
ratio transfer function.. The module has four, 2-MHz, IF 
inputs suitable for two-axis position measurements. It 
has outputs in both digital and analog format for x- and 
y-position and beam intensity. Real-time error- 
correction is performed on the 
four input signals after they 
are digitized and before 
calculating the beam position 
to compensate for drift, 
offsets, gain non-linearities, 
and other systematic errors. 
This paper also describes how 

IF-T 

module and the error-correction reference chassis. A 
block diagram of the positiodintensity measurement 
module is shown in Fig. 1. The measurement technique 
is based on the log-ratio transfer function which has been 
described by several authors [3,4,5]. The log-ratio 
technique is defined as 

where T and B represent the intermediate-frequency 
signals for opposite top and bottom lobes of a beam-line 
probe. Subtraction is easier to perform than division and 
can be done either by digital or analog techniques. 

The module is divided into three sections: frrst, the 
analog front-end; second, the digital-to-analog section; 
and third, the DSP, error-correction, and VXI-interface 
section. Some of the important specifications of this 
module are listed in Table 1. 

IF-8 

the on-line error-correction is 
implemented digitally and IF-R 

algorithmically. 

1 INTRODUCTION 

This paper describes the 
specification, design and 
preliminary operation of the IF-SUM 
beam-positiodintensity 
measurement module for the 
LEDA and APT projects at 
Los Alamos National 

i 
Laboratory. It is one sub- y-pos 
system of the entire beam- 
position measurement system 

< 

described more fully in 
references [ l ]  and [2]. 
Related parts of the system 
include the down-converter 

Fig. 1 Block diagram of the positiodintensity module. 

* Work supported by the US Department of Energy. 



Table 1. Requirements for the LEDNAPT Beam 
Positiodlntensity Module. 

Frequency input (IF input) 
Maximum input signal power 
InDut impedance 
# of IF inputs 
# of axis measurements/module 2 
Range. x-. v-axis ouhmts +lo 

I Ranee, intensity output 1 0-10 I v I 

0.03 
Measurement bandwidth 
Measurement resolution 
ADC Resolution bits 
ADC sampling rate 

2 ANALOG FRONT-END 

Referring to Fig. 1, the analog section is comprised 
of the AD606 log amplifiers, the 200-kH2: anti-alias 
filters, the IF summer, and the ADCs. The log amplifiers 
are rated to 50 MHz with usable dynamic range in excess 
of 80 dB [6]. A typical curve for the AD606 is shown in 
Fig. 2. The data were taken from -80 dBm to +20 dBm. 
There is some distortion at the upper end starting at an 

4 
3.5 
3 
2.5 
2 
1.5 
1 
0.5 

1 

Fig. 2 Vout vs. input power for a typcial AD606 log 
amp operating at 2 MHz. 

input power of about 15 dBm due to saturation and also 
at the lower end of the input range where the log amp 
approaches the reference level. The ideal response for 
this log amp is 

Vortr = K log (2) (3) 

where vin is the rms amplitude of the input signal , vreJ is 
8.60 pVrms (corresponding to -88.3 dBm reference 
level), and K=0.75 [7]. Since the log amp is non-ideal, 
there are small perturbations in its transfer function and 
distortion effects at the upper and lower ends of the 
dynamic range. By using digital error-correction, non- 
ideal performance in the log amps and other system non- 

linearities can be taken out of the overall transfer 
function of the system. 

The output of each log amp is filtered with a 200-kHz 
anti-alias low-pass filter. After the low-pass filters, each 
signal is over sampled at 5 MHz by an AD9220 12-bit 
ADC. The signal-level range at the input of the ADCs is 
0-5 V. The voltage resolution using 12 bits and 5 V is 
k0.61 mV which corresponds to a probe dB offset 
resolution of i0.0163 dB. The resolution in mm depends 
on the specific probe sensitivity. 

The four IF-inputs are combined in the IF-SUM 
circuit to be used to measure beam intensity by a fifth 
log amp channel. This IF-SUM signal is also available 
to other accelerator systems via the module’s front panel. 
Even though the sum of the four signals is a non-linear 
response to beam intensity if the beam is off center, 
knowing beam position in x-and y-space, and measured 
intensity, the real beam intensity can be calculated. This 
calculation is done in the main control system and not in 
the module. 

3 DSP AND ERROR-CORRECTION SECTION 

The DSP and error-correction section consists of the 
12-bit RAM look-up tables (LUTs), the digital comb 
filters, and the VXI-interface circuitry. To perform .the 
on-line error-correction process, a known power level is 
input to the four IF-inputs, the digital data is allowed to 
bypass the RAM look-up tables. This “actual” data is 
then compared to the theoretical values that would be 
obtained at the end of the electronics chain with the 
known-input power levels. Correct values are calculated 
and uploaded to the respective RAM look-up tables. The 
ADC outputs are addresses for the LUTs. Thus when 
“real” IF signals are input to the module, the log 
amplifiers attempt to convert the signals according to 
eqn. 3, the ADCs sample these now-converted dc signals, 
and the ADC outputs address the LUTs and output the 
“correct” data to the bus for processing. The “known” 
power levels are supplied by an Error-Correction 
Reference chassis described in more detail in reference 

Each digital subtractor and comb-filter pair are 
implemented in a single 12000-gate FPGA which can 
operate up to 20 MHz. The comb filters are eight-point 
moving-average filters with a -3 dB cutoff frequency of 
about 2 15 kHz assuming a data flow rate of 5 MHz. The 
input data is 12 bit, and after the subtraction and 
filtering, 15-bit data is available. The moving average 
division is implemented by ignoring the bottom three bits 
and using the upper 12. 

The register-based VXI-interface chip-set takes care 
of essential bus functions and facilitates bi-directional 
data flow to the module including uploading the 
corrected data for the LUTs. This part of the module 
also provides all of the necessary 5-MHz clock signals to 
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the ADCs, the necessary clock signals to the subtractors, 
and the clocks for the comb filters. 

4 DACSECTION 

The digital-to-analog-converter (DAC) section 
converts the 12-bit x- and y-axis, and intensity data to 
analog signals for monitoring at the module’s front 
panel. The x- and y-axis signals’ range is f10 V. The 
intensity channel is converted to a 0-10 VDC signal. 
Analog Devices AD767 12-bit DACs are used to 
perform the conversions. The digital section of the 
module supplies the proper clock signals and data stream 
to the DACs. The DAC outputs pass through 200-kHz 
low-pass filters and buffers before being available at the 
front panel. 

5 TESTING 

Preliminary testing of the error-correction technique 
has been done. These tests used prototype printed-circuit 
boards and crudely taken data but proved the concept. 
Uncorrected-position data is shown in Fig. 3. The 
vertical scale is in dB, and the horizontal scale is in dBm. 

-35 -25 -15 -5 5 15 
Input Power (d5m) 

Fig. 4 Graph of uncorrected single-axis position data. 

The input rf signals were offset by 0-dB, 5-dB, and -5 
dB. An offset in one of the log amps shifted the curves 
downward. Important characteristics to note in the graph 
of Fig. 3 are that the curves exhibit significant distortion 
and offset over the measured dynamic range of the test. 
For a properly performing log-ratio system, the lines will 
be centered about zero offset and be flat. Assuming 
these errors are caused in general by anomalies such as 
log amps with differing gains and offsets, dc offsets in 
the buffers, and ADC non-linearities, error-correcting 
LUTs will correct the response. 

Preliminary error-correction LUTs have been 
calculated and put into EPROMs. The same system was 
then tested again and curves plotted in Fig. 3. 
The dc offset has been removed, and the distortion in the 
curves of Fig. 4 have been significantly removed. The 

top curve is +5-dB offset, and the bottom curve is -5 dB 
offset. 

- -6 
T -a I 

1 -10 
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Fig. 3 Graph of error-corrected single-axis position 
data. 
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Abstract 

The Accelerator Production of Tritium (APT) 
Project is investigating using a superconducting 
linac for the high-energy portion of the 
accelerator. As this accelerator would be used to 
accelerate a high-current (100-mA) CW proton 
beam up to 1700 MeV, it is important to 
determine the effects of stray-bean impingement 
on the superconducting properties of 700-MHz 
niobium cavities. To accomplish this, two 3000- 
M H z  elliptical niobium cavities were placed in a 
cryostat, cooled to nominally 2 K in sub- 
atmospheric liquid helium, ‘and irradiated with 
798-MeV protons at up to 490-nA average 
current. The elliptically shaped beam passed 
through the equatorial regions of both cavities in 
order to maximize sensitivity to any changes in 
the superconducting surface resistance. Over the 
course of the experiment, 6 ~ 1 0 ’ ~  protons were 
passed through the cavities. After irradiation, the 
cavities were warmed to 250 K, then recooled to 
investigate the effects of a room-temperature 
annealing cycle on the superconducting 
properties of the irradiated cavities. A detailed 
description of the experiment and the results shall 
be presented. These results are important to 
employing superconducting RF technology to 
future high-intensity proton accelerators for use 
in research and transmutation technologies. 

1 INTRODUCTION 
A significant driver for the APT conceptual 
design is the minimization of beam loss through 
the accelerator, which would allow hands-on 
maintenance. Extensive steering error and beam 
halo studies have k e n  used to keep stray beam to 
a maximum of 0.2 nA/m in the overall design. 
However, even at this low level, the question 
remained as what effect this amount of lost beam 
might have on the superconducting properties of 
a niobium accelerator cavity. 

Work supported by the US Department of Energy 

In a previously published paper El], an 
experiment was done where a superconducting 
cavity was irradiated and measured under 
cryogenic conditions. The results of the 
experiment indicated a deleterious effect on the 
cavity Qo at a proton fluence comparable to the 
0.2 nA/m figure calculated for APT. While the 
experiment was done over 25 years ago and many 
things in superconducting cavity technology have 
ch‘anged since these early diys, the reported 
change in the Qo was enough to motivate further 
investigation. 

2 EXPERIMENTAL APPROACH 
The intent of the experiment was to evaluate, in a 
timely manner, if there was M observable effect 
on the superconducting properties of a niobium 
cavity that was exposed to a relatively large 
fluence of high energy protons. Given the 
constraints on beam availability, cost, and 
schedule, the experiment was designed to look for 
an overall effect, instead of trying to closely 
emulate the actual “spilled beam” configuration a 
real accelerating cavity may see. This was seen 
as a way of bounding the problem. 

The approach wits to measure the cavity Qo as a 
function of fluence. Changes in the Qo would 
indicate a change in the surface resistance (RJ. 
To see subtle changes in the Qo, the cavities were 
operated between 1.8 and 2.2 K. 

To increase sensitivity further, the caviries were 
irradiated on their equators with an elliptical 
beam profile of 1x3 cm to achieve the largest 
practical radiation-affected zone relative to the 
active cavity area. Irradiating. the cavities while 
immersed in liquid helium was done tq mimic the 
actual environment of the cavities in a working 
accelerator. This also allowed us to evaluate 
what effect room-temperature annealing had on 
the superconducting electrical properties due to 
healing radiation damage, in the event changes 
were observed. 



To do this, the assembly was warmed to 250 K, and when it was off between irradiations. There 
then recooled to 2 K and measured before the was no observed difference in the measured 
cavities were physically moved, in order to values between beam on and beam off, indicating 
minimize possible contamination. A schematic beam-induced secondaries were not a problem. 
layout of the configuration is shown in Figure 1. The cumulative profile of the fluence achieved is 

shown in Figure 2. 

phosphors -. 
beam stop 

1 'cavities 
/ 

toroid 
\ ' liquid helium 

Figure 1. Schematic of the experimental set up, 
showing the beam going through a current toroid, 
the phosphors, the cryostat. the two 3 GHz 
cavities, and stopping in the beam stop. 

Achieving a fluence of 5x10'' p/cm2, which 
corresponds to a beam loss of 0.2. nA/m, was the 
minimum goal. In the actual experiment, we 
achieved fluences in excess of' 1 . 5 ~ 1 0 ' ~  p/cm2, 
which was a factor of 3 greater.than the expected 
worst-case lifetime beam-loss fluence for AFT. 

. . . .  . . . . .  

0 1 2 3 4 5 6 7  
irradiation number 3 BEAM DELIVERY 

The cavity and cryostat assembly was irradiated 
using thc LANSCE accelerator in an iUtX called 
the Blue Room. The Blue Room is a shielded 
area that can be configured for direct access to 
798-MeV protons with average current:; up to 500 

Figure 2. Plot showing proton fluence as a 
function of time in arbitrary units. The 
horizontal line shows the expected 40 year 
lifetime fluence for APT. 

4 LOW-POWER MEASUREMENTS n A. 

Irradiating two cavities was done primarily for 
redundancy, in the event one leaked. However, 
since neither cavity leaked, having two cavities 
allowed running one at low power until the end 
of the experiment. This was desirable as i t  was a 
way to eliminate the changes in the Qo that could 
occur due to RF conditioning at higher'fields. 

Since a major goal of the experiment was to 
measure the cavity properties as a function of 
proton fluence, accurate beam measurements 
were important. Beam current was directly 
measured using a beamline toroid upstream of 
the Blue Room. The measurenient was 
corroborated using an additional toroid before the 
cryostat. The first cavity in the beam was run only at low 

power levels, less than 50 mW, throughout the 
run. With &,T field levels in the cavity held 
consistently around 4-5 MVfm, conditioning- 
related changes in Qo were kept to a minimum. 
Only after the low power data was obtained was 
the power level in this cavity increased to 

Phosphors were used primarily for profiling the 
beam going into and coming out of the cryostat. 
They also served to give another corrolxmtion of 
the overall beam current profile by looking at the 
digitized light intensity from the phosphors. 

determine its field performance at full fluence. 
Low power points from the second cavity were 
also examined for corroborative purposes. The 
low power data for both cavities is shown in 

Finally, induced-activity dosimetry was done on 
the cavities and confirmed the cavities did indeed 
have the beam delivered on the equator. 

Figure 3. Within experimental accuracy, there 
was no observable change in the Qo with 
increased fluence. 

During the actual measurement, the beam was 
run for prescribed amounts of time at increasing 
average current levels. RF measurements of the 
cavities were done both while the beam was on 



the resultant larger temperature normalization as 
well as changes in the niobium thermal 

I I I 
I I conductivity are seen as contributing to the 

observed recovery in the quench field level to pre- 
I I I irradiation levels. 
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Figure 3. Plot showing the low-power unloaded 
Qo of both cavities as a function of proton 
fluence. Data normalized to 2.0 K. 

5 HIGH-POWER MEASUREMENTS 
The second cavity in the beam path was swept in 
power after each incremental increase in the 
fluence. The intent was to look for degradation 
in performance as a h c t i o n  of increased 
radiation damage. As shown in Figure 4, a 
variation in the Qo as a function of power was 
observed for increasing fluence that is attributed 
primarily to uncertainties in the temperature 
normalization and errors in the measurement of 
the Q o .  

t . E + l l  

8 1.E+10 

1 .E+09 
0 20 40 60 ao 

Ep (MWm) 

Figure 4. Variation of the Qo related to the peak 
surface electric field. m e  different curves 
represent different fluence levels. The downward 
trend did not consistently correlate with increased 
fluence. Data normalized to 1.8 K. 

For the quench field level, a mild downward 
trend of approximately 15 % was observed in the 
second cavity up to a fluence of 4 . 3 ~ 1 0 ' ~  protons, 
as shown in Figure 5. Above this level, 
mechanical problems necessitated running the 
cavity at a higher temperature (2.0-2.2 K), and 

0.3 0.7 1.3 4.3 6.2 6.2 
fluence (protons/lOelB) 

Figure 5. Peak electric fields obtained in 
multiple power sweeps as a function of fluence. . 

In general, no significant degradation in Qo was 
observed with increased radiation damage, and a 
mild downward trend in the quench field was 
observed. As the field levels for the APT cavities 
are conservative, i.e., not near the quench limit, 
this magnitude of change in quench field is not a 
concern. 

6 CoscLusroN 
The objective of this experiment was to evaluate 
the effect proton irradiation had on the 
superconducting properties of cryogenic niobium 
cavities. To a fluence level of 6 . 2 ~ 1 0 ' ~  protons 
( 1 . 6 ~ 1 0 ' ~  p/cm') at 798 MeV, there was no 
significant degradation observed in the Qo. M e r  
the 250 K anneal, changes of less than 139  in 
the low-power cavity Q were observed. 

A downward trend of approximately 15% in the 
cavity quench field was also observed, but for the 
modest gradients needed for APT, this is not a 
concern. 
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Abstract 
As part of the linac design for the accelerator 

production of tritium (APT) project, we are assembling 
the first approximately 20 MeV portion of this cw proton 
accelerator. Primary objective of this low-energy 
demonstration accelerator (LEDA) is to verify the design 
codes, gain fabrication knowledge, understand LEDA’s 
beam operation, and be able to better predict costs and 
operational availability for the full 1700 MeV APT 
accelerator. This paper provides an updated report on this 
past year’s progress that includes beam tests of the 75 
keV injector, fabrication of the 6.7 MeV radio--frequency 
quadrupole (RFQ), preparation of the facility, procurement 
and assembly of the rf system, and detailed design and 
documentation of many pieces of support equipment. 
First tests with the 6.7 MeV, I00 mA, cw beam from the 
RFQ are scheduled for late 1998. References are given to 
many detailed papers on LEDA at this conference. 

1 INTRODUCTION 

This overview paper will present only an executive 
summary of the many activities completed and undenvay 
on LEDA, the low-energy demonstration accelerator. In 
the process, we will reference the many recent 
publications and the several papers at this conference that 
provide much detail on LEDA activities. 

LEDA is designed as a prototype [ I ]  of the first 
approximately 20 MeV portion of the accelerator 
production of tritium (APT) accelerator 221 that will be 
built at Savannah River. Prototyping the first 20 MeV 
should significantly increase our confidence in this critical 
space-charge dominated structure [3,4,5]. LEDA’s 
beamline components will include a 75 keV proton 
injector, a 6.7 MeV RFQ, and approximately 20 MeV of 
CCDTL coupled-cavity drift-tube linac), a hybrid between 
a standard DTL and a CCL structure. 

Conceptual layout of the LEDA accelerator, showing injector, 
RFQ (behind waveguides), a section of the CCDTL, and the 
shielded beam stop. 

Work supponed by the US Dept of Energy, Defense Programs. 

Although being built at Los Alamos, and being led 
by Los Alamos personnel, LEDA represents a 
collaboration between several organizations. Major 
participants include: Westinghouse Savannah River 
Corporation, Lawrence Livermore National Laboratory, 
Allied Signal, Brookhaven National Laboratory, and 
heavy involvement by the APT Prime contractor, Bums 
and Roe Enterprises teamed with General Atomics. 
LEDA is intended to become the confirmatory prototype 
for the plant accelerator. 

Even though output energy is low (20 MeV), the 
average beam power (2.0 MW) of LEDA will rank i t  as 
the highest power proton accelerator in the world. 
Clearly, radiation shielding and power handling are 
important design issues. 

Most equipment ordering and detaiIed design on 
LEDA began in  November, 1995, although some 
conceptual design was begun earlier. In the following 
paragraphs, we summarize the LEDA status as of early 
May, 1997. 

2 SUBSYSTEM DESCRIPTION 
Injector: 

The LEDA injector is, at this time, the only fully 
operational part of the beamline hardware. This injector 
must supply a dc beam of at least 110 mA of protons at 
75 keV into the radio-frequency quadrupole (RFQ) 
accelerator. The operational injector uses a 2.45 GHz 
microwave ion source, a single-gap extractor, and dual 
magnetic solenoids to provide this beam. The ion source 
requires only 500-800 Watts of power to create a suitable 
plasma from which a 90% proton beam with >30% gas 
efficiency may be extracted [6]. 

The single-gap, spherically convergent extractor 
provides a beam with emittance of less than 0.2 7-c mm- 
mrad (normalized). 

The low-energy beam transport (LEBT) uses two 
solenoids and two steering coils to ensure a proper match 
into the RFQ. A well-cooled variable-iris device will be 
used to control injected current, and a microwave power 
modulator will be used to provide beam pulsing. 
Multiple extended beam runs with this injector have 
shown it capable of required current, emittance, stability; 
and measured erosion rates show a predicted maintenance- 
free lifetime exceeding 400 hours. LEBT physics design 
[7,8] is in good agreement with mechanical design [9] and 
detailed measurements [ 101. 

During the summer of 1997, the LEDA injector will 
be used to inject a 50 keV proton beam into the CRITS 
(Chalk River Injector Test Stand) RFQ. Beam operation 
with this 1.25 MeV cw RFQ will provide an additional 



confirmation of injector beam quality and will help to 
verify RFQ design codes. 

RFQ: 
LEDA’s RFQ [ I l l  is unique in terms of its long 

physical length (8 meters), high output energy (6.7 
MeV), large beam power (663 kW), and cooling 
requirements (1.27 MW). It is constructed as an all- 
brazed, 100% copper (OFE) structure, assembled from 
eight separate 1-m long sections [12]. When in 
operation, its only active resonance control is by 
modulation of input water temperature. 

Of the eight separate sections, three are used for 350 
MHz rf power feed via four 250 kW coupling irises, three 
are used to provide vacuum pumping. Each section 
includes ports for 16 static slug tuners, used only for 
tailoring initial field distribution. Design arid fabrication 
of the main structure is being done by and at Los Alamos. 
Livermore National Laboratory (LLNL) is responsible for 
the vacuum system [13], and Allied Signal’s Kansas City 
Plant is doing the resonance-control cooling system. 
Specialists from Northrup/Grumman Corporation assisted 
with structural and thermal analysis, design reviews, and 
tuning. 

At this point, the first two sections of the RFQ have 
seen the final fabrication steps; all others arc: in  advanced 
stages of machining and brazing. These first three 
completed sections are leak-tight, dimensionally correct 
and appropriately tuned for rf fields. The eight sections of 
the complete RFQ will be assembled into four tuned 
segments, with inter-coupling plates to distribute RF  
power. Assembly of the entire structure should be 
cornpleti. in January. 1998. and first beam should be seen 
6- 1 1 months thereafter. 

I 

First completed 1-m long section of the LEDA RIFQ. 

CCDTL: 
This new 700 MHz structure [ 141 promises to capture 

the best features of a DTL and a CCL, using either one or 
two simple drift tubes inside each n-mode (cavity. All 
quadrupole focus magnets are outside the drift tubes and 
cavities, so alignment is not critical. Extensive 

measurements with a ‘cold-model’ calibrated our 3-D 
design codes and helped to tailor the coupling slots 
between all cavities. Within the next few months, a ‘hot 
model’ will be used to test structure cooling and response. 

RF power systems: 
LEDA will require a number of approximately 1-MW 

cw rf power systems [ 151 to power the RFQ and CCDTL 
cavities. Three 1.2 MW 350 MHz systems will feed into 
the RFQ. Three 700-MHz 1.0 MW systems will be 
needed for the CCDTL. In addition, LEDA facilities will 
be used to qualify and test all rf system components. 

The first two 350 MHz klystrons have been shipped 
to Los Alamos, two 1-MW circulators have arrived, and 
the first transmitter (klystron electronics) is on hand. The 
first high-voltage power supply should ship soon. 
Meanwhile, crews at Los Alamos are assembling and 
checking all available components and support systems. 
Two 350 MHz rf vacuum windows were tested [16] with 
power levels of 950 kW. During operation, these 
windows will be run at 250 kW. During the last several 
months of 1997, we will be testing all rf components and 
preparing the setup of the three 350 MHz stations [17] 
needed for supplying power to the RFQ. 

Low-level rf systems: 
The sophisticated controls and electronics of‘ the 

LLRF system will set and maintain proper phase and 
amplitudes of all accelerating cavities [ 18,191, distribute 
reference signals along the beam line and provide many 
feedback signals from the cavity and beam pickup devices. 

Controls: 
LEDA will use a distributed control system. EPICS 

was originated for GTA and has since been highly 
developed by use at the APS (Advanced Photon Source) 
and Jefferson Lab, in  addition to nearly 50 world-wide 
locations, plus embraced and enhanced by at least three 
commercial ventures. Many systems will have lccalized 
control with dedicated PLCs, but all operational status and 
control commands can be accesses through the EPICS 
operator interfaces. InpuUoutput controllers or IOCs will 
provide this local interface (through VXI and VME 
hardware) and provide links into the centralized database- 
driven communication. An EPICS station and all 
peripherals have been controlling the LEDA injector for 
more than the past two years. Automated control routines 
provide a prompt and complete hands-off, full-beam 
recovery from any interruption such as a high-voltage 
sparkdown. 

3eam transport and beam stop: 
The purpose of LEDA’s beamline components after 

the accelerator are to safely carry the beam to a high- 
power dump, and to do confimatory measures of beam 
parameters. Initial testing will be done with a very 
simple transport line [20], merely to confirm RFQ 
performance. Later, a magnetic lattice similar to that used 



with the CCDTL can help to predict the critical matching 
between the different structures. 

For tests at both 6.7 MeV and 11 MeV, the beam 
will impinge either on graphite tiles or a nickel-plated 
copper plate. This beam stop plate will be mounted 
inside a large vacuum vessel and surrounded by one-meter 
thick magnetite concrete to shield against both prompt 
and residual neutrons and gammas. A linearized 2-D 
beam rastering system [21] will be used to uniformly 
distribute the beam power over the beam stop surface. 

Beam Diagnostics: 
An important and essential feature of LEDA is the 

use of extensive (mostly non-interceptive) diagnostics 
[22] to measure and characterize the beam position 
[23.24], phase and energy [XI. This information will be 
used to confirm and refine accelerator designs. 

Facility Modifications: 
LEDA is being assembled and will be operated in the 

former GTA (Ground Test Accelerator) facility. This 
experimental structure, with a 140 m long buried beam 
tunnel. \vas built to house a 100 MeV, 100 mA, 5% DF 
accelerator. It is thus generally appropriate for LEDA, 
but requires upgrades to greater than 10 MW of ac power 
and cooling water. 
Safety Systems: 

Operational run-permit will be incorporated into the 
EPICS control system, with scores of interlocks to ensure 
that components and systems are operated only when the 
risk of equipment damage is very low. A hard-wired fast- 
protect system will ensure the near-immediate (10--20 ps) 
turnoff of the beam in  event of beam spill as detected by 
fast ionization chambers. Totally separate from both these 
equipment safety systems, a personnel access control 
system (PACS) will be used to ensure that all personnel 
are excluded from the beam tunnel whenever beam or high 
rf power might be present. This PACS is very similar to 
the recently upgraded system in use at LANSCE. 

An  environmental assessment (EA) was completed 
and approved for LEDA more than one year ago. Other 
than the increased use of ac power and water for cooling, 
environmental impacts from LEDA are extremely minor. 
Meanwhile, a draft safety analysis document (SAD) has 
been prepared and reviewed. This SAD is complete except 
for some refinements on the beamstop radiation 
calculations. 

3 Summary 

The LEDA project is on schedule to progressively 
assemble and test major components of a high-power, cw 
accelerator, first at 6.7 MeV, then 11.2 MeV, and finally 
at approximately 20 MeV. This collaboration of several 
national laboratories and international industries should 
advance significantly the technology of high-current, 
high-power accelerators. 
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OVERVIEW OF THE APT HIGH-ENERGY BEAM TRANSPORT 

R. E. Shafer, B. Blind, E. R. Gray, J. D. Gilpatrick, D. Barlow, and G. P. Lawrence. 
Los Alamos National Laboratory, Los Alamos, NM 87545 

AND BEAM EXPANDERS 

Abstract 

The APT high energy beam transport (HEBT) and 
beam expanders convey the 1700-MeV, 100-mA cw proton 
beam from the linac to the tritium targethlanket assembly, 
or a tuning beam stop. The HEBT includes extensive beam 
diagnostics, collimators, and beam jitter correction, to 
monitor and control the 170-MW beam prior to expansion. 
A zero-degree beamline conveys the beam to the beam stop, 
and an achromatic band conveys the beam to the tritium 
production target. Nonlinear beam expanders make use of 
higher-order multipole magnets and dithering dipoles to 
expand the beam to a uniform-density, 16-cm wide by 160- 
cm high rectangular profile on the tritium-production target. 
The overall optics design will be reviewed, and beam 
simulations will be presented. 

1 INTRODUCTION 
The Accelerator for Production of Tritium (APT) is a 

1700-MeV, 100-mA cw proton accelerator designed for the 
production of tritium in a targethlanket assembly via the 
reaction 3He(n,p)T [I ] .  The beam from the 700-MHz 
superconducting (SC) rf linac [2] is transported to either a 4- 
MW low-duty-factor beam stop, or the tritium-production 
target by means of the high energy beam transport (HEBT), 
the switchyard and bend, and beam expanders. 

The overall beamline layout is shown in Fig. 1. The 
approximate beamline length is 250 m from the linac to the 
beam stop, and 280 m from the linac to the tritium 
production target. 

100 meters 

End Of J i t t e r  Coll imator 
Beam 

chamber 

Fig. I .  The overall layotlt of the APT beam delivery system. 

The purpose of the beam delivery system is to 
transport the beam to either of the end stations and expand 
it, to Rduce the beam power density to acceptable levels. 
The HEBT includes beam diagnostics to characterize and 
monitor the beam, a system to correct beam position and 
angle jitter, and a collimator to intercept beam halo. The 
switchyard, which includes a 53.13', 5-FODO-period 
achromat, directs the beam to either the beam stop or the 

tritium-production target. Finally, the beam expanders 
transform the beam to a 16-cm-wide by 160-cm-high 
uniform density distribution at the target windows. Each of 
these systems is described in more detail below. 

2 HEBT AND EXPANDER LAYOUT 

2.1 High Energy Beam Transport 

The HEBT consists of an 8-meter-period FODO 
lattice, with a 72' zero-current phase advance per period. 
This 8-meter periodicity is maintained throughout the 
HEBT and switchyard to both end stations. The initiaf 
HEBT aperture is 16-cm diameter, to match the aperture in 
the superconducting (SC) linac [2]. The first 29 m is an 
adiabatic match from the SC linac focusing lattice. This 
FODO lattice also includes beam diagnostics to characterize 
and monitor beam energy, beam current, beam profiles, and 
a beam jitter control system to remove any residual 
transverse beam jitter and steering errors not corrected by the 
beam steering control system in the linac. The beam 
diagnostics for characterizing the linac is described elsewhere 

This HEBT section is followed by a 20-m-long 
adjustable-aperture collimator system to remove any 
excessive beam halo that might result from mismatches, 
beam turn-on transients, or component failure in the linac. 
The collimator is specifically designed to absorb up to 
about 1 kW of beam continuously, or individual pulses of 5 
kJ, corresponding to about 30 p e c  of full-power beam. 
This unit  is heavily shielded, and is specifically designed to 
allow remote maintenance. 

The remainder of the HEBT is a continuation of the 
same FODO lattice, but with the aperture reduced to 8-cm- 
diameter. 

The nominal rms beam radius in the HEBT is about 1 
mm, corresponding to a normalized rms emittance of 0.2 K- 
mm-mrad. The nominal aperture to beam-size ratio is 70: 1 
in the 16-cm dia. section, and 35:  1 in the 8-cm dia. section. 

[31. 

2.2 Switchyard and Bend 
The switchyard includes a 40-m section of the 8-m 

FODO lattice, a FODO cell with a dipole insertion for 
directing the beam to either the target or the beam stop, and 
a 5-FODO period, 36O0-zero current phase advance, 53.13' 
achromat. The dipoles are placed immediately downstream 
of D-quads to minimize the dispersion in the achromat to 
about 2.6 cm per % Ap/p. Each dipole is about 1.3-m long, 
with a field of 1.2 T, and has a bend angle of 10.63'. Each 
quadrupole has a GL product of about 2.5 T. The beam 
aperture of the dipoles is 11 cm horizontally, and 7.3 cm 
vertically, while the beam aperture of the achromat 



quadrupoles is 9 cm. The energy acceptance of the achromat 
is k 20 MeV. 

The high-dispersion areas of the achromat will be used 
for both momentum collimation and for measurement of 
beam enersy and energy spread. Beam energy is also 
measured in the HEBT using time of flighl diagnostics. 
Momentum collimators will have adjustable apertures to 
intercept off-momentum beam halo, and off-momentum 
beams that may result from linac klystron trip!;. At the high 
dispersion points, the 2-MeV expected energy spread 
contributes about 2-mm to the horizontal beam size, 
compared to the 2-mm width in zero-dispersion areas. Thus 
both energy spread and energy changes can be observed in 
these high dispersion regions. 

If needed, a second achromat can be inserted in  the 
FODO lattice 40-m upstream of the first one. 

2.3 Beam e.upnnder 

Because of the concern about beam losses in the small 
apertures of the nonlinear expander, an alternate expansion 
scheme using rastering is being studied. This system is 
based on a high frequency triangle current-waveform 
modulator using XGBTs (insulated gate bipolar transistors) 
with femte dipole deflector magnets [6]. This triangular 
current waveform produces a uniform beam power density 
on the target. Four independently-powered deflectors, each 
about 40-cm long, are used in each plane to raster the beam 
at about 500 Hz vertically and 575 Hz horizontally. This 
beam-expansion concept has a much larger beam aperture 
than the nonlinear folding concept, and potentially improved 
control of the beam distribuion on the target (independent of 
the input beam), but has the additional risk of thermal 
fatigue in the target, and the possibility of target damage in 
the case of raster system failure. These issues are being 
addressed in the study. 

The purpose of the beam expander is to expand the 
beam from its nominal 2-mm width to a uniForm-density, 
16-cm wide by 160-cm high image on the target. The 
nonlinear beam expander optics includes about 50-m of 
magnetic optics that sequentially folds the vertical and 
horizontal tails of the nearly Gaussian beam profile back 
onto the core, in order to achieve a -nearly rectangular 
expanded-beam having a unifirm profile with ;i 10:l aspect 
ratio 141. The bcam expander optics, shown in Fig. 2, 
include a 4-quadrupole matching section, a nonlinear magnet 
to fold the beam in the y-y’ phase space, a tNequadrupole 
intermediate lens, a second nonlinear magnet to fold the 
beam in  the x-x’ phase space, two dithering dipoles to 
shake the expanded beam k I cm horizontally and k 2 cm 
vertically, and a final quadrupole-doublet objective lcns to 
focus the bcam through two neutron backshine shields i n  
the beam expansion chamber. 

Neulron Sackshine 
shield. 

O F O F  
Malchmg section quads 

c 
10 meters Expander quads 

Fig. 2 .  Beam expander optics. 

The beam folding in  each plane is carried out in two 
stages, as illustrated in  Fig. 3. First, the non1int:ar magnetic 
fields, including octupole and higher-order terms, fold the 
beam phase-ellipse in y’ (or x’) space. Then, when the 
beam drifts in  a long field-free repion, the tieam ellipse 
shears in y (or x) space, causing the tails in the transverse 
profile to fold back onto the core of the beam. ‘This folding 
is done sequentially in  the y-y‘ and the x-x’ phase spaces. 

Two nonlinear (multipole) magnets suitable for beam 
folding at SO0 iMeV have been built, and are now being 
tested at LANSCE in a prototype nonlinear beam expander 
PI. 

G Y axis 

ig. 3. The folding process for the nonlinear magnets. 

2.4 Beam expansioti chamber 

Fig. 4 shows the 30-m long beam expansion chamber. 
In order to limit the backstreaming neutron flux from the 
target, the expansion chamber includes two neutron 
backshine shields. These shields are placed at the vertical 
waist in the expanding beam, about 0.5 m downstream of 
the last quadrupole, and at the horizontal waist, about 1 I-m 
downstream of the last quadrupole. These neutron shields are 
about 1.5-m-thick iron shields, with a 2-cm high by 15-cm 
wide contoured slit at the vertical waist, and a 3-cm wide by 
80-cm high contoured slit at the horizontal waist. Their 
upstream side will be covered with a boron-loaded material 
to absorb low-energy neutrons. The expected backstreaming 
neutron flux inside the beam expander optics is about 3 x 
IO9 n/cm2/s, and the annual neutron fluence is of the order 
of 1 x 1017 neutrons/cm2, because the neutron shields 
together limit the view of the target from the beam expander 
to about 2% of the target frontal surface area. 

The beam expansion chamber includes extensive 
multiwire beam diagnostics (secondary emission arid 
resistance wires) to determine and monitor the expanded 
beam profile. These beam diagnostics systems, described 
elsewhere [3], are inserted through either of two beam 
diagnostics towers, shown in Fig. 4. 



Beam diagnostics towers 

1R imaging tower (one d two) 

Fig. 5 .  isometric plot of simulated particle distribution on 
target. The horizontal width is 16 cm, and the vertical height is  
160 cm. 

4 CONCLUSION 
‘ Horizontal backshhe shield 

Fig. 4. 30-m long beam expansion chamber. 

3 BEAM SIMULATIONS 

Beam simulations using space-charge codes 
(PARMILA and TRACE-3D) show that the SC linac beam 
is easily matched into the 8-m period FODO lattice from 
the SC linac wihout any indication of space-charge effects 
in the transverse planes. The aperture to r m s  beam size ratio 
is about 70: 1 in the 16 cm diameter HEBT, and 35: 1 in the 
8-cm diameter section. The longitudinal bunch length of the 
individual microbunches grows slightly in  the HEBT as 
expected, but this is inconsequential. In addition, the &am 
simulations through the achromat show no space-charge 
effects. The maximum dispersion i n  the achromat is about 
2.6 cm per IC Ap/p. With a total energy spread of 2 MeV, 
the beam width increases by about 2 mm in the achromat. 
The residual dispersion after the achromat is near zero, and 
the beam shows no residual effects of the 53.13” bend. 

In the beam expander, the 4-quadrupole matching 
section focuses the beam into the first nonlinear magnet 
with a horizontal beam waist, and into the second with a 
vertical waist. The folded beam then expands in  both planes 
to the final quadrupole doublet. 

End-to-end particle-tracking simulations, from the 
RFQ to the tritium-production target, are being used to 
evaluate the beam-expander design. These simulations 
include up to 100,000 particles, and include effects such as 
rf phase and amplitude errors, loss of one klystron, 
quadrupole field and alignment errors, etc. The simulations 
indicate that roughly 1 particle in 100,000 either may hit  
collimators shielding the nonlinear-magnet coils, or may be 
deflected by a nonlinear magnet into downstream 
collimators. This is equivalent to 1000 to 2000 watts of 
beam loss, and may lead to radiation damage and premature 
beamline-component failure (magnets and beam 
diagnostics), and indicates the need for remote maintenance 
capability. The beam expander physics model used in the 
simulations is being improved to better ascertain the 
expected beam loss, and design work is going on to increase 
the physicaI aperture of the nonlinear magnets [7] .  

The conceptual design of the high energy beam 
transport to the beam expanders is nearly complete, and 
meets all the necessary requirements for the APT project. 
Design of the nonlinear beam expanders is still in progress. 
with the major effort being to improving the models used in  
the beam simulations, simulating a wide variety of off- 
normal linac operating conditions, and increasing the 
expander magnet apertures. A parallel effort is examining 
the alternate expansion scheme based on beam rastering. 
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A 6.7-MeV CW RFQ Linac * 
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Abstract 
A 6.7-MeV 350 MHz, cw Radio Frequency Quadrupole 
proton linac has been designed and is being fabricated for 
the Accelerator Production of Tritium Project at Los 
Alamos. This eight-meter long structure consists of four 
resonantly-coupled segments and is being fabricated using 
hydrogen furnace brazing as a joining technology. Details 
of the design and status of fabrication are reported. 

1 INTRODUCTION 
The linear accelerator for the Accelerator Production of 
Tritium Project (AFT) [ l ]  will include a 6.7-MeV Radio 
Frequency Quadrupole (RFQ) linac. The first phase of the 
project, the Low Energy Demonstration Accelerator 
(LEDX) [ 2 ] ,  is to demonstrate performance of the RFQ 
plus a CCDTL. [3] to 20 MeV. The technical 
specifications for the APTLEDA RFQ are given on Table 
I .  

TABLE 1: AF’TLEDA RFQ SPECIFICATIONS 
L 

PAR45fETER 1 VALUE 
Frequency I 350.00MHz 
Particle I H+ 
Input Energy I 75 keV I 
Input Current I 105mA 
Input Emittance, trans./norm. I 0.020 x-cm-mrad rms 
Output Energy 6.7-1MeV 

Output Emittance, trans./norm. 
Output Current 100 mA 

0.022 n-cm-mrad rms 
1 longitudinal I 0.173 deo-MeV 1 

The design and construction of an RFQ to deliver an 
average proton current of 100 mA at 6.7-MeV is a 
significant challenge for the beam dynamics and thermal 
management. The original concept of the APTLEDA 
RFQ was developed in 1993 [4]. Since then a number of 
the physics parameters have changed to reflect revised 
requirements for matching to the LEBT and CCDTL as 
well as to take advantage of improvements in the transport 
codes [ 5 ] .  Along with this, the fabrication concept has 
changed from the electroformed-joint design developed 
for the BEAR Project [6]  to a furnace-brazed design [7]. 

Subsequent sections of this paper describe the cavity 
design, the engineering design, and the present status of 
the fabrication. 

2 PHYSICS DESIGN 
The physics design is discussed in detail elsewhere in 
these proceedings [ 5 ] .  The parameters are plotted in 
Figure 1. 

Position (cm) 

Figure 1: Calculated Physics Parameters 
(Peak Surface Fields are Divided by 10) 

3 CAVITY DESIGN Resonant Segments 
Brazed Sections 
Slug Tuners 
Lenqth 
Weight 
Inlet Coolant Temperature 500F walls. 
Operating Temperature I 85oF 

4 8 2.0 meters each 
8 Q 1.0 meters each 
128 total 
8.0 meters 
5000 Ib. 

, The cavity cross-section is the “conventional” triangular 
shape with a significant longitudinal variation in the width 
of the vane skirt. The skirt profile is shown on Figure 2 .  
This profile minimizes the power deposited on the cavity 

* Work Supported by t he  US Department of Energy 



The 8-meter-long structure is designed as four resonantly 
coupled 2-meter-long segments [SI to assure loneitudinal 
stabilization. Stabilizer rods [9] on the inter-segment 
coupling plates and end walls provide azimuthal 
stabilization without the scalloping of the on-axis fields 
associated with vane-coupling rings [ 101 c r  pi-mode 
stabilizers [ 111. 
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Figure 2: Vane Skirt Width Variation 

4 ENGINEERING DESIGN 
The cavity is fahricated as eight one-meter-long sections 
each consisting of two major and two minor vanes. There 
are 24 longitudinal coolant passages in  each of the 
sections to remove the 1.2 MW of average structure 
power. These are machined into the OFE-copper substrate 
and then plugs are brazed on. In order to proviJe coolant 
passages as near as possible to the vane tips, thc: vane tips 
are fabricated separately and brazed onto the vane bases. 
These are thc only water-to-vacuum braze joint.; and they 
are a doublc joint of nearly one-inch width. This is shown 
on Figure 3. 

For resonance control, the tip coolant passages ("A" 
& "B") are operated with 50oF coolant while the 
temperature of the coolant in the outer ("C,'', "D," 
"E," 8: "F") passages is modulated to maintain the 
cavity on resonance. The rf power in each of the four 
resonant segments is significantly different (A = 188, 
B = 318, C = 361, & D = 398 KW respectively) and 
the inlet temperature of the coolant i:; varied 
accordingly. The error signal for the rt- =soname 
control system is derived from the reflected power. 
A compromise between longitudinal temperature 
variation in the sections and flowerosion 
considerations led to a decision for a maximum bulk 
velocity of 15 ft/sec. The total flow through the 
cavity is 1,190 GPM. The peak surface heat flux on 
the cavity walls is 13 W/cm' at the high-energy end. 

The peak temperature on the cavity wall surfaces is 
predicted to be 100°F. 

The peak surface heat flux in the undercut region a t  
the high-energy end is predicted to be 65 W/cm2 
with the peak temperature in this region predicted 
to be  1300F. 

UXILANT PASSAGES (24 prr SECTIPO 
W E L E D  w r . t .  SECTIDN L QUADRANT. 
r.g* for SECTlDN Bb B13D 

VERTICU. TIP 
erd 

Figure 3 RFQ Cross-Section 

The 500F inlet coolant temperature requires a 
refrigeration system instead of the cooling tower 
more commonly used for linacs. The cooling tower 
would provide an inlet coolant temperature of about 
105oF with correspondingly higher peak surface 
temperatures on the cavity walls and end undercut 
regions. The higher temperatures on these surfaces 
would have higher thermal loads d u e  to increased 
surface electrical resistance. Additional rf power 
would also have been required with the higher 
coolant inlet temperature. 

The beam loss will be approximately 5 mA of H+ 
and will occur in the first section. The vacuum 
system will have eight 8-inch cryopumps which 
includes installed redundancy to allow regeneration 
while the linac operates. This was necessary to meet 
the APT availability requirement. 

Power is supplied to the cavity through 12 
waveguide irises (Figure 4). There are three 1-MW 
klystrons which will normally operate a t  2 / 3  rated 
capacity. This will extend both rf window and 
klystron lifetimes. In the event of a klystron failure, 
the RFQ can operate with the remaining two 
klvstronq. 
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Figure 4: APT/LEDA RFQ Schematic 

7 REFERENCES 5 FABRICATION STATUS 
Detail design of the APT/LEDA RFQ began in 
October of 1995. The RFQ cavity is being fabricated 
and brazed in the LANL shops. At the present time, 
three of the eight sections have been completed and 
machining of components of the remaining five 
sections is underway. A photo of Section A2 is 
shown in Figure 5. 
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Figure 5: APT/LEDA RFQ Section A2 
After Furnace Brazing 
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Abstract 

This paper describes the design and fabrication of a 
vacuum pumping system for the APTLEDA (LOW 
Energy Demonstration Accelerator) RFQ @ d o  
Frequency Quadrupole) linac [lj. Resulted from the lost 
proion beam, gas streaming from the LEBT (Low Energy 
Beam Transport) and out-gassing from the surfaces of the 
RFQ cavity and vacuum plumbing, the total gas load will 
be on the order of 7.2 x 10 Ton-literdsec, consisting 
mainly of hydrogen. The system is designed to pump on 
a continual basis with redundancy to ensure that the 
minimal "operating vacuum level" of 1 x 10 Ton is 
maintained even under abnormal conditions: Details of 
the design, performance analysis and the preliminary test 
results of the cryogenic pumps are presented. 

-4 

-6 

1 INTRODUCTION 
The APTLEDA RFQ consists of four resonantly coupled 
two meter segments. The over-riding requirement for the 
APTLEDA RFQ vacuum pumping system is that it be 
capable of pumping the combined gas load from the lost 
proton beam, gas streaming from the LEBT (Low Energy 
Beam Transport) and out-gassing from the surfaces of the 
FSQ cavity and vacuum plumbing. The total gas load 
will be on the order of 7.2 x Ton-liters/sec. The 
main pas to be pumped will be hydrogen and the system 
must be able to pump hydrogen on a continual basis. 
Vacuum pumps are to be completely oil-free (both high- 
vac and roughing) and a single pump type must pump all 
other species of gas (02. N, and any outgassed mixture). 
Redundancy must be provided in the system pumping and 
gauging to ensure that the minimal "operating vacuum 
level" of 1 x Torr is maintained despite pump 
failures in  the system. All pumps, valves and gauges 
must be replaceable without bringing the RFQ cavity up 
to atmospheric pressure. 

2 D E S I G N  

2. I Design Requirements 

Tables 1 and 2 summarize the vacuum parameters and 
pumping system requirements for the APTLEDA RFQ 
respectively. 

11 PARAMETER 1 VALUE I 1  
Surface Outgassing Rate 2.4 X 10 Torr-litenlcm--sec 

. .  . .  

3 @ Section A2 
3 @ Section CZ Pumping Plenums 

Table: Vacuum Parameters 

VALUE PARAMETER 

1.OX 10 Torr 

' Pump Down Time s 30 nunutes 
Concurrent Regeneration Must Occur Dunng 
Regeneration Operation 
Instailed Redundancy System Must Operate with a Pump 

Failure During Repneration 
Redundant Gauging False Posiuves Must be lkrected 
Standalone Operation System Must Operate Independently or 

LEDA Conml System 
Control System System Must Accept Commands gL 
Interface Provide Signals to LEDA Control 

System 11 RF Window Vacuum I System Must Allow for Vacuum 
1 Pumping of 12 RF Windows 
I System Must Meet All Codes & 

II I Recent No Safetv Ha7~rdc  II 

Table 2: Pumping System Requirements 

2.2 Design Approach 

Since the intent of the LEDA is that it will be a working 
prototype for the AFT accelerator, it is imperative that 
the vacuum pumping system for the APTLEDA RFQ be 
fully suited for actual APT operation. In developing the 
conceptual design for the vacuum pumping system we 
strove to meet the requirements set forth in the scope of 
work, and also expanded on those requirements by 
utilizing a "3 R's" approach i n  the design. We made a 
conscious effort to build in a robustness that will 
guarantee adequate pumping during all operating 
conditions of the accelerator. 
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Fig. 1 RFQ Vacuum Pumping System 

This was accomplished by researching and specifying 
reliable components in the system to safeguard against 
possible failures. In addition. we installed redundancy to 
counteract any unforeseen operating conditions or 
vacuum failures in  the system. 

2.3 Sysreni Design 

Figure 1 shows the layout of the pumping stations and 
roughing system for sections A l ,  A2 and C 2  of the RFQ. 
We opted to use cryopumps based on dynamic analysis of 
performance during both nominal and abnormal 
operations, as. well as total system pumping speed versus 
cost. Two Varian DS-600 Dry Scroll Pumps were chosen 
for the roughing system. These pumps provide a total 
pumping speed of 1000 Umin atatmospheric pressure 
with an ultimate total pressure of I O 2  Torr and are 
totally hydro-carbon free as required. The system can be 
pumped down to below the cross-over pressure 
(- 100 mTorr) of the cryopumps in such II arrangement 
within 30 minutes. 

The majority of the pumping is located in sections 
A1 and A2 of the RFQ as most of the gas load occurs in 
the first two meters. Two 2200 Us (for hydrogen) 
cryopumps are attached to the pumpstation at section Al ,  
while section A2 has one 2200 Us cryopunnp and a 500 
L h i n  roughing pump. The vacuum headers of A1 and A2 
are plumbed together via an 8" spool to allow cross- 
pumping between the two stations. The pumpstation at 
segment C2 of the RFQ is similar in configuration to 
that of A1 and A2. but contains two 2200 u:S cryopumps 
and one 500 Umin roughing pump. 

Having a total of five cryopumps and two roughing 
pumps in the vacuum system guarantees the ability to 
individually regenerate cryopumps during accelerator 
operation. In addition, as shown in the analysis summary, 
the redundancy ensures that the "operating pressure" is 
maintained should one pump fail while another is in its 
regeneration cycle. 

.-6- Bellows Spool 
S t  o i n I e s a  S t e e  I--, 1 P o r t  Adopier Spool '-. 6 

I .  

i .. . .  
E x i s t i n g  RTO-' ; I 1,: 

_I 
!.. 
; \  

Yotuum P o t  t 

! -Vacuum Plenum 

-_4- 

Fig. 2 RFQ Vacuum Port Adaptor Spool & Bellows 
Assembly 

The port adapter spool shown in  figure 2 is 
constructed from 304 stainless steel plate and an 8" 
conflat flange. It provides the transition from the RFQ 
vacuum port to the plenum. The 6 siot configuration of 
the RFQ vacuum port flange has the poorest conductance 
of any component in the system and the aggressive taper 
from the oval shape of the vacuum port flange to the 
circular plenum flange has a significantly higher 
conductance than would a straight oval or rectangular 



spool transition piece. Since the RFQ cavities are 
fabricated from copper, it is difficult to provide a metal 
seal between the adapter spool and vacuum port. An 0- 
ring groove, designed to accept a standard sized O-ring, is 
machined into the mating face of the adapter spool and a 
viton O-ring will provide the seal. This is the only 
connection in the high-vac system that will not have a 
metal seal. However, the RFQ vacuum port is wafer 
cooled to a temperature suitable for viton use. 

3 SYSTEM ANALYSIS 
Dynamic system analysis were carried out for 

pumpdown. nominal operation and under abnormal 
conditions. This was done by solving the coupled 
'differential Heat-Load Equations described for each 
sezg-tent: _ _  

where V,, Q, and P, represents the volume,. gas load and 
pressure in segment i respectively. C is the total effective 
conductance of the RFQ pump ports, and K is the 
conductance of the coupling plates between two se-ments. 
P: is the effective pressure at the port adaptor described 
by the equation for pump station j as: 

QJ 
- V . L = S ,  P ,  - Q j + C ( q - P j )  

J I 

where S, is the effective pump speed at the pump ports 
with all the conductance of the plumbing taken into 
account. One example of the analysis results is shown in 
Fis.23. Description of the sequence of events is listed in 
Table 3. 

' APTRFQNacuum 
i I i I I 

- 
- 

.a -- - --- - --- 
- 

I -- --- --- 

- Seg-A 
- - Seg-B 
- Seg-C - Seg-D 

Time (s) 

Fig. 3 Analysis Results of Simulation of Loss of Pumps 
i n  Segment A. 

II (1 Time Interval (s) I Description 

I 0 - 5  11 5 -10 
I Base pressure with out-gassing load 
1 With qas streaming from LEBT 

IO- IS 
I5 - 25 

1 With one pump out o i  service 
I with two pumps out of service 

1 I 
Table 3 Description Sequence of Events in Fig. 3 

It is clearly shown that the minimum operating pressure 
of lo6 Torr can be maintained even if two out of three 
pumps were taken out of service. 

4 CRYOPUMP TEST 

To verify the major design parameters, we have 
started a series of performance tests on the cryopumps 
procured for the system @ban ICP 2004). Major tests 
include the measurements of H2 pumping speed and H2 
capacity. We have adopted the standard test arrangement 
(AVS Procedure 4.1) [2]. Preliminary results of measured 
hydrogen pump speed are shown in Fig. 4. It should be 
notd that the measured value of 2700 Us exceeds the 
vendor's specified value of 2200 Us. Results of the 
pump speeds with H2 quantity sorbed up to 30 L will be 
pubiished at a later date. 

Ebara ICP 2000 Cryopump 
Hydrogen Pump Speed 

o i o  20 30 4 0  5 0  60 70 
Ousntity S o w  (Torr-llmrs) 

Fig. 4 Measured Pump Speed vs H2 Quantity Sorbed 
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Abstract 

The computer codes TRACE and SCHAR model the 
Low-Energy Demonstration Accelerator (LEDA) LOW- 
Energy Beam Transport (LEBT) for 75-keV, 110-mA, & 
H' beams. Solenoid-lens location studies verify that the 
proposed LEBT design gives a near-optimum match to the 
LEDA RFQ. The desired RFQ transmission (2 90%) and 
output emittance (5 0.22 n mm mrad, transverse) are 
obtained when PARMTEQM transports the file for the 
SCIIAR-generated optimum beam through the RFQ. Fig. 1. The LEDA baseline LEBT design. 

1 INTRODUCTION 
The LEDA microwave-driven source H' beam (75 keV, 
130 mA, 85% H' fraction) is matched to the LEDA RFQ 
[ I ]  using the two-solenoid, gas-neutralized LEBT [2] 
described in Ref. [3]. Two steering-magnet pairs provide 
the desired beam position and angle at the RFQ match 
point. Beam neutralization of 95-99% occurs in the 
LEBT residual hydrogen gas [4]. We model the emittance 
growth in the LEDA LEBT design (Fig. 1) using TRACE 
[5] and SCHAR [6]. The RFQ output beam is calculated 
by transporting the SCHAR-generated beam through the 
RFQ with PARMTEQM [7]. 

2 INPUT PARAMETERS 
The LEBT input H+ beam parameters are determined from 
measurements on the prototype LEDA injector, shown in 
Fig. 1 of Ref. [8]. TRACE drifts the beam (Fig. 4 of 
Ref. [SI) back along that 2.1-m long LEBT, from the 
emittance-measuring unit (EMU) to the 8.6-mm-diam ion 
source emitter. At the EMU this beam has total current = 
130 mA, proton fraction = 87.7% (H' current = 114 mA), 
rms normalized emittance E, = 0.207 n: mm mrad, and 
a = -2.087 and p = 16.908 mm/mrad at 10% threshold. 

TRACE gives an H' beam size at the ion source 
emitter SR,,,, (= 4.3 mm) for unneutralized currents (I,.[J 
between 0.6 and 4.0 mA. The beam is converging for 0.6 
mA; for 4.0 mA, it  is diverging. The diverging beam is 
used because it is the "worst case." Unlike TRACE, 
SCHAR is a "6rms" code, so a value of ICff that gives a 

Using those TRACE parameters, SCHAR* predicts 
E, = 0.243 x mm mrad at the EMU, about 17% higher 
than the measured value. The input parameters are scaled 

keeping the phase-space ellipse orientation and x,,, the 
same but adjusting the phase-space area up or down 
depending on [E,~~/E.,,~]. SCHAR gives the measured cN to 
within 0.01% after two iterations. The resulting SCHAR- 
predicted input beam (Table 1) has E, = 0.175 n mm 
mrad. Using SCHAR to transport the beam parameters in 
Table 1 through the 2.1-m LEBT also gives the 
approximate measured phase-space shape at 10% contour 
(Fig. 5 of Ref. 8). The LEDA LEBT TRACE and 
SCHAR simulations described below use the input H' 
beam parameters given in Table 1. 

using a n e w  = a ~ I d [ & o l d / ~ n c \ u l  h e w  = ~old [Ea ld%wlr  

3 LEDA LEBT TRACE SIiMULATIONS 
The H+ beam matching parameters for the RFQ are CL = 
1.909 and p = 0,1175 mm/mrad for an RFQ input H' 
beam current = 110 mA and E, = 0.20 n: mm mrad. The 
TRACE-calculated tuning curves for the baseline LEBT 
design are shown i n  Fig. 2. These tuning curves arr: 
generated by fixing the magnetic field of solenoid #1 
(Bs,l#l) and varying the magnetic field of solenoid #2 
(Bsol#J. The matched a and p values result for BsolXl = 
2700 G and Bsola = 3667 G. The 21.59-cm-long, 10-an- 
i.d. solenoid lenses provide dc fields 15000 G, so the 
LEBT design shown in Fig. 1 has the tuning capability to 
match the H+ beam from the source into the RFQ. 

beam size of 4.3 mm/(1.5)"* = 3.51 mm is chosen for the 
SCHAR calculations. The TRACE calculation for Icri = 
3.5 mA, with a = -0.620, p = 0.19 mmlmrad, and E, = 

Table 1. TRACE and SCHAR parameters that reproduce 
the previously-measured phase-space distribution [SI. 

0.207 n; mm mrad, matches this value closely (3.52 mm). 

Work supported by the US DOE, Defense Programs. 
* vu= [2E/m,,~~]''~c, rI2 =-a/[ 1+a2]"', xmnx =[P~(6rms)]'", 

TRACE L = 4.0 mA) 
E = 75 keV 
a = -0.873 
p = 0.26 mm/mrad x,,, = 4.32 x m 
E, = 0.207 n mm mrad 

SCHAR (Is = 3.5 m4) 

r,* = 0.585 

~ , , ~ , = 9 . 1 4 ~  lO'm/s 

V" = 3.79 x loh m/s 

vx mix = E ~ ( 6 m s ) I  "'vo 



3 --- 
I - r - - r - T - i - r i - - - r i  

Alpha 

Fig. 2. The TRACE-calculated tuning curves for the 
baseline LEBT design. The RFQ match poinl. is indicated. 

4 LEDA LEBT SCHAR SIMULATIONS 
The LEBT (Fig. 1) is simulated with the non-hear  space- 
charge computer code SCHAR. These simulations use a 
4-volume distribution and the line mode wiih 999 lines. 
Case No. 1 in Table 2 has the LEBT dimensions used for 
the SCHAR model of the baseline design. The distance 
between the center lines of the two solenoids is 15 1.72 
cm for all simulations in this paper. The beam 
neutralization is assumed to be 2.7% (Ieff = 3.5 mA), 
about mid-way in the I-5% range measured [4] on the 
prototype LEDA injector. 

The TRACE-derived solenoid settings, Bsolccl = 3,700 
G and B,,,,#? = 3667 G, are used as starting values. 
SCHAR predicts that the best match to the FZQ (Fig. 3)  
is obtained for B,,,,#, = 2500 G and B,,I#2 = 3500 G .  The 
predicted E, at the RFQ match point is 0.228 IC m m  
mrad. SCHAR predicts that most of the 30% emittance 
growth is due to spherical aberrations in solenoid #1  

Table 2. Results of the LEBT and RFQ simulations with 
SCHAR and PARMTEQM, respectively. The LEBT 
dimensions are in columns 2 and 3, the SCHAR- 
calculated at the RFQ match point i n  column 4, the 
input izN for the PARMTEQM RFQ simulations in 
column 5 ,  and the PARMTEQM-calcuilated RFQ 
transmission and output izN in columns 6 and 7. 

S0l#2 SCHAR PARM- PAF:M- 
Extrac- to RFQ RFQ TEQM TfQM RFQ 
tor to Match RFQ RFQ trans- 

Case Sol#l, Point, 'TE mm E~,, 'TE E, ,",, 'TE mission 
--- No. cm cm - mrad mm mmd mm mrad 3- 

1 87.58 40.70 0.228 0.226 0.214 93.0 
2 57.58 40.70 0.220 0.218 0.206 92.7 
3 87.58 25.70 0.204 0.202 0.200 93.4 
4 57.58 25.70 0.189 0.188 0.196 92.7 

6 87.58 50.70 0.383 0.382 0.251 79.2 
5 87.58 45.70 0.246 0.244 0.2;!5 91.9 

7 87.58 55.70 0.456 0.467 0.274 77.2 

- 4  - 3  - 2  - 1  0 1 2 3 4 

x (mm) 

Fig. 3.  SCW-calculated phase space (crosses) at the 
RFQ match point for the baseline LEBT design (Case No. 
1). The curve is the EWQ acceptance ellipse for a 110- 
mA, 0.20-n mm mrad beam. 

(12%) and solenoid #2 (14%). The non-linear, space- 
charge-induced emittance growth is low (4%). The 
SCHAR output file is used to generate a 5,000 particle 
input beam for the PARMTEQM computer code to 
estimate the RFQ transmission and output E ~ .  The result 
is transmission = 93.0% and output = 0.214 n: mm 
mrad (Fig. 4). This is the baseline case against which 
the rest of the SCHAR modeling is compared. 

Next the distance between the source and solenoid 
# I  center line andor the distance between solenoid #2 
center line and the RFQ match point (2) are varied. The 
SCHAR beams are then rematched and used as input for 
the PARMTEQM code to predict the RFQ transmission 
and E ~ .  The results of these simulations are given in  
Table 2 and are discussed below. When the source- 
Solenoid #I  distance is reduced by 30 cm (Case 2), the 
SCHAR-predicted RFQ input drops by only 3.5%, the 
PARMTEQM-predicted RFQ output drops by only 
3.7%, and the RFQ transmission is almost unchanged. 
When both the source-Solenoid #1 and Solenoid #2-RFQ 

Fig. 4. PARMTEQM-calculated RFQ input (top) and out- 
put (bottom) phase space for the baseline LEBT design. 
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Fig. 5. PARMTEQM-calculated RFQ transmission 
(circles) and output E, (squares), and SCHAR-calculated 
RFQ input emittance (triangles) as a function of the 
distance between Solenoid #2 and the RFQ match point. 

distances are shortened by 30 cm and 15 cm, respectively 
(Case 4), the SCHAR-predicted RFQ input E, drops by 
17% and the PARMTEQM-predicted RFQ output E, 
drops by 8.496, but the RFQ transmission is almost the 
same. The codes predict that reducing the source-Solenoid 
1 distance by as much as 30 cm gives no significant gain. 

When the Solenoid 2 center line-RFQ distance (z) is 
shortened by 15 cm (Case 3), compared with Case I the 
SCHAR-predicted RFQ input E, drops by 11% and the 
PARMTEQM-predicted RFQ output drops by 6.5%, 
but the predicted RFQ transmission is higher by 0.4%. 
This small difference in output RFQ E, would not signif- 
icantly effect the rest of the LEDA accelerator. 

Increasing z would allow adding more beam diagnos- 
tics and/or beamline components in front of the RFQ. In 
Cases 5-7 (Table 2) z increases from 40.7 to 55.7 crn in  
5-cm steps. For the baseline case (z = 40.7 cm), the beam 
size in  solenoid #2 is small enough that spherical abem- 
tions are low (Fig. 3). When z increases to 45.7 cm (Case 
5). the LEDA RFQ transmission lowers slightly (from 
93.0% to 91.9%) and the RFQ output E, rises slightly 
(from 0.214 to 0.225 n: mm mad).  Increasing z to 50.7 
and 55.7 cm increases the beam size in solenoid M 
enough that spherical aberrations dominate E, at the RFQ 
match point (Fig. 5),  causing unacceptable RFQ trans- 
mission (Cases 6 and 7). Increasing z from 40.7 cm to 
45.7 cm is acceptable, if there is a good reason to do so. 

5 TRACE STEERING SIMULATIONS 
The LEDA injector will provide a range of beam centroid 
motion at the RFQ match point. Error studies show that 
if the input phase space distributions are centered on the 
RFQ axis to within k0.2 mm in position and t10 m d  
in angle, the transmission degrades by ~ 1 % .  The solenoid 
lenses will be aligned to meet these tolerances, but there 
will be inevitable misalignments between the ion source, 
column and RFQ that can produce centroid errors in 
excess of these tolerances. The LEBT steering system will 
permit rapid, on-line correction of these errors. 

Independent control of X and Y motions is desirable 

- 
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Fig. 6. 
offset. b) Beam centroid motion after steering. 

a) Beam centroid motion for an initial 1 cm 

to match the symmetry of the RFQ. We place two 
steering pairs in the LEBT between the solenoid lenses 
(Fig. 1) and provide a computer algorithm to decouple the 
desired steering motion in the X and Y planes from the 
rotation effects produced by the solenoid lenses [9]. It is 
desirable to align the optical elements in the beam line so 
that changes in the focusing strength of the solenoids do 
not result in the introduction of steering errors. This 
makes the matching and steering control independent and 
greatly facilitates tuning this beam line. 

We use TRACE to model the effects of 
misalignment errors in this beam line and to determine 
the required steering corrections. The two steering pairs 
can correct a 1 cm horizontal offset in the alignment of 
the ion source to the LEBT as shown in Fig. 6.  

6 S U M M A R Y  
For the LEDA RFQ operating at 110 mA, high beam 
transmission is more important than low beam emittance 
within the range of RFQ output emittances reported here. 
Because the PARMTEQM-predicted RFQ transmission is 
about as high (or higher) for the baseline LEBT design as 
for any of the other geometries studied, we conclude that 
the LEDA baseline LEBT design is near optimum. Also, 
TRACE predicts that the steering proposed for the LEDA 
LEBT will allow correct spatial and angular positioning 
of the H’ beam for injection into the WQ. 
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Abstract 

A digital signal processor is implemented to control the 
resonant frequency of the RFQ prototype in APTLEDA. 
Two schemes are implemented to calculate the resonant 
frequency of the RFQ. One uses the measurement of the 
forward and reflected fields. The other uses the 
measurement of the forward and transmitted fields. The 
former is sensitive and accurate when the operation 
frequency is relatively far from the resonant frequency. 
The latter gives accurate results when the operation 
frequency is close to the resonant frequency. Linearized 
algorithms are derived to calculate the resonant 
frequency of the RFQ efficiently using a fixed-point 
DSP. The control frequency range is about IOOkHz for 
350MHz operation frequency. A frequency agile scheme 
is employed using a dual direct digital synthesizer to 
drive the klystron at the cavity's resonant frequency (not 
necessarily the required beam resonant frequency) in 
power-up mode to quickly bring the cavity to the desired 
resonant beam frequency. This paper will address the 
algorithm implementation and error analysis, as well as 
related hardware design issues. 

1 INTRODUCTION 
Resonant control of the RFQ and superconducting RF 
cavities requires accurate measurement of the RF cavity 
resonant frequency. For a digital implementation of the 
resonant control system in APTLEDA, an efficient and 
accurate algorithm is needed to provide a real time error 
signal to the cavity water cooling system within a desired 
bandwidth. The algorithm proposed in this paper utilizes 
the vector measurement of the forward, reflected, and 
transmitted fields to calculate the complex load 
impedance or admittance. Knowing the complex load 
impedance and the loaded quality factor Q of the cavity, 
the discrepancy of the operating frequency and the 
resonant frequency can be derived accordin,oly. A simple 
linear relationship between the imaginary part of the load 
admittance and error signal (difference between operating 
frequency and the cavity resonant frequency) is derived 
by linearizing a general quadratic relation between the 
imaginary load admittance and resonant frequency. 
Numerical simulations reveal that the difference between 
the full solution and approximated linear solution is 

Work supported by US Department of Energy. 

negligible within the frequency range we are interested 
(f,k 100Hz). 

2 SYSTEM IMPLEMENTATION 
Figure 1 is a block diagram of the resonant control 
module for AFTLEDA. 

BUS 
I -  

SRAM 

Figure 1. Block Diagram of Resonant Control Module 

The RF frequency is 350MHz for APTLEDA. The 
LO is 300MHz. The A/D converter clock is 40MHz. 
Since the IF frequency is SOMHz, the output of the A/D 
converter is a data stream consisting of the repeat pattern 
of measured I. Q, -I, and -Q components. The output of 
the A/D converter is fed into a multiplexer that switches 
every other sample into two parallel paths to separate the I 
and Q components. Then, each channel of the data stream 
is multiplied by + I  or -1 to remove the alternating sign 
accordingly. The outputs are the measured I and Q 
components of the input RF signal. The major advantage 
of the above described digital VQ demodulation scheme is 
the single analog signal path for both I and Q components 
that ensures a perfect gain-matching between the I and Q 
signaIs. Secondly, since the sampled signal is at the IF 
frequency (SOMHz), analog DC offsets and drifts do not 
affect the accuracy of the digital VQ demodulation. A dual 
DDS (direct digital synthesizer) is used to generate two 
off-phase error correction sine waves for I/Q modulation 
in  the frequency agile mode. 



3 RESONANT CONTROL ALGORITHM 
The resonant control algorithm of APTLEDA is based on 
the vector measurement of the forward, reflected or 
transmitted fields. Figure 2 depicts a simplified 
transmission model for a cavity driven system. The 
complex load impedance of the cavity is z,. The 
transmission line impedance is 2,. The forward and 
reflected field are measured at z, and z, respectively, 
which are between z = 0 and z = I .  Here I is the 
length of the transmission line from klystron to cavity. 

I 
I 

z=o 
I 

I 
I 

z=L 
I 

Figure 2. Waveguide with a length of L and load 2,. 

Using the transmission theory[ I ] ,  we can show that the 
load impedance is related to the measured forward and 
reflected fields as 

From ( I ) ,  we have 
1 

Y , = Z , -  - Y; + jYL 
I. 

For a parallel RLC resonant circuit, YL is 

1 
Using W, = - and = RCW, , we have JLC 

oo)]. 
1 r, =-[i+ja(--- 
R a0 

(3)  

(4) 

lo- mol 
w0 

For Q, >> 0, and << 1, it can be slhown that 

Eq. ( 5 )  is used to determine the difference between the 
resonant frequency and the operation frequency. 

4 SIMULATION RESULTS 
To verify the validity of the algorithm, a simulation was 
conducted using Eq. (16) and Eq. (21) to get the error 

signal vs. Frequency with a random noise added to the 
measured fields(20dB Signal-to-Noise Ratio). The results 
are shown in Figure 3. This result shows that Eq. (5 )  
together with Eq. (1) gives a satisfactory result within the 
frequency range we are interested. 

-2 L 
-1 -0.8 . 

Figure 3. The result with noise in the measurement. 

In figure 3, the correction frequency is obtained 
when the SNR (Signal-to-Noise Ratio) of the measured 
field is 20dB. Notice that the perfect gain-matching in our 
digital VQ demodulation scheme ensures the equal effect 
of noise on both I and Q channels. Thus, we can represent 
the measured field as (1 + r ) F  , where r is noise, F’ is 
the complex field without noise. Mathematically, this 
means that the noise correlation coefficient between I:wo 
channels (I and Q) is one. 

One important feature in Figure 3 is that the 
correction frequency never crosses zero on both sides of 
the resonant frequency f,. This indicates that no ambiguity 
can exist regarding the sign and/or direction the correction 
frequency required. Next we investigated the correlated 
and uncorrelated IJQ noise on robustness of the 
algorithm. Here, we assumed that the SNR of the 
measurement is only 3dB. Figure 4 is for a completely 
correlated noise case. Figure 5 is for a completely 
uncorrelated noise case. It is very important to notice that 
the correction frequency never crosses zero on both sides 
of the resonant frequency for the case with the completely 
correlated noise for VQ components. This means that 
when we implement this algorithm in this case, we always 
have a correct sign for the error signal. In contrast, the 
correction signal for the completely uncorreiated case 
back does across zero on both sides of the resonant 
frequency, potentially leading to ambiguity. 

As mentioned before, the digital I/Q decomposition 
scheme implemented in our system ensures the perfect 
gain-matching for the I and Q channels which results in 
the completely correlated noise for the I and Q channels. 



Therefore, the algorithm applied to our system is very 
robust. 

measured field to change dramatically 
operation. 

during normal 

Figure 4. Result for the correlated noise case. 
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Figure 5. Result for the uncorrelated noise case. 

5 OTHER CONSIDERATIONS 

Here, all formulas are derived based on the forward and 
reflected fields. Similar formulas can also be derived 
from the forward and transmitted fields. Mathematically, 
they are equivalent. But some practical issues should be 
addressed when we decide which set of formulas to use in 
the system implementation. One limitation comes from 
the finite resolution of the A/D converter. For a 12bit 
A/D converter, as used in our system, the dynamic range 
of measurement is around 60dB. However, due to some 
instrumentation limitations, such as isolation of the 
directional coupler, the dynamic range of the measured 
signal could be 10 to 20 dB lower than the theoretical 
dynamic range of the A/D converter. Given the above 
consideration we don't want the magnitude of the 

Refleaion and Transmission C o e M n t r  vs. Frequenp/ 
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Figure 6. Magnitude of the reflection and transmission 
coefficients vs. frequency. 

Figure 6 depicts the magnitude of the reflection and 
transmission coefficients for an equivalent RLC load with 
Q = 3000 and f, = 350MHz. From Figure 6,  we can 

see that using the reflected field algorithm is good when 
the frequency is relatively far from resonance but the 
accuracy of the measurement will deteriorate when the 
frequency is close to resonance. However, on the other 
hand, the accuracy of the transmitted field algorithm is 
higher when the frequency is close to resonance and lower 
when the frequency is away from resonance. Based on the 
above observation, both algorithms are implemented in 
our system. The reflected field algorithm will be activated 
when the frequency is relatively far from resonance and 
the transmitted field algorithm will be activated when the 
frequency is close to resonance. 

6 CONCLUSIONS 
An efficient and simple algorithm that is suitable for 

the implementation in a digital signal processor is 
proposed. The simulation results reveal that the algorithm 
is very robust when implemented with the digital VQ 
demodulation scheme used in our system. The algorithm 
gives a good result with a noise level at 20dB SNR. 
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Abst rcict 
The codes PARMTEQM and RFQTRAK simulate the 
beam transport through the radio-frequency-quadrupole 
(RFQ) accelerator for the low-energy-demonstration 
accelerator (LEDA). They predict 95% transmission for a 
matched 110-mA proton beam with a normalized-rms 
emittance of 0.02 mm mad.  RFQTRAK simulates the 
effects of arbitrary vane-tip misalignments. This RFQ 
includes some new features in its design. It consists of 
four resonantly coupled 2-m-long segments that make up 
its 8-m length. It has higher vane-gap voltages at the high- 
energy end than the low-energy end. The entrance end of 
the RFQ has lower transverse focusing strength to 
facilitate beam matching. The exit of the RFQ has a 
transition cell and a radial-matching section. The exit 
radial-matching section matches the beam into the 
following accelerator. 

INTRODUCTION 

LEDA requires 100 mA of beam from the 350-MHz RFQ. 
The energy needs to be as high as possible for injection 
into the coupled-cavity drift-tube linac (CCDTL). 
Therefore, the LEDA RFQ is an 8-m-long RFQ that 
accelerates the proton beam to 6.7 MeV. A recent 
experiment with the LEDX RFQ low-power model[l] 
demonstrates resonantly coupling four 2-m-long segments 
to form an 8-m-long RFQ. The LEDA RFQ will use this 
configuration. 

Conventional RFQ designs with a small entrance 
aperture require a very strongly focused beam at the 
entrance aperture for proper matching to the RFQ. In 
LEDA the final lens in the low-energy-beam transport 
(LEBT) is far enough from the input of the RFQ to 
require a large aperture and weak focusing at the 
beginning of the RFQ. Low vane modulation at the RFQ 
entrance allows weaker focusing, but still has a large 
transverse current limit. The combination of a large- 
aperture radial matching section and weak focusing makes 
matching the beam into the RFQ easy. As shown in Fig. 1, 
the transverse focusing strength smoothly increases in the 
first 32 cm of the RFQ. At about 130 cm, the vane gap 
voltage starts ramping up, the aperture starts increasing, 
and the focusing starts decreasing. The combination of 
these parameters reduces the beam loss at the end of the 
gentle buncher, which is the usual choke point where 
significant beam loss occurs. 

The increase in gap voltage increases the accelerating 
gradient in the high-energy portion of the RFQ and 
shortens the length. The transverse focusing at the end of 
the RFQ matches the transverse focusing of the CCDTL, 
which makes the transition independent of the beam 
current. 

*Work supported by the US Department of Energy. 

Beam ae rgy  (MeV) 

Position (cm) 
Figure 1. Shows some important pararneters versus position in 

the RFQ. 

PROGRAM RFQTRAK 

RFQTRAK [2]  tracks the particles through the RFQ using 
time as the independent variable. Particles enter a cell pair 
with known phase, position, and divergence angle. For 
each time step, RFQTRAK advances all the particles and 
calculates the space-charge-potential distribution. 
Tracking through the cell pair takes 3 RF cycles. The first 
cycle, which does not include space-charge fields 
provides the leading pulse. The third cycle provides a 
trailing pulse for the correct calculation of the space- 
charge fields. At start of the second cycle, RFQTRAK 
initiates the space-charge calculation. The code discards 
particles whose velocity falls below half the cell’s 
synchronous velocity, Particles from the second cycle that 
actually exit the cell pair, provide the starting coordinates 
for all three cycles in the next cell pair. 

RFQTRAK constructs a finite-element model of the 
potential distribution inside an RFQ accelerator cell. The 
mesh generator includes details of the topology of an RFQ 
cell. Mesh elements are three-dimensional bricks with 20 
nodes. This number of nodes allows a quadratic variation 
of the potential in each dimension. The program 
RFQCOEF [3] calculates the first 8 multipole components 
of the potential in one quadrant of a single cell or 
optionally in all 4 quadrants of the cell. PARMTEQM [4] 
uses the same 8 multipole components. The 4-quadrant 
calculation also includes the dipole and sextupole terms. 

RFQTRAK employs another finite-element mesh 
similar to the one used for the potential distribution to 
calculate the effects of space charge during the beam 
dynamics simulation. In this calculation, the image charge 
effect is naturally included by the boundary conditions. In 
this paper, the term space-charge effect includes the image 
charge effect. The finite-element model spans a pair of 
cells of total length ph, where ph. is the distance traveled 



by a particle of velocity pc in one RF period. For solving 
Poisson’s equation: Vz@ = -4n. p , the right-hand terms 
come from the beam charge distribution. The vane 
potentials are assigned to be zero as a boundary condition. 
The code maps the potential on nodes of the entrance 
plane to the corresponding nodes on the exit plane. A 
direct (Gauss Elimination) method solves for the 
potentials. An advantage of this method is that the 
solution matrix can be reused several times, with only an 
update of the right-hand side as the charge distribution 
changes. Then only a back substitution is required to solve 
for the fields. Space-charge fields are obtained from the 
potentials by differentiation of the element-shape 
functions. 

The LEDA RFQ has a transition cell and a radial 
matching section[6]. The exit radial-matching section 
matches the beam into the following accelerator. 
PARMTEQM can simulate the transition cell and exit 
radial matching section, but RFQTRAK cannot. Cell 430 
is the last cell where a comparison between the two codes 
is possible. A modification of RFQTRAK will add this 
capability in the near future. 
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THE; SIMULATIONS 

RFQTRAK simulated the LEDA RFQ with errors in the 
vane-tip locations and vane-tip potentials. Table 1 lists a 
set of randomly generated errors useti in these 
simulations. Figure 2 shows the result of the RFQTRAK 
simulation with these errors. Notice that the transverse 
beam size shrinks in the first part of the RFQ where the 
focusing increases. The code RFQPROC, which is part of 
the PARMTEQM suite of codes, plotted all the beam 
distribution figures. 

Table 1. Voltage and position errors for RFC) vane tips. 

Vane Voltage Error in Vane- Error in vane- 

position (mm) position mm) 
tip azimuthal 

+0.0;!3 1 
-0.022 
+0.0030 
+0.04 -j 0 

error (%) tip radial 

1 -2.123 -0.0036 
, 2  -0.159 -0.0066 
3 1-3.033 +0.0017 
4 -0.75 1 -0.0114 

Figure 3 shows the phase-space projections at the input of 
the RFQ and at the output of cell 142. The bold-black 
points in the input-phase-space projections are particles 
that were lost before reaching cell 143. At this point in the 
calculation, the lost particles are the outer most particles 
injected into the RFQ. The input beam for this simulation 
came from a simulation of the LEBT beam line[5]. The 
butterfly shape of the transverse phase-space distributions 
results from the large variation of the RF phase when the 
particles reach the cell 142-exit plane. The particles’ 
transverse velocity at the cell exit plane depends on the 
RF phase. 

The ellipses in these plots correspond to therms Twiss 
parameters of the beam. The area is 4 times the rms 
emittance. The separatrix, shown in the lovier right of 
Figure 3 ,  defines the stable region of the phase-energy 
plane. 

Figure 1 shows the phase space plots from the 
RFQTRAK simulation at cell 330, the last regular cell of 
the RFQ. The butterfly shape visible in the cell-142 
transverse phase planes does not appear at cell 430 
because the phase spread is small. Ccmpare the 
RFQTMK simulation with Figure 5, which shows the 
same phase-space plots from the PARMTEQM 
simulation. Tables 2 and 3 list the rms-beam properties of 
the two simulations. 

I) 

a 
-n 

Figure 2. RFQTRAK simulated the LEDA RFQ using 100,000 
macro particles. From top to bottom are: x, y. phase, 
and energy coordinates versus cell number. Bold- 
black points indicate lost particles. Only 10% of the 
lost particles are shown for clarity. The percentage 
transmission is 95.2%. 
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Figure 3. RFQTRAK simulation showing phase-space plots of 
the input beam and the beam at cell 142. Only 2% of 
the particles are plotted. The bold-black points in the 
input phase space show 10% of the particles in the 
input beam that have been lost up to and including 
cell 142. The phase-space plots from left to right are: 
x-x‘, y-y‘, and phase-energy, where x’=dx/dz and 
J/=dyidz. 

PARMTEQM 

PARMTEQM, which uses the z position as the 
independent variable and a cylindrically symmetric space- 



charge calculation, cannot handle the type of errors listed 
in Table 1. However, PARMTEQM needs less computer 
resources and runs several times faster than RFQTRAK. 
For these reasons, we used PARMTEQM to design the 
LEDA RFQ. We used the PARMTEQM beam 
distributions to match the beam into the CCDTL.. The 
validity of the PAkVTEQM simulations can be accessed 
by comparing the beam distributions from PARMTEQM 
to the distributions from the fully 3D simulation 
performed in RFQTRAK. .-;m .ou~.----- 
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Figure4 Phase-space projections near the end of the RFQ. 
Only 2% of the particles are plotted. RFQPROC 
calculates the Twiss parameters, a and $, and the rms 
emittance E from the 95,193 macro particles remaining 
in the beam. It then draws the ellipses using 4XE for 
the area. Table 2 lists these Twiss parameters. 

Table 2. RFQTRAK Twiss parameters at cell 430. 
~ ~~~ - 
Twiss parameters 

Parameter X-X’ I Y - f  I (E-ES)-(C~-CP,) 
a -1.525 1 1.509 I 0.065 

I 59.02 I 73.48 I 424.4 I I I 1 

E (cm-mad) I 0.0211 1 0.0223 I 0.03407 I 
Table 3. PARMTEQM Twiss parameters at cell 430. 

b 

63.297 

RFQTRAK calculated 95.2% transmission, which is 
nearly the same as 95.4% from PARMTEQM. The most 
significant difference between beam distributions 
calculated by the two codes is the difference in the 
emittance. In RFQTFUK the longitudinal emittance is 
smaller and the transverse emittance is larger. There is 
also a difference in the a’s and p’s. These differences are 
large enough that the match to the CCDTL should be 
checked. RFQTRAK requires the addition of the 
transition cell and exit radial-matching section before we 
can make this check. Then the PAFWILA code can 

transport the FSQTRAK particle distribution through the 
CCDTL. The results of this simulation will provide the 
required check of the match to the CCDTL. 
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Figures .  Phase-space projections near the end of the RFQ. 
Only 2% of the particles are plotted. P M M T E Q M  
calculates the Twiss parameters, a and $, and the rms 
emittance E from the 95,405 macro particles remaining 
in the beam. It then draw the ellipses using 4xe for the 
area. Table 3 lists these Twiss parameters. 

CONCLUSIONS 

FEQTRAK and PARMTEQM simulations are in 
substantial agreement. The transmission the two codes 
calculate, with the same input beam, is nearly identical. 
There are small differences in the emittance and Twiss 
parameters calculated by the two codes. RFQTRAK needs 
further development to add the transition cell and exit 
radial matching section. Then PARlLIlw could use 
RFQTRAK‘s output beam for the CCDTL simulation. 
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Abstract 
The low-energy-beam transport (LEBT) system for the 
Low-Energy Demonstration Accelerator (LEDA) 
transports the beam from the ion-source plasma surface to 
the LEDA RFQ entrance. The code PARMELA 
performed these simulations of the beam transport through 
the LEBT. This code can simultaneously transport three 
particle types of different charge-to-mass ratio. 
Electrostatic fields, magnetic fields, and space charge 
influence the beam particles in this simulation. The 
electrostatic fields exist in the ion-source extractor. The 
magnetic field exists in the ion source and in the solenoid 
lenses. The e- particles, introduced into the beam of H+ 
and H,+, simulate the space charge neutralization by the 
residual gas in the LEBT. The H+ and HC ions leaving the 
source emerge from a longitudinal magnetic field, which 
causes the beam to rotate. 

INTRODUCTION 

Ions of H+ and HC originate on a curved plasma surface, 
which intersects the beam axis at z = 0. The ions 
accelerate through the electrostatic fields of the ion 
source's accelerating column[l]. Then the beam goes 
through the LEBT, which has two magnetic solenoid 
lenses, and arrives at the input of the RFQ[2]. 

Two other papers[3,4] at this conference describe 
details of the LEBT for LEDA. Extensive modifications of 
the computer code PARMELA[S] added the ability to 
track multiple particle types. This paper discusses 
simulations of the LEBT that exploited this new multiple- 
particle feature. PARMELA can now track simultaneously 
three different particle species, each one with a different 
charge-to-mass ratio. The code can create new particles in 
the beam (e-, for example) at the location of another 
particle (H+, for example). One of the input parameters in 
the code is the probability for creating a new particle. This 
feature simulates space-charge neutralization of the H+ 
and H; beam by electrons. The physical process is 
ionization of the residual gas in the beam line. The 
residual gas is mostly hydrogen. The ionization process 
strips an electron from the hydrogen molecule producing 
an H; ion and an electron. The space-charge potential 
well traps the e- and expels the H; ion. The simulation 
ignores the H2' ions created in this manner to speed the 
calculation. Note the distinction between these H i  ions 
created by ionization of the residual gas and those that 
emerze from the source. The code does no& ignore the H; 
ions emerging from the ion s o w e .  

PARMELA 

First, PARMELA simulated the emittance measuring 
unit(EMLT)[d] to validate the techniques used in the code. 

*Work supported by the US Department of Energy. 

PARMELA uses time as the independent variable in the 
beam-dynamics simulations. Even though the beam has no 
bunch structure, PARMELA measures the time steps in 
degrees of the 350-MHz RFQ frequency. The goal of the 
simulation is to construct the input phase-space 
distribution of H+ particles at the RFQ entrance. Because 
the PARMELA simulation starts with no beam at all, we 
must inject a long enough stream of H+ and H2+ ions to 
reach a steady-state condition. One problem is that the H2+ 
ions move slower than the H+ ions. To reduce the number 
of time steps in the calculation, PARMELA advances time 
faster for the H2+ ions so they keep up with the faster H+ 
ions. With this adjustment, the beam arriving at the end of 
the LEBT after 20 350-MHz RF periods has achieved a 
steady state. The simulation continues through 40 RF 
periods, and the code builds a phase-space distribution 
from periods 20 to 30. 

The program POISSON[7] calculated the electrostatic 
field of the ion-source accelerating column, the magnetic 
field from the Helmholtz coils surrounding the source, and 
the magnetic field of the solenoid lenses in the LEBT. 
PARMELA reads these fields and uses them in the beam- 
dynamics calculation. For the magnet calculations, 
measured values of the coil currents fix the magnetic-field 
strengths. For the electrostatic calculation, the only 
unknown is the radius of curvature rp of the plasma 
boundary in the ion-source-extraction aperture. With 
different values of rp PARMELA followed the beam to 
the EMU at z = 213.5 cm. A video camera at z = 33 cm 
measures the beam profile. The value rp = 4.9 cm 
reproduces the beam diameter measured by the beam 
profile monitor. 

The amount of beam neutralization also affects the 
beam size. We varied the beam neutralization by changing 
the probability of introducing electrons. At every time step 
for each IT particle, PARMELA creates electrons at 
random according to this probability. The electron has the 
coordinates of the H: particle, but zero kinetic energy. For 
too large a probability, too many electrons are added to 
the beam, causing the space-charge potential well to 
disappear. Without the potential well, the e- particles leave 
the beam radially. 

Modeling the space-charge neutralization by injecting 
electrons works well until the beam approaches the 
solenoid lens. Here, the lens strongly focuses the e- beam. 
After a long enough time ( 9 0 0  RF periods), the electrons 
would eventually reach equilibrium. However, this 
calculation would take at least 10 times more particles and 
about 10 times more time steps. Such a calculation would 
require >900 hours on today's fastest PC. To reduce 
computation time, we switch to a different model of the 
space-charge neutralization for particles beyond z = 40 
cm. After this point, we drop electrons from the 
calculation and assign only 4% of the normal charge to the 
H+ or HZ+ ions in the space-charge calculation. The value 



of 4% is consistent with a measurement (95-99%) of the 
space-charge neutralization[8]. The 4% value comes from 
comparing the simulated distribution (Figure 1) at the 
EMU position with the measured distribution (Figure 2). 

Figure 3 shows the beam and the accelerating column. 
The electron suppressor at -1.2 kV prevents electrons 
from flowing from the neutralized beam to the ion source. 
This figure shows that the beam is neutralized by electrons 
beyond about 3.3 cm &om the source. Electrons created 
closer to the source than this accelerate toward the source. 

............. . . . . . . . . . . . . . .  
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Figure 1. Simulated distribution of H' and H2' at the position of 

the EMU. The solenoid lenses do not focus the H; 
beam as strongly as the H' beam, so the HC beam 
diverges more than the H' beam. This beam contains 
1113 mh of H' and 12 ITLA of Hz'. The rim; emittance of 
the simulated H' beam is 0.028 ern-mrad. (If viewing 
in color, H' ions are grecn and H; ions are red.) 
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Figure 2. ?he measured beam distribution from the EMU. The 
rms emittance of this IT beam is 0.0207 cin-mad. 

Figure 4 shows equipotentials calculated by POISSON for 
the ion-source accelerating column. A coniparison of 
electron locations in Figure 3 with the -9.54-Volt 
equipotential i n  Figure 4 shows that the electrons remain 
to the right of this equipotential. 

Position (cm) 

Figure3. The ion-source accelerator column showing the 
simulated beam of H', H;, and e- particles. The -1.2- 
kV electrode suppresses the electron current flowing 
toward the ion source at 75kV. The dark black points 
are electrons. (If viewing in color, H' ions are green 
and H2' ions are red.) 

Figure 4. Equipotentials from the POISSON solution of the ion- 
source accelerating column. The equipotential spacing 
is dense near 0 Volts and sparse near 75 kV. 

The best fit between the simulated beam size in Figure 5 
and the measured beam size in  Figure 6 occurred with a 
convex plasma surface with rp = 4.9 cm at the ion-source 
extractor. The measured beam size depends on the ion- 
source parameters. The emittance scan data was taken 
Feb. 9, 1996 and the profile scan in Figure 6 was taken on 
Jan. 23, 1996. A simultaneous set of EMU data and 
profile data is not available. 
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Figure 5. Simulated horizontal profile at 42.3 c m  from ion 
source. 
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Figure 6. Representative profile from the video monitor at z = 

43 cm. This profile was taken about 2 weeks earlier 
than the emittance scan shown in Figure 2. 

The beam leaving the central part of the convex plasma 
diverges as shown in Figure 7. The outer part of the beam 
is focused strongly by the accelerating-column 
electrostatic fields. Because the plasma is in a strong 
longitudinal magnetic field (746 gauss), the beam begins 
to rotate as it leaves the magnetic field. Ions moving 
toward the axis in Figure 7 revolve around the &.is, 
leaving a hole in the beam density near the axis beyond z 
= 15 c n  This hole persists throughout the EMU 
simulation. 
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Figure 7. Plot of r versus r’ at 3.5 cm from ion-source extractor 

(near the point where the beam becomes neutralized). 
The convex plasma surface causes the center part of 
the beam to diverge. The shape o f  the electrodes focus 
the outer portion of the beam. 

THE LEDA LEBT SEhiLULATION 

PARWLA simulated the LEDA LEBT using the radius 
of the plasma surface determined from the simulation of 
the EMU. The space-charge neutralization factor of 4% 
used in the simulation of the EMU is also used in the 
simulation of the LEDA LEBT. 

Initial simulations of the LEBT resulted in 
unsatisfactory input beam distributions to the LEDA RFQ. 
The transmission through the RFQ was less than the 

required 90%. Transmission is defined as the percentage 
of input beam that is accelerated through the RFQ. The 
radial aperture of the LEBT beam line through the last 
solenoid is 5 cm. Aberrations in the solenoid lenses 
focused the beam particIes beyond 2.5 cm from the axis 
more strongly than the particles closer in. These beam 
particles at large radius are lost in the RFQ, spoiling the 
transmission. Installing 2.5-cm-radius apertures between 
the LEBT solenoid lenses removed particles from the 
beam that would later be lost in the RFQ. The RFQ 
transmission improved to 95%. Beam lost in the RFQ 
becomes Hz gas. The RFQ vacuum system can pump the 
equivalent of 10 mA of H+ and still maintain an adequate 
vacuum. In the LEBT, which is easier to pump, good 
vacuum is not as critical as it is in the RFQ. Therefore, 
using the apertures in the LEBT is desirable. 

CONCLUSIONS 

PARMELA simulations of the LEBT beam line showed 
that aberrations in the solenoid lenses reduced the RFQ 
transmission to unacceptable levels. One way to solve this 
problem is to install apertures in the LEBT. A better 
solution (not proven at present) might be to use solenoid 
lenses with less aberrations. 
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Abstract 
The code PARIMLA simulates the beam transmission 
through the Accelerator for the Production of Tritium 
(AFT) linac. The beam is equipartitioned when the 
longitudinal and transverse temperatures are equal. This 
paper explores the consequence of equipartitioning in the 
APT linac. The simulations begin with a beam that starts 
at the ion-source plasma surface. PARMILA tracks the 
particles from the RFQ exit through the 1.7-GeV linac. 
This paper compares two focusing schemes. One scheme 
uses mostly equal strength quadrupoles. The 
equipartitioning scheme uses weaker focusing in the high- 
energy portion of the linac. The RMS beam size with the 
equipartitioning scheme is larger, but the relative size of 
the halo is less than in the equal-strength design. 

INTRODUCTION 

respective RMS beam sizes are x, , y,, and z ,  . The 
RFQ, the coupled-cavity drift-tube linac (CCDTL), the 
coupled-cavity linac (CCL), and the superconducting (SC) 
linac have alternating gradient quadrupole focusing 
channels. These focusing channels cause thex, and 

values to oscillate about the equilibrium value Y, 
- ,/=. Therefore, averaging over these 
oscillations the partitioning ratios Ax and Ay are defined 
as: 

Because the transverse emittances E, and E are nearly 
equal, Ax and Ay will fall on top of each other when 
plotted. 

Y 

R. Jameson and Martin Reiser recommend tailoring the 
transverse focusing in high-current linacs to equipartition 
[1,23 the beam To explore the merits of equipartitioning I 
compare simulations of the beam distributions through 
two linacs, one with equipartitioning and one without 
equipartitioning. The two linacs are identical up to 25 
MeV. In both cases the simulations follow the same 
particle collection to the end of the linac at 1.7 GeV. The 
code PARMELA [31 simulates the transport of the beam 
through the ion source extractor and the low-energy beam- 
transport line (LEBT) to the radio kequency quadrupole 
(RFQ) [a]. PARMELA uses electrons to simulate space 
charge neutralization in the first 40 cm of the LEBT. For 
the remainder of the LEBT, PARMELA simulates space 
charge neutralization by reducing the effective charge to 
4% of the proton-beam charge. The input distribution to 
the RFQ obtained this way is quite different from the 
"type 6" distribution normally used in the code 
PARMTEQM [5 ] .  This beam is rotating in real space 
because it is "born" in the longitudinal magnetic field of 
the ion source. It also has a hole in the center. The code 
PARiMTEQM generates the "type 6" distribution by 
placing the particles randomly in a four-dimensional 
transverse hyperspace with uniform phase and no energy 
spread. The beam current after the WQ was 100 mA. 
PARbELX, PARMTEQM, and PARMILA[6] performed 
all of the simulations shown in this paper with 100,000 
macro particles. 

THE EQUIPARTX'I'IONING CONCEPT 

Equipartitioning implies: E ; / X ~  =$/yk =$/(y .  zm>l, 
where y is the relativistic ratio of total energy to rest 
mass, E,, E , and E, are the normalized emittances for the 
transverse and longitudinal coordinates respectively. The 

Y 
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THE RADIAL DISTRIBUTION 

Comparison of Figures 1 and 2 shows that the particle 
distribution at the exit of the linac has no halo from the 
equipartitioned"?ina?&d 7 c a large halo from the 
nonequipartitioned linac. 

8 L . . . .  

0.00 2.30 5.00 7.50 $0.- M 8 3.00 
*a 

e.- ,,.la I..,, ,e.*, 0.00 z-2 5.- 
(*ox - 14.22 FIFI 

lW<.(R>/R) 
.ig-- 0.1128 609 

Figure 1.  The logarithm of particle density versus radius in the 
nonequipartitioned linac. 
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Figure 2. The distribution at the end of the equipartitioned 

These figures show the transverse distributions and the 
extent of the tail. The plots of the radial distribution are 
generated by populating the elements of an array 

linac. 



according to each particles' radial position r The beam 
distribution is first normalized to circular symmetry. For 
example, if x, is smaller than y, all the x coordinates 

are multiplid by y,/xm.then r =  ,,IT. y-+ x )ms . 1.J . 
To plot the logarithm of this array we initialize the array 
elements to 1. Each element. which corresponds to a small 
range of r values, is increased by l/r for each particle so 
that the final array gives the distribution of local particle 
density. The plots show the radial density distribution 
versus distance from the center of the beam. The upper 
abscissa on these plot has units of 6, the standard 
deviation, where B is the larger of x, and y,. The 
lower abscissa is in mm. 

The distribution in Figure 1 extends beyond 12 6, 
while the largest particle radius occurs at 14.2 mm. In 
Figure 2 (the equipartitioned case) the distribution extends 
only to -4 6, and the largest radius is 7.2 mm. The beam 
expander and target designers prefer the distribution from 
the equipartitioned linac because the tails of the beam do 
not extend as far. 

Figure 3 shows the zero-current phase advance in the 
nonequipartitioned linac from 100 keV to 1.7 GeV. Note 
that o & ~ ,  the ratio of the longitudinal phase advance to 
the transverse phase advance, increases beyond 25 MeV. 
Figure 4 shows the zero-current phase advance in the 
equipartitioned linac, where 60,/60t is nearly constant 
throughout the linac. Equipartitioning requires only this 
slight difference in the transverse focusing strength 
above 25 MeV. The quadrupole strength at the end of the 
equipartitioned linac is 55% of the stren!;th in  the 
nonequipartitionzd linac. 
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Figure 3 .  ?he zero-current phase advance 4, 0,. anti 01 per unit 

The APT linac uses normal conducting (NC) stivctures up 
to 217 MeV, and SC cavities from 217 MeV to 1.7 GeV. 
The NC linac consists of a 6.7-MeV RFQ, a (ZCDTL to 
100 MeV, and a CCL to 217 MeV. PARMILA calculates 
the phase advance in the SC linac by averagins over one 
period of the lattice consisting of accelerating cavities and 
quadrupole magnets. The period in the SC linitc is much 
longer than in the NC linac where the period spans two 
quadrupoles. A cryomodule has three SC cavities in the 
medium-P section (217 MeV to 469 MeV) and four SC 
cavities in tho high-P section (469 MeV to the end). If the 

length in the nonequipartitioned linac. 

space between cryomodules contained an accelerating 
cavity the two-quadrupole period of the magnetic lattice 
would have been preserved. However, this warm space 
between the cryomodules is used by the valves and beam 
diagnostics. Therefore, the period in the medium$ 
section now spans four quadrupoles instead of two. In the 
high$ SC linac the period spans 10 quadrupoles. 
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Figure 4. The zero-current phase advance q, Or and q per unit 

Figures 5 and 6 show the partitioning ratios Ax and Ay 
through the RFQ to the end of the linac. The slight excess 
of the longitudinal focusing between 7 and 20 MeV does 
not appear to cause any problems. The transverse focusing 
is as strong as the 8 ph period allows in this region. The 
only way to correct the equiparutioning ratio in this region 
is the use of a more gradual increase in the accelerating 
gradient. 

length in the equipartitioned linac. 
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Figure5. The partitioning ratio Ax and Ay in the 

Although it is desirable to have these ratios near unity, 
they are extremely sensitive to mismatch. A slight 
mismatch at the entrance to the RFQ and CCDTL causes 
the oscillations of Ax and Ay in these figures. A larger 
mismatch between the CCL and the SC linac causes the 
large oscillations starting at 217 MeV. 

The partitioning ratios are greater than 1.0 in most of 
the RFQ. In this structure we deliberately use strong 
transverse focusing relative to the longitudinal focusing to 
minimize the beam loss. Any halo that develops in the 
WQ is scraped off on the RFQ vanes. The smaller 
longitudinal acceptance of the 700-MHz CCDTL 

nonequipartitioned linac. 



compared to the 350-MHz RFQ required relatively 
stronger longitudinal focusing. This bias toward reducing 
beam loss in designing the APT front end resulted in 
partitioning ratios greater than 1 in the RFQ and less then 
1 near the end of the RFQ and in the low-energy portion 
of the CCDTL. For higher beam energy, the longitudinal 
focusing weakens faster than the transverse focusing does. 
Thus, for fixed accelerating gradient, the partitioning 
ratios tend to grow at high energy without a reduction in 
the transverse focusing. (The accelerating gradient is 
limited by power loss considerations in the NC linac and 
by peak electric field in the SC linac.) 

Energy (MeV) 
Figure6. The partitioning ratio Ax and Ay in the 

In the equipartitioned linac the quadrupole strength tapers 
off slowly with increasing energy from the 25-MeV point 
to the end of the linac. Figure 6 shows the ratios Ax and 
Ay in the equipartitioned linac. To match the transverse 
focusing in the CCL to the SC linac, the quadrupole 
strength in the nonequipartitioned linac is also reduced 
with increasing energy from 100 MeV to 217 MeV. This 
reduction smoothly matches the transverse focusing in the 
CCL to the transverse focusing in the SC linac, which has 
a longer period. 

From 217 MeV to 469 MeV, in both the 
equipartitioned linac and the nonequipartitioned linac the 
synchronous phase slowly increases from -25’ to - 3 5 O ,  
while the strength of the quadrupoles remains constant. 
This phase ramp matches the longitudinal focusing of the 
CCL to the medium-P SC section and the medium-P to the 
high-P SC section. The high$ SC section has a higher 
average accelerating gradient than the medium-P SC 
section. The CCL and the high-P SC section both have a 
synchronous phase of -30”. Coincidentally in the 
equipartitioned linac, this phase ramp tailors the 
longitudinal focusing sufficiently to maintain the 
partitioning ratio close to 1. 

Comparison of the beam size shown in Figs. 7 and 8 
for the two designs shows that a halo develops in the 
nonequipartitioned linac, but not in the equipartitioned 
linac. This halo extends to about 12 times the F3MS beam 
size. In the beam-dynamics simulations the halo develops 
in the NC accelerator between 50 and 100 MeV. In both 
simulations, the beam is matched in exactly the same. 

equipartitioned linac. 
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Figure 7. Beam size in the nonequipartitioned linac. 
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Figure 8. Beam size in the equipartitioned linac. The ratio 
R&(RMS beam size) is also plotted. 

CONCLUSIONS 

Virtually no halo developed in the equipartitioned linac 
with some mismatch while a substantial halo developed in 
the nonequipartitioned linac. Other simulations, not 
presented here, show that a large mismatch will cause haio 
to develop in an equipartitioned linac, but to less extent 
relative to the rms beam size than in a nonequipartitioned 
linac. 
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