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ADVANCED HADRON FACILITY ACCELERATOR DESIGN WORKSHOP
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Compiled by

Henry A. Thiessen

ABSTRACT

The International Workshop on Hadron Facility Technology was
held February 20-25, 1989, at the Study Center at Los Alamos
National Laboratory. The program included papers on architecture,
beam diagnostics, compressors, linacs, computer controls, polarized
beam, rf, magnets and power supplies, experimental areas, and
instabilities. Participants included groups from AHF, Brookhaven
National Laboratory, European Hadron Facility, Fermilab, and the
Moscow Meson Factory. The workshop was well attended by
members of the Los Alamos staff. The interchange of information
and the opportunity by criticism by peers was important to all who
attended.
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Experience with

Lolly's Accelerator Control System
(LACS?)

Missing information

Inability to share information

Premature cost optimization

Premature time / space optimization

Fixed operating environment



Desired Characteristics

Responsiveness

Robustness

Integrated environment
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Responsiveness

To operator requests for data or control

To configuration changes

To requests for new capabilities
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Robustness

Handle pre-existing systems

Extend to new technologies for

data acquisition / operator interfaces

Tools for users to extend functionality

to
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Integrated Environment

Serve variety of users in uniform fashion

Manage information from all aspect of facility

design / construction / tuning / operation

Uniform exchange of information among

people and software



Complications

Communications complexity (people / systems)

Hardware resource limitations

Personnel resource limitations

Sociological problems

Information management f |
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Controls Group Approaches

Recognition of central role

Continuously involved from the beginning

Requirements / user identification

Standards development

Tools development

Analysis / design methodologies

Flexibility



Charge Revisited

Plan to get from LCS to AHF

Identify technologies and concepts

Consider central role in providing

an integrated operating environment



Control System Considerations for the AHF

Harold S. Butler
Los Alamos National Laboratory
Los Alamos,- New Mexico 87545

Abstract

This paper identifies some of the more important issues related to
the design of a control system for the Advanced Hadron Facility (AHF).
It begins with a brief description of the site layout and how the various
accelerators operate in tandem to deliver beam to several experimental
areas. Then it focuses on the control system by estimating from existing
installations the number of data and control channels to be expected for
the AHF. The total comes to 50,000. This channel count is converted to
manpower and cost estimates for the control system by extrapolating
from other accelerator facilities. Finally, special attention is given to
two subsystems — magnets and diagnostic equipment ~ and the impact
they will have on the control system.

Site Layout

Figure 1 shows the site layout currently proposed for the AHF(1).
This layout is based on a single-ring mesa-top design that will support
hadron physics up to 60 GeV as well as neutron and neutrino physics at
1.6 and 0.8 GeV. Table 1 lists the accelerators that provide these
capabilities, starting with the existing LAMPF linac and Proton Storage
Ring (PSR).

Table 1

Accelerators Existing (*) or Proposed for the AHF

•LAMPF Linac: 0-»0.8 GeV, 120 Hz, 1325 \LA avg.
•Proton Storage Ring: 0.8 GeV, 12 Hz, 100 uA avg.
Afterburner Linac #1: 0.8-» 1.6 GeV, 96 Hz, 1225 uA avg
Compressor Ring: 1.6 GeV, 48 Hz, 1200 uA avg.
Afterburner Linac #2: 1.6-»2.2 GeV, 6 Hz, 25 ^A avg.
Main Ring Synchrotron: 2.2-»60 GeV, 6 Hz, 25 uA avg.
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Figure 1. Site Plan for an Advanced Hadron Facility
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Beam Flow

The beam flow through this accelerator complex can be
understood by referring to Figs. 2 and 3 in conjunction with the site
plan. The injector for the facility is the LAMPF linac which delivers a

pulsed beam of 0.8-GeV H" ions at 120 Hz. This beam is represented
by the top box in Fig 3. In Fig. 2 one sees that 2 pulses out of 20,
equivalent to a 12 Hz rate, are delivered to the PSR via a beam line that
begins just before Area A. The experimental area for this beam is
identified as the LANSCE Area in Fig. 1.

The remaining pulses, except for a 6-Hz complement that has not
been allocated yet, are sent to the Afterburner Linac #1 for acceleration
to 1.6 Gev. Of these pulses, 96 are injected into the Compressor Ring
which, in turn, delivers half of them to the Large Cerenkov Detector
(LCD) for neutrino studies while the other half is allocated to a new
experimental facility, the Neutron Area. The Compressor is actually a
pair of stacked rings. One of the rings receives the first of a pair of
LAMPF pulses and stores it for 1/120th of a second at which time the
other ring receives the second pulse. These beams are then fast-
extracted during a single turn from each ring and sent box-car fashion
to either the neutrino or neutron experimental area. The experimenters
perceive the beam at a burst rate of 24 Hz but each burst has two
LAMPF pulses (48 Hz).

The remaining 6-Hz stream of pulses, denoted by AHF in Fig. 2, is
transferred to the Afterburner Linac #2 and accelerated to 2.2 GeV.
From there it is injected into the so-called Main Ring, a synchrotron that
accelerates the beam to 60 GeV. Upon extraction, the beam is
transferred to the Proton Area or to a rebuilt Area A for conversion to
kaon, pion and muon beams.

Channel Count

A revealing measure of the scope of a control system is its channel
count — the total number of identifiable signals going between the
control system and the facility (accelerators, rings, and transfer lines).
Signals going from the control system to the facility are thought of as
command channels while those returning are considered to be data
channels. Command and data channels can be either analog or digital
in character.
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LAMPF Control System

Since the LAMPF control system is already in existence, it is easy
to get an accurate channel count. A total of 13,300 channels has been
instrumented in CAMAC or RICE, the latter being a locally-developed
system for data acquisition and control. Of this total, 7,800 channels are
digital in character while the remaining 5,500 are analog.

Afterburner Linacs

The channel count for these two linacs can be estimated by
analogy with the LAMPF Linac. A total of 4782 channels (2735 digital
and 2047 analog) are associated with the 44 equipment modules in the
805 MHz linac, the remainder being associated with the injectors, 201
MHz linac, transfer lines and experimental areas. Each of the 44
modules contains a klystron to provide the rf power. This fact leads one
to calculate a scaling factor based on the number of channels/klystron:
4782/44 = 109. This scale factor can lead us to the number of data and
control channels in the afterburner linacs if we know the number of
klystrons in each.

Those numbers can be obtained from a design study of the AHF
linacs by Thiessen(2). He showed that the accelerating gradients
leading to minimum lifetime costs for the linacs are about 2 MeV/m for
the first afterburner linac (0.8-»1.6 GeV) and 3.0 MeV/m for the second
one. Using the spreadsheets in his note, one can observe that 18
klystrons are required in each linac to achieve the stated energy gain.
That number leads to a total channel count in each linac of: 18*109 =
2000 channels.

1.6 GeV Compressor

A plan view of the Compressor ring is shown in Fig 4. It is based
on a design by Colton(3). The most plausible way to estimate the
channel count is to extrapolate from the PSR. For that purpose it should
be noted that the PSR control system has 5417 channels in its database
which lists 684 devices. Of this total, 55% are related to the ring itself
as opposed to various transport lines. Thus, one should use 0.55*5417 =
3000 channels as the reference number for the PSR ring. Of these, 56%
are digital channels while the other 44% are analog in character.
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In extrapolating to the Compressor ring there are several potential
scaling criteria, each yielding its own scaling factor. Four of these
criteria along with their respective scaling factors are listed in Table 2.
For lack of a more justifiable technique, these factors were character-
ized by an "eyeball" average of 2X, meaning that the Compressor is
expected to have twice as many channels as the PSR ring, i.e., 2*3000 =
6000 channels. Applying the channel type percentages above suggests
that the mix of channels will be 3340 digital and 2660 analog.

Table 2

Criteria for Scaling the Compressor to the PSR
: SF

The PSR is 90 m in circumference vs 266 for the Compressor 2.9X
The PSR has 10 lattice cells; the Compressor has 14. 1.4X
The PSR has 30 first-order magnets; the Compressor has 83 2.8X
The PSR tune is 3.23 vs 5.23 for the Compressor 1.6X

"Average" = 2.0X

Main Ring

The largest accelerator in the AHF complex is the Main Ring shown
in Fig. 5. This particular design was developed by Guignard(4). Since
this synchrotron dwarfs the PSR, it is unreasonable to extrapolate a
channel count from that machine's control system. Rather, the LAMPF
linac has been used because it is a better match. Table 3 was prepared
by analogy with Table 2. It estimates how the channel count of the
Main Ring would scale relative the the LAMPF linac based on three
criteria. The resulting "average" scale factor is 1.6, suggesting that the
Main Ring will have: 1.6*13,300 - 21,000 channels.

Table 3

Criteria for Scaling the Main Ring to the LAMPF Linac
SF

The Linac (800 MHz) is 800 m long vs 1300 for the Main Ring 1.6X
The Linac has 208 first-order magnets; the Main Ring has 243 1.2X
The Linac has 44 modules; the MR has 66 cells and 36 RF cavities 2.3X

"Average" = 1.6X
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Transport Lines

The beam is guided from machine to machine and from machine
to experimental area by arrangements of magnets called transport lines.
The site plan shows an estimated 1400 meters of such lines, all of which
have to be instrumented for the control system. A review of the
channel tables for the LAMPF linac and the PSR indicates that transport
lines have about 25% as many channels as a machine. This finding
allows one to calculate an approximation to the number of channels per
meter that one should fold into the channel count.

Linac 0.25 * 13,300 / 800 m = 4.2 channels/m
Main Ring: 0.25 * 21,000 /1300 m = 4.0

Taking an average of the two results above leads to a channel count of
4.1*1400 = 5700 channels for the transport lines.

Total Channels

Table 4 summarizes all the previous estimates and shows a total
channel count of 50,000 channels for the AHF control system. For two
of the machines there is a separate breakdown between analog and
digitals channels.

Table 4

Channel Count for the AHF Control System

Digital Analog Total
LAMPF Linac 7,800 5,500 13,300
0,8->1.6 GeV Linac 2,000
1.6-»2.2 GeV Linac 2,000
Compressor Ring 3,340 2,660 6,00C
Main Ring 21,000
Transport Lines 5,700

Total Channels = 50,000

Comparison With Other Facilities

The estimating process which led to the predicted channel count
above is subject to errors of no less than ±10%. However, the general
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magnitude of the estimate can be validated by comparing it with
analogous data from comparable accelerator facilities. This comparison
is made for some existing and proposed control systems in Table 5. A
discussion of the various entries follows.

Table 5

Channel Count From Some Accelerator Control Systems
(Estimated counts are italicized.)

Digital Analog Total
AHF 29,300 20,700 50,000

CERN PS (actual) 44,000 11,400. 55,400
KAON 24300 12,800 37,100
EHF 40,000

LAMPF Linac (actual) 7,800 5,500 13,300
PSR (actual) 3,019 2,398 5,417
TRIUMF (actual) 11,100 5,600 16,700

The CERN PS accelerator complex is comprised of 2 linear
accelerators, a 4-ring synchrotron booster (PSB), a proton synchrotron
(PS), an antiproton accumulator (AA) and various beam transfer lines.
The control system for this facility was converted to full computer
control over a period of years ending in 1985. Careful records of the
cost and resources expended on this project were kept and reported in
papers (5,6) which will provide the basis for cost projections later in
this paper. The channel count reported in Table 5 came from (7).

The KAON Factory proposed by TRIUMF envisions a collection of
five rings to accelerate the beam from the existing Cyclotron to a final
energy of 30 GeV. It would serve the same general purpose as the AHF.
A conceptual design for the control system to operate this facility was
published (7) in late 1987. It provided the table entries for KAON and
TRIUMF. The former may be low because the authors state, "The KAON
Factory number must be considered an irreducible minimum which will
grow as more detailed design of the accelerator is carried out."

The European Hadron Facility (EHF) was proposed formally in May
1987 as still another candidate to push back the intensity frontier in the
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study of hadron physics in the energy range up to 30 GeV. Its design
includes a 1.2-GeV linac, 9 GeV booster and holding rings, a 30-GeV
main ring and a stretcher ring. Benincasa (8) developed a preliminary
design for the EHF control system patterned after the one for the CERN
PS. It was his estimate for the EHF that was given in Table 5.

From Table 5 it can be seen that the AHF channel count is
bracketed by those of three comparable facilities ~ CERN PS, KAON and
the EHF. Moreover, since the AHF estimate represents an extrapolation
from two mature1 control systems ~ the LAMPF linac and PSR ~ one
has some confidence that the AHF estimate is realistic for planning
purposes.

One interesting feature of Table 5 is the variation in the ratio of
digital to analog channels among the facilities. For the CERN PS it is
44,000/11,400 - 3.9 whereas TRIUMF reports 11,100/5,600 = 2.0. The
LAMPF control system is most strongly weighted toward analog
channels with a low ratio of 7,800/5,500 = 1.4. The reason for this
variation is not obvious; perhaps it is just a difference in the
philosophies of instrumentation. But it would be enlightening to know
the root cause(s).

Cost Projections

The value of having a channel count is that it allows one to predict
a cost for the control system if an average cost/channel is known. That
figure can be derived from two of the facilities cited above, the CERN PS
and KAON.

Benincasa (9) prepared a summary of the costs of the PS controls
upgrade near the end of the project in 1985. He listed hardware costs of
28 MSF and software costs of 15 MSF. The number of channels in that
control system was given as 55,400 (7). Using the factor 0.64 SF/ $US
and an annual inflation rate of 4% for the past four years, one can
calculate the cost/channel as

LAMPF control system had 6000 channels implemented when the iinac
delivered an 800-MeV beam for the first time in June 1972. In the 17 years since
then, the channel count has matured to 13,300 channels. Similarly, the PSR
control system had 3000 channels in 1985 at the time of its commissioning; now it
has 5417 and is growing at the rate of 2-300 per year.
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Cost/Channel = 43 MSF * 0.64 SF/ $US * (1.04>4 = $581 US/ Channel
55,400

Using this scale factor for the 50,000 - 13,300 = 36,700 new channels
in the AHF control system (CS) gives an estimate of its cost.

AHF CS Cost = 36,700 new channels * $581 = $21.3 M US

A second estimate can be made using the KAON figures (7). The
total cost of their control system is projected to be $38.1 MC for 37,100
channels. Using the currency conversion rate of 0.84 $C/ $US and a 5%
inflation factor for the past year gives the following ratio and estimate.

Cost/Channel = $38.1 MC * 0.84 $C/ $US * 1.05 = $906 US/ Channel
37,100

AHF CS Cost = 36,700 new channels * $906 = $33.2 M US

A third way to estimate the cost of the control system is to take
10% of the cost of the machines in the facility. Based on preliminary
designs, the two afterburner linacs are expected to cost $100 M, the
Compressor Ring is projected to be $100 M, and the Main Ring was
costed at $167 M (including contingency and escalation) in the LAMPF-
II report (10). Using these numbers the AHF control system can be
expected to cost:

AHF CS Cost = 10% * $367 M = $36.7 M US

Measures of Scale

In addition to cost, there are other measures with which to
calibrate the scale of the control system; one is manpower, the other is
interface hardware. A total of 240 man-years was expended on the PS
upgrade by the controls group. (7) Of this amount, 120 M-Y went into
application software. Another 20 M-Y were invested in systems
software, a total that would have been higher except that the project
took over for free significant parts of the systems software from the SPS
control system. The remaining 100 M-Y were expended in the
hardware effort. Not included in this accounting were 50 M-Y of effort
that went into maintenance and modification of the control system over
the 5 year life of the project. These statistics strongly influenced the
KAON Factory estimate of 250 M-Y for their control system, a figure
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that is considered to be a lower bound. It is hard to imagine how the
corresponding estimate for the AHF control system could be less than
this figure. These manpower totals lead one to observe that a way
must be found to increase programmer productivity by the start
of construction.

CAMAC was the interfacing standard chosen for the PS controls
upgrade. By one accounting in 1985 (9) the system involved about 4000
control modules in 180 crates. The total in a more recent inventory that
included the new LEP Injector Linac and other additions was closer to
250 crates. The plan for the KAON control system assumed 250 CAMAC
crates although CAMAC will likely not be the standard of choice.
Whatever the standard, it is important to recognize that the cost and
reliability of the control system are strongly influenced by the interface
hardware.

Magnets

The machines and transport lines which make up the proposed
accelerator complex involved a large number of magnets. Table 6
represents an effort to develop a magnet inventory for the AHF. It is
necessarily incomplete because of the lack of a full set of specifications,

Table 6

Preliminary Inventory of the Magnets for the AHF

Dipoles Quads 6-poles 8-poles Total
LAMPF Linac
0.8-1.6 GeV Linac
Compressor Ring
1.6-2.2 GeV Linac
Main Ring
Transport Lines

12

100
9

208
72
71
72

143
9

12

48

-
-

-
?

208
72
95
72

291

Estimated Total: 1000 Magnets
Incomplete Total = 738

especially for the transport lines. Nevertheless, the estimated total of
1000 magnets drives home the point that we must adopt or develop
a magnet protocol that allows all magnets to be treated in a
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standard way. Such a protocol is being developed at CERN and we
would be wise to take full advantage of their work.

Diagnostic Equipment

Another class of hardware that will have a strong impact on the
control system is the beam diagnostic equipment. The best measure of
this impact was given by Benincasa who prepared a study (11) of the
costs of this type of equipment for the EHF. His methodology was to
form a matrix of diagnostic devices vs machines and to fill in for each
device the number of those devices needed for each machine. His list of
machines included the injector linac, booster, holding ring, main ring,
stretcher, and transfer lines. The diagnostic devices he considered were
the beam position monitors (BPM), wideband BPM's, beam current
monitors, beam loss monitors, secondary emission monitors (SEM's) for
profiles, wire scanners, kickers for Q-measurements, polarimeters,
emittance measuring stations, and time-of-flight gear. To convert the
information in his matrix into a cost estimate, he first determined the
cost of each device type using data from equivalent devices in the CERN
PS. Then he summed the number of devices of each type, multiplied by
the respective cost of that device, and summed. The total came to 17
million Deutschmarks or about $10 M US for the devices and their
associated interface electronics. Manpower costs for designing,
prototyping, installing and checking the equipment would be extra. The
message from this study is that beam diagnostic equipment for a
high-current facility will be a major expense in the control
system. In fact, since the EHF is comparable to the AHF, Benincasa's
total suggests that the projections for the cost of the AHF control system
given earlier in this paper may have been on the low side.

Closing Remark

There are many other facets of the AHF that will add to the cost
and complexity of its control system; i.e., a timing system to synchronize
the various machines and a safety system for equipment protection and
presonnel safety. However, none of these facets imposes requirements
on the control system that haven't been addressed and met previously
at one or more of the world's accelerator facilities. If the architects of
the AHF control system take full advantage of the experience
accumulated at these other facilities and if the budget for the control
system is adedquately funded, there is every reason to believe that a
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control system for the AHF can be assembled that it will be entirely
satisfactory for the operation of the facility.
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I. Defining the "CONTROL SYSTEM"

II. Scaling the Problem
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A Simple Control System Diagram

MACHINE

i
CONTROL, DATA ACQUISITION AND
EXPERIMENTAL HARDWARE

INTERNAL SOFTWARE

APPLICATIONS

Control
System

OPERATOR
DEVELOPER
PROGRAMMER
(EXPERT AND NOVICE)

J
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A Realistic Control System Diagram

EXISTING MACHINE EXISTING MACHINE

CONTROL, DATA ACQUISITION AND
EXPERIMENTAL HARDWARE

INTERNAL SOFTWARE

EXISTING HARDWARE

EXISTING

INTERNAL SOFTWARE

EXISTING HARDWARE

EXISTING

INTERNAL SOFTWARE

SOFTWARE SHELL

APPLICATIONS

OPERATOR

DEVELOPER

PROGRAMMER
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Software Shell Elements
Operator Interface

Software Tools Interface

Physics Tools

Automation Tools

Data Access Interface
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Internal Software Elements

Operating System

Software Tools

Hardware Access Routines

I/O Drivers

Local Database

Communications Protocols



Control System Tools

Data Archiving
Sequencer
Continuous Control
Application Code Configuration
Help Tool
Generic Display and Control
System Performance Analysis

Exception Handling
Model Support
Optimization
Operator Interface Configuration
Accelerator Database Configuration
Data Analysis
Diagnostics
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An Possible Exception Tool Interface

^EXCEPTION REPORT

EXCEPTION AREA: STORAGE RING
EXCEPTION LEVEL: SYSTEM



Hardware System Elements
Standard Bandwidth I/O Systems

Moderate Bandwidth I/O Systems (Diagnostics, Digitizers, etc.)

Run Permit and Interlock Systems

Fast Protect Systems

Personnel Safety Systems > Vft" *** Oe#-*titoe

Timing Systems

Special Data Analysis Systems

• ^ M ^ •
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What is the Scale of the Problem?

Machine Size Controls Effort
(Database Channels) (man-years)

100

35

240-280

LAMPF

PSR

AHF@

13,300

5400

37,000
(additional)

@ Based on work by Butler (2/89), using traditional controls
system approach, assuming no carryover from LCS or PSR



Goals for an AHF Control System

Minimize Cost and Construction Time

Maximize Control System Availability

Maximize the Lifetime of the System

Encourage Innovation in the Users of the
Control System

Provide Common Interface to
Pre-existing Control Systems

"Human" Response Times Throughout the System
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Minimizing Cost and Construction Time

Buy Solutions where possible (and where support is adequate)

Strive for an INTEGRATED Control System/
Accelerator Design

STANDARDIZE and MODULARIZE

Maximize Control System Programmer Productivity



Maximizing Programmer Productivity

Software Generation Tools

Effective Quality Assurance Program

Standardization of Hardware and Software Protocols

Collaboration with other Accelerator Facilities

Expend programmer effort wisely in order to
INCREASE productivity further (Tools)
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Maximizing Control System Availability

Avoid unnecessary complexity in hardware and software

Utilize mature but not obsolete technology

Standardize and Modularize the hardware

Use parallel systems for the most critical components

Develop and maintain all levels of diagnostics



Maximizing the Lifetime

Anticipation of change — Extensability

Stay in the Controls Mainstream -- Anticipate It

Maintain a High Level of Quality Assurance
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Technologies That Mav Help Us

Hardware Technologies

Software Concepts and Technologies



Hardware Technologies to Consider

High Performance Color Workstations (Including RISC)

High Performance CPU's for Networking, Modelling, Overall Response

High Speed LAN's and Interconnectivity Standards

Improved Storage Technologies

Front End Technologies (VME, Fastbus, PLC's...)

I
Co



Software Concepts and Technologies
Worldwide Control System Toolkit Collaborations

Object Oriented Programming

Hypertext

New Windowing Technologies

User Inerface Management Systems

Improved Design Methodologies

Artificial Intelligence Efforts

New Tools for Software Generation

Database Management Systems



A Suggested Timeline for AHF Controls

Accelerator Timeline JDesiqn Commissioning Tuning Production

Control System
Time'me

Data Access Standard

Operator/Graphics Standard

Database Design and Development

Toolkit Development and I mplementatlon

Hardware Protocol Standard

Other Software internals Development

Application Code Development

Controls Hardware Selection

Database Entry

Physics Tools Development
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Migration from LCS •> AHF
Currently working on Common Data Access Standard
for PSR and LCS

Will begin this year (1989) to define Operator/Graphics
Interface Standard (workstations)

Worldwide controls community is beginning effort on
definition and creation of generic controls toolkits

RICE upgrade may potentially influence AHF controls
hardware selection

PSR Run-Permit Hardware Improvements may provide
information for AHF
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Where We Are on the Timeline

Acce'erator Timeline Design Commissioning Tuning Production

Contro' System
Time'ine

Data Access Standard

Operator/Graphics Standard

Database Design and Development

Toolkit Development and Implementation

Hardware Protocol Standard

Other Software Internals Development

Application Code Development

Controls Hardware Selection

Database Entry

Physics Tools Development



Summarizing Some Kev Issues

Scale forces us to increase controls programmer productivity

Design of the control system should begin early

Communication between machine and control system
designers will pay dividends

Information gathering must begin early

We have a chance to do this RIGHT, let's go for it!



Summary of the AHF Controls Workshop

Ray Poore, MP-6

The controls portion of the workshop consisted one morning session
where four papers were presented. The presentations were followed by a
discussion period.The following are the main points which were made.

DATABASES

We need to begin gathering information about the design of the machine
at the beginning of the design effort. The designers should include
representatives from the controls staff during the design discussions, or at least
provide summaries of the design considerations as the subsystems progress. It
is expected that new accelerators will require more information in the controls
database(s) than has previously been the case. Already some controls groups
with existing accelerators are attempting to retrofit their existing databases to
include more of the geometry of the accelerator in order to facilitate the use of
modeling programs. In this case, when a new magnet or other device is added
the modeling programs can get the parameters from the database instead of
building them into the program.

We recognize the need to provide an integrated operations interface for a
new control system in order to serve a variety of users in a consistent fashion.
Gathering the needed information in a uniformly set of databases will provide a
basis for the tools needed to meet this requirement.

There are other reasons to expand the use of databases to include more
of the design of the accelerator. In particular, there have been instances of
original equipment designs being lost sometime during the life of the facility. If
databases were designed at the beginning to contain more of all aspects of the
facility design then perhaps this could be avoided. One should strive to have the
design of an accelerator databases centralized so that all databases could have
common access methods. Databases for the entire accelerator would require
coordination from someone or group at the project management level.

One can envision a few years from now that all aspects of the accelerator
design, from mechanical and electronic drawings to commercial module
descriptions and geometric descriptions of each element of the accelerator
could be available graphically from any workstation in the facility. This could
greatly enhance the ease of operation and maintenance of the facility.

It is also possible that due to the high intensity of beam currents that the
more traditional methods of tuning the beam simply will not be practical. That is,
when there are several megawatts in the beam, one may wish to simulate the
"tweaking" of a knob before actually doing it. By designing a database for the
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machine geometry at the outset this mode of operation could be made much
easier to implement.

MAGNITUDE OF THE CONTROLS EFFORT

By scaling from the CERN PS upgrade, the effort put into PSR and
LAMPF and the estimated effort for KAON at TRIUMF it was concluded that there
will be approximately 56,000 database channels in the AHF complex. This
includes the main ring, the linacs, the compressor, the existing LAMPF and PSR
facilities and the transport lines. Of this number 37,000 will be new. There
currently 19,000 in the existing facilities. If one assumes that the existing
channels will not be affected, then the estimated man-power to implement the
controls system, both hardware and software, is between 240 and 280 man-
years if traditional methods of programming are used. At a cost of $145K per
man-year this this gives an estimated cost of 34.8 - 40.6 M$. This does not
include the cost of the controls hardware itself, which may be around 30% of the
man-power costs. This estimate is in agreement with other facilities, in that it
projects to about 10% of the cost of the facility.

POSSIBLE WAYS TO IMPROVE PRODUCTIVITY

In view of the expense of implementing the the control system, it is
desirable to increase the productivity of the programming effort. Some methods
such as increasing the use of hardware and software standards must clearly be
implemented. In particular, standard network protocols must be used whenever
possible. In the case of the design of the graphics for operator consoles, there
are already User Interface Management Systems (UIMS) on the market which
in some cases of graphics design promise to enhance programmer productivity
by factors of 10 or 20. New techniques of programming such as object oriented
programming also may provide additional productivity gains. These emerging
technologies should be watched closely. The field of artificial intelligence
should be followed to see if it can be used to assist with such activities as
accelerator tuning and trouble shooting.

In the same way that an integrated operations environment will benefit
the operation and development of the accelerator, an integrated software
development environment will greatly increase programmer productivity and
produce more reliable and maintainable software.

In the case of hardware, as well as for software, we should always
attempt to buy products rather than develop them. In the hardware area
standard protocols to hardware device controllers are beginning to be formed.
The efforts spearheaded by CERN in developing a standard protocol for magnet
controllers can be expected to be extended to other accelerator hardware in the
coming years. We should keep abreast of developments here, and standardize
hardware where ever possible. Standards should be flexible enough to handle
most situations. Software will stil! probably have to adapt to non-standard
hardware.
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RELIABILITY

In the area of improving reliability, suggestions were made that
redundant subsystems may be desired in some instances. In particular, the run
permit subsystem and separate diagnostic networks may be necessary to
increase reliability above the currently attainable values. Structured Analysis
and Structure Design (SA/SD) and Computer Aided Software Engineering
(CASE) tools should be used from the outset in order to improve reliability and
maintenance.

MODULARITY

Layered and distributed control systems appear to be providing us with
the methods of modularizing the control system, as well as separating the real-
time parts from the operator interface. In this case the operator interface, device
controllers and the devices themselves would be connected by networks and
have standardized protocols between them.

WHAT WORK CAN BEGIN NOW?

As the design of the facility progresses we should attempt to gather
information from the designers and begin to define a controls database. The
project management is encouraged to place someone or group in charge of
developing standard databases for all aspects of the accelerator. We should
also cooperate in a common effort with other accelerator laboratories to develop
software tools for control system development.

During the next two years the LAMPF controls section has plans to
develop a common systems interface which will allow any of the various control
systems in the existing LAMPF complex to obtain information from the other
systems. We should proceed with this development since it is perceived as
being directly applicable to an AHF system.

The UIMS which are currently starting to be available on the market can
be examined now. There is a procurement underway within MP Division for one
of these systems. We plan to explore the possibility of using this in a workstation
environment to design the graphics for operator consoles. MP-6 has recently
purchased a CASE tool. Experience with this should apply directly to software
design for AHF. We can continue to investigate the use of Al, object oriented
programming and other emerging technologies.

The following figure gives a possible schedule for the development of the
control system:
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Accelerator Timeline I Design jCommlsslonlng Tuning I Production

Control System
Activities
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CONTINUOUSLY VARIABLE PRECESSION
PARTIAL SIBERIAN SNAKES AND THEIR APPLICATIONS

L.C. Teng
Fermi National Accelerator Laboratory

Batavia, Illinois 60510

Introduction

Polarization experiments at high energies continue to generate surprises.

Many questions remain unanswered or unanswerable within the frame work of

QCD, these include such simple basic questions as to why the polarization

analyzing power in pp elastic scattering remains high, why hyperons are

produced with high polarizations at high energies, etc. It is, therefore,

interesting to investigate the possibilities of accelerating polarized beams in the

Hadron Facilities.

On the technical side the recent understanding of the possibilities of

turning on and off Siberian snakes without depolarizing the beam and of the

effects of partial snakes, i.e. snakes with precession angles less than 180°,

opened up new ways of dealing with depolarizing resonances. The tried and

true method of a combination of jumping (rapid crossing), slow crossing (total

flip), and de-exciting (reducing alignment errors) resonances are exacting, costly

and time consuming. They can hopefully be replaced by the use of the much

simpler "passive" partial snakes.

In this paper, we will examine the technology and equipment necessary to

obtain a polarized proton beam in a Hadron Facility Accelerator. For

demonstration we will use as example, the Fermilab Booster and the pro-

overpassed planar Main Ring.
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Polarized H" Source and Preaccelerator

The polarized H" source consists of two main sections. The first section

produces a polarized H° beam. Many different schemes have been proposed

and employed for this purpose. The most straightforward and traditional is the

method of using the Stern-Gerlach mechanism to produce a neutral atomic

hydrogen beam with electron spins polarized. The nucleus proton is then

polarized through microwave transitions between hyperfme states in a magnetic

field. In the second section, the H° is transformed to H~ through electron

pickup from Cs atoms. Figs, la and lb give a schematic drawing of such a

source used for the AGS polarized beam.

The simplest preaccelerator is an RFQ linac as used for the AGS beam.

The RFQ can accelerate the beam to higher energy (~2 MeV) than the Cock-

croft-Walton (CW), thereby making the first section of the following drift-tube

linac (DTL) more efficient. One can use a single RFQ to accelerate

alternatively the beams from the unpolarized and the polarized sources. Or one

can use separate RFQ's for the two sources and inject the beams from the

RFQ's alternatively into the following DTL.

Acceleration through Linacs

The beam is A.G. focused in both the RFQ and the DTL. In the RFQ

the focusing is electric which has little effect on the spin. In the DTL the

transverse focusing is supplied by quadrupole magnets. The spin does precess

about the magnetic field of the quadrupoles. However, the quadrupole polarities

are alternated in such a way as to cancel out the first order orbital effect

leaving only the second order effect which is focusing in both transverse

planes. This also makes the spin precessional effect (which is linear) cancel in
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successive quadupoles. Thus, the polarization will be preserved throughout both

the RFQ and the DTL linacs.

The injection transport line must precess the spin of the beam from the

linac such that at the injection point, it points in the eigen-direction.

Depolarizing Resonance in Synchrotrons

Contrary to a linac, in a synchrotron the acceleration rate is much slower

and the beam returns through the same quadrupoles sector after sector or at

least, turn after turn. If the spin precession tune (precession per turn) runs

into some rational relationship with the sector or revolution periodicity

(resonance condition), the undesirable precession can accummulate and after

many turns or sectors, may amount to a sizeable depolarization. The

resonances must be avoided or eliminated.

More specifically, in a synchrotron (assumed planar), the main guide field

is vertical (coordinate z). Hence, the eigenspin direction is ±z. In the absence

of horizontal field component, a vertically polarized beam will retain its

polarization forever. There are however two sources of horizontal field

components on the particles. First, because of alignment errors the closed orbit

will not be perfectly in a horizontal plane. The horizontal field component felt

by a particle traveling on the closed orbit is proportional to the magnitude of

the vertical distortion of the closed orbit. Second, all particles in the beam

perform vertical oscillations. The incremental horizontal field on a particle

straying vertically off the closed orbit is what imparts the restoring force to

keep the particle focused toward the closed orbit. This second horizontal field

component is clearly proportional to the amplitude of the vertical oscillation of

the particle, or the vertical size of the beam. Both of these horizontal fields
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are oscillatory; the imperfection field having harmonics k (= integer) and the

field due to vertical oscillation (intrinsic) having harmonics kP ± v% where P

is the lattice sector periodicity. The resonant conditions are therefore

n . „,/» / k imperfection
Precession tune = i/p = 7G = ( ^ ± ^ intrinsic

where G = "̂5= = 1.793 fcr proton, i s the anomalous gyromagnetic ratio.

The strength e of these resonances depend, in addition to the amplitude

of oscillation or orbit distortion, on the specific magnet lattice and can be

calculated for a given lattice by a computer program DEPOL written by E.D.

Courant. The amount of depolarization suffered in crossing a resonance is

proportional to the strength £ and inversely to the crossing speed a. To

reduce the depolarization effect, one must therefore either reduce £ or increase

a. Both methods have been applied in practice.

The strength £ increases with energy for both types of resonance such

that at high energies

( 7 imperfection

I7 intrinsic

(At low energies 7 should be replaced by /J7.)

For imperfection resonances the orbit distortion is fixed and the horizontal

field component is roughly proportional to 7. For intrinsic resonances the

proportionality is softened because the amplitude of oscillation decreases as

1/Pf. Thus for high energy machines, the stronger and more numerous

resonances make the individual resonance jump and orbit correction method
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2
used so far, extremely unattractive. Fortunately, Derbenev and Kondratenko

proposed in 1977 an ingenious method of eliminating the resonances altogether

using strings of dipoles to impart the equivalent of phase shifts to the vertical

precession. This method has come to be called the Siberian snake.

Siberian Snakes - Full and Partial

If while an oscillation is being driven by a resonant force, its phase is

periodically shifted by 180° the force will just periodically increase and reduce

the oscillation amplitude leading to no net blow-up of the oscillation and the

resonance is effectively eliminated. The phase of the vertical precession can be

shifted 180° by a 180° precession about any horizontal axis. The Siberian

snake is a series of moderate dipoles (~10 in number and ~1 Tm each)

installed in a straight section of the synchrotron ring lattice, which produces

just such a horizontal precession while causing no net deflection of the orbit.

The Type 1 (longitudinal) snake produces a precession about the longitudinal

horizontal (tangent y) axis and the Type 2 (transverse) snake has a transverse

horizontal (normal x) precession axis. They are shown in Figs. 3 and 4. They

differ in their closed spin or eigenspin trajectory (the equivalent of the closed

orbit). For a perfect ring without snakes the closed eigenspin direction is a

constant z all around the ring. With a longitudinal snake the closed eigenspin

orientation at a location diametrically opposite the snake is in the longitudinal

direction y. As the particle goes around the ring, the spin precesses in the

horizontal plane to some angle, say 9, from y at the snake. The 180° flip by

the snake brings the spin back to the horizontal plane at angle -6 from y.

The continued precession in the horizontal plane around the remaining half-

revolution will bring the spin back to y at the diametrically opposite starting
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point to complete the closed eigenspin trajectory. With a transverse snake, the

eigenspin orientation at the location diametrically opposite to the snake is in

the transverse direction x. More attactive is the arrangement with a pair of

snakes, one longitudinal one transverse, placed at diametrically opposite

locations in the ring. The eigenspin trajectory is along z for one-half of the

ring and along -z for the other half. At the point of injection, the polarization

of the injected beam should point along the eigenspin direction.

It is intuitively reasonable that the accummulated horizontal (depolarizing)

precession due to the resonance should not be as large as t between snakes

(one full revolution if there is only one snake in the ring). This expectation

has been shown to be approximately valid and since the resonance strength c

is a measure of the depolarizing horizontal precession per turn in units of 2JT,

for a single snake the condition can be written as

e < 1/2 .

Therefore, more snakes (or pairs of snakes, if vertical eigenspin orientation is

desired) distributed around the ring are needed to cope with strong resonances

at high energies.

Although the snakes produce no net distortion in the particle orbit

external to the snakes, they unavoidably cause transverse (x and z) orbit

excursions inside. Since the transverse precessions, hence the strengths of the

dipoles are independent of particle energy, the excursions are larger at lower

energies. From the expressions given in Figs. 3 and 4, we see that the

excursions get uncomfortably large at proton energies below ~30 GeV.

Fortunately, it has recently been realized that for weak resonances which

occur at low energies the phase shift produced by the snake could be less

than *. As long as the depolarizing horizontal precession per turn is small, the
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repeated passage through the snake every revolution will result in continuous

coherent accumulation of the snake precession and as long as the depolarizing

horizontal precession is less than % when the snake precession has accumulated

to ir, further traversals will cause the depolarizing horizontal precession to

decrease, thereby rendering the resonance harmless. This condition has also

been confirmed semi-quantitatively and for one snake the condition on the
3

snake precession 6 can be written as

Since it is likely that the snake dipole could be weaker, hence, the orbit

excursion could be smaller for partial snakes with 6 < w, it was hoped that in

this manner one could use Siberian snake to eliminate depolarizing resonance

even at energies much lower than 30 GeV. But first, one must invent snakes

which can be powered to yield precession angle 6 continuously variable down

to 0. This was done by D. Underwood and shown in Figs. 5 and 6. All

these continuously variable precession snakes have dipoles with fields rolled 45°

from the vertical (or horizontal). This is shown in Figs. 5 and 6 by the

arrows in the squares which are end-views of the dipoles. The magnets are

powered in two strings, A and B. Fig. 5 shows a transverse continuously

variable partial snake with 12 dipole units (Some neighboring dipoles can

naturally be combined to make one dipole two units in length.). The required

precession angle 6 in each dipole unit for the two strings is plotted as

function of the desired snake precession angle 6 in Fig. 7.

The precession angle 9 of the stronger A string dipoles is related to the

total transverse precession 6 of the snake by
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e2 = |.ff (valid for 6 = 0 to ir)

Fig. 6 shows a longitudinal continuously variable partial snake with eight

dipole units. The required dipole precession angle 6 is plotted as function of

the snake precession angle 5 in Fig. 8. The larger dipole precession angle is

related to the snake precession angle also by the above equation except that

its validity extends only over 6 = 0 to «r/2. To get 6 = 1T, one needs two

snakes joined together. The orbit excursions are proportional directly to 0 and

inversely to the particle momentum, Pf, and are given in Figs. 5 and 6 for

5.48 tesla superconducting dipoles.

Application to Fermilab Booster and Main Ring

The resonance strengths e for the Fermilab Tevatron Ring have been

calculated using DEPOL and are shown in a log-log plot in Fig. 9. The black

squares are those of the strongest intrinsic resonances and they all fall on the

straight line with a Pf slope. An oscillation amplitude corresponding to a

normalized emittance (invariant) of 10* mm-mrad is assumed. The crosses

lying on the straight line with a 7 slope give the strengths of the strongest

imperfection resonances. An rms closed-orbit distortion of 0.1 mm and an rms

quadrupole gradient error of 0.1% were assumed for this calculation.

Since the Main Ring has nearly the identical lattice to the Tevatron Ring

(As mentioned in the introduction we consider here only the pre-overpassed

planar Main Ring.) the resonance strengths are expected to be given with good

approximate by extensions of the Tevatron Ring straight lines.
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Because of the high cell periodicity (24) of the Booster Ring, it has only

one weak intrinsic resonance (7G — v
z — 6-8) shown as a circle in Fig. 9.

The imperfection resonances shown as triangles are also weak.

In Table 1 we list the numbers of intrinsic and imperfection resonances

and the upper limits of their strengths for the Booster Ring, the (planar)

Main Ring and the Tevatron Ring. We propose to suppress ail these

resonances with full and partial Siberian snakes. The proposed configurations

and modes of operation of the snakes for these three synchrotron rings are

described in detail below.

Table 1 - Spin Resonances of the Tevatron

T (Gev) 0.2
7G 2.175

No. of resonances
Intrinsic
Imperfection

Max. strength of res.
Intrinsic
Imperfection

Booster
Rine

8
17.08

1
15

2xlO3

Main Rine

150
288.4

90
271

0.22
0.10

Tevatron
Rine

476
1433

0.72
0.77

900
1722

1. Booster

It is fairly clear from the resonance strengths given in Table 1 that one

90°-maximum partial snake (say, the longitudinal) alone will be adequate. We

propose here a "fixed excursion" mode of operation. This mode of operation is

possible and desirable for all machines with rather low resonance strenghs over

the entire range of acceleration. At the top energy of 8 GeV (fif = 9.42), the

snake is turned on full which for a superconducting, Underwood's longitudinal
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partial snake means 6 = 90°, 0 = 45° and *m&x = 3.48 cm. At lower

energies the snake dipole excitation Bit, hence 8, is reduced in proportion to

Pf so as to keep the excursion a fixed. This allows the dipole to be

aligned on the distorted orbit. Since the orbit excursion is fixed, no allowance

in the dipole aperture is needed to accommodate orbit displacements. With

such an excitation program we have.

J_ ft
45° " 9.42 '

22.5°
*5»2 Ul I 2 _
225ol9^42j ~

Si 2

L9.42J

and the maximum resonance strength €__„ that can be suppressed i s

2
emax = 360s" = l l 9.42 J

This is plotted in Fig. 10 together with the expected strengths of the strongest

intrinsic and imperfection resonances. We see that the "fixed excursion"

program of excitation keeps the permitted maximum strengths comfortably

above those expected.

The total length of the longitudinal Snake is only M2.5 m and can be

accommodated easily in one of the many empty 6m straight sections of the

Booster. The beam transport line from the linac must be redesigned to precess

the polarization of the H~ beam to the specific eigen-orientation at the

injection point. The electron stripping by the foil to convert H~ to p should

not have any effect on the polarization of the beam.
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2. Main Ring

Since the maximum resonance strength is ~0.22, we will need a ISC-

maximum snake (one transverse snake as shown in Fig. 5 or two longitudinal

snakes as shown in Fig. 6 or one of each). It is easy to see that a fixed

excursion program will not cover the low energy end. Thus, we have to keep

the full excitation down to some low energy, here chosen to be 30 GeV.

Above 30 GeV the excursion is allowed to vary. The fixed-excursion program

is used from 30 GeV down to the injection energy of 8 GeV. With this

hybrid program, the maximum allowable resonance strength is as shown in

Fig. 11. We see that it is now comfortably greater than the maximum

computed strengths over the whole energy range of 8 GeV to 150 GeV.

The difference between the maximum excursions at 30 GeV and 150 GeV

is 1.6 cm which must be accommodated in the enlarged aperture of the Snake

dipoles. But this is 3mall and creates only a minor demand on the aperture.

A superconducting transverse partial snake of the type shown in Fig. 5 is

about 3 m in length and can easily be accommodated in any number of the

Main Ring straight sections. Here also, the Booster-Main Ring transport line

must be redesigned to match the eigenspin orientations.

3. Tevatron Ring

This is of only peripheral interest to hadron facilities. Since the maximum

resonance strength is 0.77 we need, at the minimum, one pair of full

longitudinal and full transverse snakes such as those shown in Figs. 3 and 4.

To allow for some comfortable safety margin, one may want to use more than

one pair. The six sector symmetry of the Tevatron Ring suggests the use of

three pairs.
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Here the snakes are constantly powered at full 180° precession and the

orbit excursion from 150 GeV on up is only 5.5 mm which is quite negligible.

With pairs of full snakes, the eigenspin orientation is always vertical.
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Half Excitation Parameters

Snake Precession 90° (180° Full)

A String B String

Precession per dipole unit
Field
Unit length £
Total length 12 JL
Orbit excursion

45°
S.48T

a =

0.25m
3m

b =

22.5°
2.74T

0.164m
Pi

Fig. 5 Transverse continuously variable precession partial snake designed by
D. Underwood. The snake has 12 skew (45*-roll) dipoles powered in two
strings A and B, and has a precession range of 6 = 0° to 180°.
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Full Excitation Parameters

Snake precession (Full) 90°

(A and B strings identical at full excitation)
Unit precession
Field
Unit length H
Total length, 10 £-

Orbit excursion a = b =

Fig. 6 Longitudinal continuously variable precession partial snake designed
by D. Underwood. The snake has 8 skew (45°-roll) dipoles powered in two
strings A and B, and has a precession range of 6 = 0° to 90°.
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IMPERFECTION S

Pig. 10 The "fixed excursion" excitation program for the single Booster
longitudinal partial snake. Plotted are the snake precession angle 6l2t
(maximum allowable resonance strength) and the strengths of the resonances
against the spin tune 7G.



POLARIZED BEAMS IN THE TRIUMF KAON FACTORY
ACCELERATORS

U. Wienands
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C, Canada V6T 2A3

Abstract

The depolarizing resonances for the new racetrack lattices for the KAON Fac-
tory are calculated. In both accelerators the number of intrinsic resonances can be
reduced by retuning the straight sections for an integer times 2?r phase advance in
the vertical plane. In addition, *yt of the Driver lattice is kept at its natural value of
about 10, thus keeping the arcs 24-fold symmetric. As a result there is only one in-
trinsic resonance in the Booster and three in the Driver. These resonances are strong
enough that efficient spin flip is expected crossing the resonances, for all except the
4-Uy resonance in the Driver, which has to be jumped. The paper is an update of an
earlier paper.1

Booster Lattice

The Booster lattice has 10-fold periodic arcs that are tuned to 3X2TT phase
advance in each plane to cancel dispersion in the arcs in the straight sections. For
polarized beams, the vertical phase advance is slightly increased and the straight
sections are tuned to 2TT each, making them "invisible" to first order. Since in fast-
cycling accelerators only the first-order depolarizing resonances excited by the radial
field components are important, this will
suffice in reducing all but the structural res- i r to
onances of the 10-fold symmetric arcs, which
are shifted in jG by the tune of the straight
sections (2). Only the jG = 2 — vy reso-
nance remains in the acceleration range of
the Booster, 0.4-3 GeV, plus five imperfec-
tion resonances that cannot be influenced in
strength in this way.

In Fig. 1 the resonance spectrum of
the Booster ring is given, calculated with
the program DEPOL.2 The vertical arrow
points to the strength of the intrinsic reso-
nance for 1/10 of the beam emittance. TVJ
vertical bars represent the expected range
in strength of the imperfection resonances
for 100 fim random misalignment and cor-
rected closed orbit. Due to its strength we

10-1

10
-2

10-3

10-4

Fig. 1. Depolarizing resonances in the
doublet focusing racetrack Booster.
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1 r 1
€*=X)7T mm-mrad
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1% depolarization

3
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expect spin flip on the 2" resonance to be efficient, especially if a tune pulse is ap-
plied so that the betatron tune nearly tracks the spin tune during resonance crossing,
thereby reducing the crossing speed. The imperfection resonances will be corrected
with programmed orbit correctors. The total depolarization in the Booster is esti-
mated to be about 10%.

Driver Lattice

The arcs of the racetrack Driver have a 24-fold periodic FODO structure that is
broken by the 6-fold symmetric modulation of the lattice functions in order to raise -/<
to infinity. This is done to avoid crossing transition under heavy beam loading. Since
the intensity of the polarized beam will be about 10-20 /*A, rather than 100 //A, tran-
sition crossing should be possible in this case without undue loss of beam. Therefore,
the arcs can be kept regular for polarized-beam operation.

Retuning the vertical phase advance to create unit-straight sections as in case
of the Booster, the apparent symmetry of the machine is now 48 and the intrinsic
resonances are given by

7G = 48k ± (vy - 4) .

In the acceleration range from 3-30 GeV there are only three intrinsic resonances, for
k=Q and 1. Figure 2 shows the lattice functions of the Driver in polarization mode

DRIVER LATTICE : 1*6*4 CELLS

140

(m)

o
r, - "•*«

200 300 400

DISTANCE (m)
500 600

vt - 8 60 vr - 7.O
Total length - 1071.517

Fig. 2. Lattice functions in the racetrack Driver tuned for polarized beams.
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and Fig. 3, the resonance spectrum. Im-
perfection resonances were again calcu-
lated for 100 //ra misalignment and cor-
rected closed orbit. While the 4~ reso-
nance close to the injection energy can
be jumped with a rather small pulsed
quadrupole system, the other two reso-
nances are strong enough to give efficient
spin flip. From Table I in Ref. 1 we can
estimate the depolarization from the in-
trinsic resonances to be about 10%. At
least the same amount of depolarization
will arise from practical limits in correct-
ing the 50 imperfection resonances, which
represent a challenge just by their num-
ber.

Fig. 3. Depolarizing resonances in
the racetrack Driver of Fig. 2.
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Summary

It is shown that despite their low symmetry racetrack lattices can be suitable
for acceleration of polarized protons, as long as their apparent symmetry in the
vertical plane can be made high enough. Total depolarization in the two accelerators
is expected to be about 30%; for 10 //A of 80% polarized beam at injection the
polarization at 30 GeV is expected to be about 55%.
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INTERNAL POLARIZED GAS TARGETS

George Glass
Texas A & M University

The possibility of a new accelerator to cover an energy region up to ~ 50 GeV with
intensities as high as 100 //a raises the suggestion that internal polarized gas targets be
anticipated in the overall design of the machine. Although these targets are not easy
to construct, and the experiments with internal targets are in general more difficult to
execute than with external targets, there are several advantages to be gained as follows:

a. A clean pure H+ target can be achieved.

b. High polarization can be obtained (~ 90 %).

c. Polarization reversal can be done rapidly (~1 sec).

d. Attainable areal densities (~1014cm~2) with multiple traversals will produce
reasonable luminosity (~ 10323ec~1cm"2).

e. Energy excitation experiments with small energy steps will be possible when
data is taken during the ramp part of the accelerator cycle.

f. The need for greater understanding of the beam in the vicinity of the target
will facilitate better control of the beam dynamics and may lead to higher
quality beains.

There are two kinds of gas targets to consider (1) the storage cell and (2) the
jet. The storage cell is simpler and relatively easy to operate. Area! densities of
1014/cm2 are fairly standard. It requires only a small magnetic field (~10-100 gauss)
to preserve the polarization. One problem with this kind of target is the effect that
a high intensity beam might have on the polarization. The electromagnetic field of
the beam creates an rf field equivalent to ~ 2 kgauss that could depolarize the target.
Studies at HERA (DORIS) have indicated that this in not an insurmountable problem.

510



Another difficulty with this target is that the beam must be made to fit into a rather
restricted aperture and therefore it precludes use of the target in the main ring because
during the low energy part of the acceleration cycle the beam is likely to be too spread
out to fit into a small aperture. However, such a target would be useful in a stretcher
or storage ring.

The jet type target does not have the above disadvantages and is therefore favored
even though it is a more difficult device to construct and operate. At GERN the UA6
Collaboration has a jet target with areal density 5 x 10n/cm2 and a holding field of 20
gauss. There have been no vacuum problems with a pressure of 10~2 torr in the jet and
10~7 torr a half meter away when two turbo molecular pumps are used for this setup.
It was found that the jet density could be increased further by cooling the nozzle to
~ 30-40K with 4He. Lower temperatures would tend to freeze out the hydrogen and
the upper limit density is ~ 10le/cm3. One of the major problems with this type of
target is the recombination of the free hydrogen if it touches the walls. One way to
avoid this effect is to coat the walls with an inert substance such as 4He or teflon. It
is to be noted that for some purposes polarized 3He is an adequate target nucleus and
this presents no recombination problem, and in fact does not require cryogenics to be
polarized.

There is at present a rather novel target under development by a Michigan-MIT
Collaboration.1 The work was initiated at CERN and is now pursued at BNL. A
diagram of the target is shown in Fig. 1. The technique involves a strong magnetic
field gradient that forces atoms of hydrogen that have their electron spins aligned one
way to be stored (trapped) and for the other way to be pushed out tlurough an orifice
to form a jet containing only proton spins in mostly one direction.

An outline of the mechanism for polarizing the protons is as follows:

a. Atoms of cold (~.4K) hydrogen are trapped and are in the two lower hyperfine
states iu a 5 Tesla magnetic field. The diagram in Fig. 2 illustrates a
simplified version of the levels involved.

b. By very careful tuning of a 140 GHz /z-wave generator one of the upper
level hyperfine states can b<* populated exclusively. The atoms thus excited
have their electrons now aligned with the magnetic field gradient iu such
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a way as to be forced out of the magnetic field region into a jet stream.
The group anticipates storage densities around 1016/cm3 and jets having a
thickness perpendicular to the jet of ~ 10I4/cm?. Should such a device
become available it would be an ideal internal target for a future medium
energy high intensity hadron facility.

1 Reference
1. R. S. Raymond, D. G. Crabb, T. Rosen, J. A. Stewart, and G. R. Court, "The Ul-

tra Cold Hydrogen Jet Project," presented at the Target Workshop held just prior
to the 8th International Symposium on High Energy Spin Physics, Minneapolis,
MN, USA, September 1988.
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SUMMARY OF THE POLARIZED BEAM WORKING GROUP

Chairman: U. Wienands
Scientific Secretary: 0 . v.Dyck

Participants

M. Conte M.K. Craddoclc
G. Guignard H. Foelsche
G. Glass S. Pentilla
J. Senichev L.C. Teng

1. Introduction

The group met on Wednesday morning and discussed the following topics:

• Review of facilities (AGS Booster, TRIUMF KAON Factory),

• Spin Rotators and Siberian Snakes,

• Internal Polarized Gas Targets,

• Recommendations for further Study for the AHF.

AGS Booster (H. Foelsche):

The Booster currently under construction at Brookhaven can be run in an accumu-
late/accelerate mode for polarized beams. Cycling the Linac at 7.5 Hz, theoretically
up to 25 pulses can be accumulated and accelerated within the 2.5 s AGS cycle time.
Since the peak current from the source is 300 fiA , the average current will be boosted
to more than 40 nA in this way, up from about 2 nA today.

The Booster lattice is sixfold symmetric and has one weak intrinsic resonance in
the acceleration range plus two imperfection resonances. The first strong intrinsic
resonance is at 2 GeV and will be avoided by extracting the beam at a slightly lower
energy (1.8 GeV).

In order to optimize stacking efficiency, an H~ stripping injection with a narrow
foil and phase-space mismatch is proposed that reduces transversal of the stripping
foil by the circulating beam by a factor of 10. The estimated injection losses are about
1%. Due to foil scattering and mismatch the beam emittance is increased horizontally
from 5 to 70 Trmm-mrad and vertically from 5 to 20 7rmm-mrad. The horizontal and
vertical beta functions at injection are 10 m and 3 m, respectively.
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TRIUMF KAON Factory (U. Wienands):

The racetrack lattices for the KAON Factory have been designed with regular
arcs and the possibility of "invisible" unit-section straights. In this way the number
of intrinsic resonances is reduced to 1 in the Booster and 3 in the Driver. These res-
onances are strong, making spin flip quite effective. 5 imperfection resonances in the
Booster and 50 in the Driver can be corrected by programmed orbit correctors. Using
spin flip and/or resonance jumping for the intrinsic resonances and orbit correction
for the imperfection resonances a polarization in excess of 50% at 30 GeV is expected.

Alternatively, a Siberian Snake can be used in the Driver. Because of the low
injection energy, only a helical snake a la E.D. Courant has reasonable orbit excursions
at injection. A possible design of such a snake with discrete magnets has 8 cm orbit
excursions at 3 GeV for a field of 3 T, would use 14 magnets, and would have a
length of about llm. Due to very low depolarization in the Driver with the snake,
the polarization can be as high as 70% at 30 GeV. Additional spin rotators are needed
in order to match the spin direction in the Driver with that in the other rings.

Siberian Snakes (L.C. Teng):

We heard an introduction and overview over the field. The solenoid-snake exper-
iment at IUCF should provide experimental confirmation of the snake principle by
this summer.

A recent development is the partially excited snake proposed by T. Roser. It can
be shown that for a resonance strength e of less than 1/2 a snake with a precession
angle of 2 7re is sufficient to eliminate depolarization. Since the resonance strengths
in accelerators up to several tens of GeV are in general at or below 0.1, this device,
if confirmed by the snake experiment, may be of considerable interest. The snake
can also be designed as a ramped device having a constant orbit throughout the
acceleration cycle, thus varying optical properties during acceleration and the result-
ing matching problems are avoided. In this mode the spin precession increases with
momentum, as does on average the resonance strength. Designs for various partial
snakes with either longitudinal or transverse precession axis have been proposed by
D. Underwood.

A possible scenario for the use of snakes in the Tevatron complex was presented
that calls for one fixed-orbit partial snake in the Booster, one or two partial snakes in
the main ring, and 6 full snakes in the Tevatron. The snakes in the main ring would
be operated in fixed-orbit mode at injection, switching over to fixed-field mode during
the acceleration cycle.

Internal targets (G. Glass, O. v.Dyck):

Polarized gas targets are attractive because they offer a clean target and target
polarization as high as 90%, while cryogenic targets usually consist to 90% of other
materials than hydrogen and have a polarization of less that 50%. For luminosity
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reasons, gas targets can be used meaningfully only in a circular machine, taking
advantage of the large circulating current. Several targets are under development at
different laboratories in the world, with areal densities aiming at up to 1014 cm*2.

The two techniques used for gas targets are the storage cell and the gas jet target.
Using the former technique, rather high areal densities can be achieved by choosing
the proper length of the cell, however, vacuum problems exist. Gas jets, on the other
hand, have somewhat less density but are easier on the vacuum system. In both
targets depolarizing mechanisms are present, but they appear to be understood and
controllable.

The luminosity that can be expected in the AHF would be on the order of 1033,
assuming a circulating current of 0.6 A and an areal density of the target of 1014

cm"2. It was noted that the U. of Michigan group is aiming for such a density for its
jet target under development.

For the AHF incorporation of an internal target means the design of a low-beta
section. Due to the length of the straight sections, the extraction section may possibly
be shared between internal target use and the slow-extraction system. The value of
the beta function at the target is determined by the size of the target on one hand
and by the multiple scattering of the beam in the target on the other hand.

Flattop times should be long compared to the filling and acceleration time, on
the order of minutes.

Using the target in an accelerator ring necessitates a larger aperture for the in-
jected beam and therefore makes a gas-jet target look more attractive than a storage
cell.

To study further:

For the AHF resonance jumping/correction looks unattractive in particular due to
the large number of imperfection resonances (100 up to 60 GeV). A partially excited
snake looks attractive given the large acceleration range. Such a device could have
orbit excursions as low as 2 cm at injection, using 5.5 T magnets. Matching of the
polarization of the beam to the stable spin direction in the accelerator will have to
be done in the injection and extraction beam lines.

The possibility of internal targets appears attractive and should be investigated
further. Competitive luminosity can be achieved. Topics for study include the design
of the low-beta waist, the effect of the target on beam and vacuum, the storage time,
and the possibility of measuring at different energies. As the circulating current,
rather than the average accelerated current, is the crucial parameter, any means of
increasing the circulating current (e.g. by stacking) would improve the luminosity
achievable.
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Higher Order Mode Damping in Kaon Factory
RF Cavities

T. Enegren and R. Poirier, TRIUMF

April 4, 1989

Summary

Proposed designs for Kaon factory accelerators require that the rf cavities
support beam currents on the order of several amperes. The beam current
has Fourier components at all multiples of the rf frequency. Empty rf buckets
produce additional components at all multiples of the revolution frequency.
If a Fourier component of the beam coincides with the resonant frequency of
a higher order mode of the cavity, which is inevitable if the cavity has a large
frequency swing, significant excitation of this mode can occur. The induced
voltage may then excite coupled bunch mode instabilities. Effective means
are required to damp higher order modes without significantly affecting the
fundamental mode. A mode damping scheme based on coupled transmission
lines has been investigated and is reported.

Introduction

A major problem to be overcome for the proposed Kaon factory rf cavi-
ties is the excitation of higher order modes by the large beam currents. The
modes that are of most concern have resonant frequencies that extend to 1
GHz. The magnitude of the voltage that is excited for a particular mode
is directly related to its shunt impedance. It is desired to reduce the shunt
impedances of the these modes to less than 1000 ohms.

The types of rf cavities under investigation can be considered as sections
of TEM transmission lines with the accelerating mode being the fundamen-
tal TEM resonance . The technique1 investigated to attenuate higher order
modes is to introduce into the cavity a separate damping transmission line
that is terminated at one end by a resistive load. The geometry of the
damping line is selected so that the voltage induced at the resistor by the
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FIG. 1 Stripline resonator with coupled line higher order mode damper

magnetic and electric coupling cancel at the fundamental frequency result-
ing in no attenuation. At the frequencies of the higher order modes the
induced voltage at the resistor will probably not be zero and these modes
will be attenuated. A simple quarter wavelength stripline resonator with
the damping transmission line at the high voltage gap is shown in Figure 1.
The damping line is terminated by a resistive load at the gap and a short
circuit at an appropriate distance from the gap.

Coupled transmission line theory was used to analyse this method of
mode damping. When two lengths of transmission line are placed sufficiently
close such that their fields interact the lines are said to be coupled. There
are two distinct modes of propagation and it is necessary to consider the
coupled section as a four port network.
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Analysis of Coupled line Mode Damper

At the resonant frequency of the fundamental mode it will be assumed
that the length dof the coupled section is small compared to the wavelength.
This allows this section to be represented by a difierential length of coupled
transmission line.2 The equivalent lumped circuit for the four port network
is shown in Figure 2. The coupled line is characterized by capacitances
CU,C22,CM and inductances Ln,L22,LM whose values are expressed per
unit length. The coupling between the two transmission lines is provided by
the capacitance CM and and the inductance LM. The voltages across the
coupled inductors Ln and L22 are related to their respective currents by

VL1 =
VL2 = ]ud(LMlLi +Z22//.2)

For a homogeneous medium the coupling coefficient k is

Hence

The velocity of propagation in the medium is given by

1 1
v = y/L22C22( 1 "

The equivalent circuit for the stripline resonator is shown in Figure 3.
The accelerating gap is at port 1. Ports 2 and 3 are terminated by the
damping resistor and short circuit, respectively. The section of the resonator
that is not coupled to the damping line is represented by the susceptance
jBr and is connected to port 4.

Imposing the condition that the voltage at the damping resistor is zero
at the resonant frequency of the fundamental mode and with port 3 shorted
the voltages V\,Vt and the currents I\,IL\JL2 are related by
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FIG. 2 Four port representation of coupled section of resonator
C'n = Cud, etc.

v4

. fa .

= 0

where the matrix G is given by

1 -jwC,id/2

G =

0
0 0
0 -juCMd/2
0 -1
0 0

-jBr - juCnd/2
0
1
0

- 1 0
0
1

Setting the determinant G equal to zero allows determination of the length
of the coupling section. The propagation constant /? is defined as
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Setting the determinant of G equal to zero and retaining only first order
terms in /3d yields the result

„ , -BT

vCu
It can be shown that the frequency at which there is zero voltage across the
damping resistor is also a resonant frequency of the cavity. (i.e. /] = 0 )
The current I\ is given by

At this frequency the current In is related to Ii2 by
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and

h2 =

substituting into the above expression for l\ yields

(1 - 7—77-)

substituting for

since XjiCn = L22C22

Design and measurement of stripline resonator

A simple stripline resonator was constructed in a rectangular copper
box as shown in Figure 4. In this example the higher order mode damper
consisted of symmetric coupled transmission lines. The two modes of prop-
agation are identified as the even mode and the odd mode with each having
their corresponding characteristic impedances. The capacitances per unit
length for the two modes are given by3

ce =
Co =

where

Vo = -(fc - 0.4413)

the capacitance C\\ is given by
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FIG. 4 Simple stripline resonator

the characteristic impedance of the single conductor stripline given by (
ignoring fringing capacitance )

the susceptance BT is given by

4wb

1
Br = -—cot/?d r

the physical dimensions chosen for the stripline resonator are

w

b

s

5.08 cm

4.32 cm

0.76 cm

30.10 cm

using these values yields
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FIG. 5 Measurements of stripline resonator

Co

Cn
d

= 161.4 pF/m
= 36.3 pF/m
= 98.9 pF/m

= 4.06 cm

Measurement of the gap voltage as a function of frequency comparing
the cases of the damping line resistively terminated and open circuited (no
damping) is shown in Figure 5. The quality factor of the fundamental mode
is 0.91 of its value with no damping. The majority of the higher order modes
in this frequency range are significantly attenuated. For non TEM modes
which are predominant at frequencies above 1.5 GHz this mode damping
scheme appears to be less effective.

Conclusions

A higher order mode damping scheme using coupled transmission lines has
been investigated. Theoretical analysis and measurement indicate that it is
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effective for damping higher order TEM modes without significantly affect-
ing the fundamental mode.
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Improvements to a Transmission-Line
Model of a Main-Ring Cavity

George R. Swain

Los Alamos National Laboratory. MS H847
Los Alamos, New Mexico 87545

Abstract

A transmission-line model has been used in the design of a ferrite-
tuned prototype rf cavity for a hadron-facility main ring. The computer codes
SUPERJFISH and MAFIA were used to refine and validate the transmission line
model representations for the accelerating gap, the coaxial tee, and the ferrite
tuner assembly.

Introduction

A prototype rf cavity for a hadron-facility main synchrotron ring is
being designed as a part of a collaborative effort between LANL and TRIUMF.1"3

(See Fig. 1.)

Coaxial Tee

Accelerating Gap

Ferrite
tuner

Fig. 1. Cut-away isometric view of a prototype main-ring cavity. The rf power
tube may be mounted on the top instead of the bottom as shown here.

529



For the design analysis, we have represented the cavity using a transmission-
line model - a model consisting of a circuit with segments of coaxial line,
radially inward- or radially outward-going transmission line, and lumped
circuit elements. Such a model works reasonably well at low frequencies, for
which the fields in the cavity essentially consist of combinations of TEM waves,
as assumed for transmission lines. The transmission-line model allows the
integration of rf-cycle information and ferrite properties into the calculations.
The ferrite properties are a function of the magnetic bias applied. The model
allows us to quickly determine the nature of the field distribution and voltage
ratios within the cavity, the rf dissipation in the ferrite and cavity walls, and
the cavity shunt resistance over Q. We used the model to optimize the bias coil
spacing such as to make the rf power dissipation per unit volume uniform with
radius in the ferrite when averaged over the proposed TRIUMF acceleration
cycle.

In order to obtain the best reasonable model for our prototype cavity,
we have used the EM-field computer codes SUPERFISH and MAFIA to refine and
validate parts of our transmission-line model.4 The parts we have studied in this
way are the accelerating gap, the coaxial tee, and the ferrite tuner assembly.
These are shown in Fig. 1.

Accelerating Gap

The geometry used for a SUPERFISH calculation for the accelerating
gap region of the cavity is shown in Fig. 2. Only the region above the beam
centerline is shown. The areas at the bottom of the figure represent the beam
pipe; and at the top, the end of the rf cavity. The area at the far right is filled
with dielectric to keep the model short, so that a reasonable mesh size can be
used. We chose the length of the dielectric-filled region such as to make the
first resonance near 50.313 MHz, the desired fundamental frequency for the

SUPERFISH
modal:

P K B . =SF7: iCCEL. GBP 88/11/29 FBBQ 50.302

Dielectric
filled to shorten
cavity model

- Axis of
rotation

Fig. 2. Geometry for SUPERFISH representation of the portion of the rf cavity
near the accelerating gap.
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prototype cavity. In the case shown, the SUPERFISH calculation gave us a
frequency of 50.302 MHz.

We then made an approximate transmission-line model for the
geometry shown in Fig. 2, and used it to find roughly where the next higher
modes were. (The approximate transmission-line model consisted of a radially
outward line representing the fields in the gap, a coaxial line with a length
equal to the distance from the center of the gap to the start of the dielerrric-
filled region, and another coaxial line, dielectric filled and length matching the
region in SUPERFISH. We then used these frequencies as starting points for
SUPERFISH calculations for the higher modes. The SUPERFISH plots of the
electric field lines for the fundamental and next higher two modes are shown in
Fig. 3.

(a)

PR3. -3-7: JCffiL. fflP 86A1/29 ETGQ - 50.302

(b)

(c)

EROB. -SF7: JCffiL. GAP S9/U/3 FREQ- 249.531

Fig. 3. Electric field lines calculated by SUPERFISH for the first three TEM-like
modes in the vicinity of the accelerating gap.
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The transmission line model was then adjusted so that it gave higher
mode frequencies closer to the SUPERFISH results. First a lumped inductance
was added to the model to represent the current path beyond the accelerating
gap at the end of the if cavity. Then this inductance and the outer radius of
the radial line segment representing the gap were adjusted to bring the
frequencies into agreement. The agreement that we obtained is shown in Table
I. (The frequencies are given in MHz.)

TABLE I
FREQUENCY COMPARISON, SUPERHSH VS TRANSMISSION LINE MODEL

SUPERFTSH T.L. MODEL
50.302 50.308

150.571 150.602
249.531 249.764

The computer code that we have been using to analyze transmission
line models is named CAV4. The CAV4 input data for the model we obtained is
shown in Table II.

TABLE II
INPUT FILE LISTING FOR TRANSMISSION-LINE MODEL OF AN ACCELERATING GAP

INFO #95 SF7 MODEL ACCEL. GAP

COAX 5.00, 10.00,8.000

ZLTJM

KADI

OPEN

0.
3 .

00,
00,

0.
5.

025,
270,

0
4

.00

.00

COAX 5.00,10.00,4.902,10.,10.
SHRT
END. 800., 1., 3000.

The three lines in the box are the model for the accelerating gap, provided that
the reference plane for the coaxial line coming in from the rest of the cavity is
at the center of the accelerating gap. The first line in the box specifies a series
inductance of 0.025 u,H, the second line, a radially inward-going transmission
line whose walls are 4 inches (10.16 cm) apart and extend from 3.00 to 5.27
inches (7.62 to 13.39 cm) radius, and the third line, an open circuit. This seems
plausible from the physical viewpoint, since the actual gap has a minimum
separation of 4 inches, and extends from 3.00 to 5.00 inches in radius. (The line
above the box represents the coaxial structure of the cavity coming up to the
gap, and the two lines below the box represent the dielectric-filled part of the
SUPERFISH model.)

Coaxial Tee

We used the MAFIA code to study the representation of a coaxial tee, as
this is a three-dimensional geometry. The electric field vectors for one of the
MAFIA calculations are shown in Fig. 4.
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Fig. 4. MAFIA model of a coaxial tee, showing E field vectors for the
fundamental mode. The different dot patterns correspond to three
regions of different mesh density within the overall rectangle.

When we attempted to find transmission-line models for the tee that
duplicated the mode frequency data from MAFIA, we obtained models that
violated our physical intuition for what is reasonable. We gave up on that
approach, and tried to obtain a model that gave the right frequency shift for the
fundamental when the length of the side stub was changed slightly. This
resulted in a model with coaxial lines coming to a simple junction, the length of
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the lines being slightly shorter than the physical distances to the intersection
point for the axes of the actual coaxial lines, as shown in Fig. 5.

>*;:;:j%::;:::tt:;&^^

1.0000 (Ottwr dimensions normalized to coaxial outer radius )

0.5000
0.0660
0.0660

—iff
f i l l ^P>»«

0.4132 j | |

I

Intersection point

Fig. 5. Diagram indicating how lines of a transmission-line model for a tee
appear shorter than the physical distances to the intersection point.

Another way to represent a coaxial tee might be to use the equivalent
circuit developed from measurements, as described by Moreno.5 The circuit,
shown in Fig. 6, is only valid if the reference planes for the three ports are
chosen correctly. The transmission line computer program we have been using
does not currently have any provision for transformers, and we have not
investigated using this model.

uuuu

pnhn
o 6

Fig. 6. Equivalent circuit for a coaxial tee, consisting of a perfect transformer
with four windings plus a reactor. The n's are the number of turns.
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Ferrite Tuner Assembly

The study of how to represent the ferrite tuner assembly in a
transmission-line model was done in two stages. First we used a SUPERFISH
representation to model just the end of the assembly, as shown in Fig. 7 (a). As
for the accelerating gap, we used a dielectric-filled section of coaxial line to
represent the impedance of the remainder of the cavity that was not modelled.
Once we understood how to get agreement between the transmission line model
and SUPERFISH for this portion of the cavity, we then went on to include the
transition from small to large coaxial line, as shown in Fig. 7 (b). In the design
calculations, the ferrite region is split into a series of radial segments, since the
bias field and ferrite (i vary with radius. For this study, a single value of u is
used for all segments representing the ferrite, so that the SUPERFISH geometry
represents the two ferrite rings with only one region each.

(a)

Fa-rite

Dfetoctrlcto
shorten modal

Ceramic
window

Aids of rotation

(b)

FMIIIO

Ceramic
window

Dlatectrteto
shorten model

Axis of rotation

Fig. 7. Geometry for SUPERFISH representations of the tuner assembly, (a) The
ferrite tuner region alone. (b) The tuner plus coaxial transition.
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In the first stage, we learned that it is better to immediately divide the incoming
coaxial line into two radially outward lines, each having a segment
representing the ceramic window, rather than taking the incoming coaxial
line to a single radially outward line through the window and then dividing.

In the second stage, we found the coaxial transition to larger radius
could be modelled with a combination of coaxial lines and a lumped capacitance.
This seems reasonable, considering the concentration of field in the transition,
as shown in Fig. 8.

PRCB. -SF6: IUf£R LEG (END i TR. ONLY) FREQ 50.506

Fig. 8. Electric field lines calculated by SUPERFISH for the ferrite tuner
assembly, including the transition from small to large coaxial line size.

As for the study of the accelerating gap, we found the fundamental
and higher-mode frequencies of the SUPERFISH representation, and adjusted
some of the parameters of the transmission-line model so that approximately the
same higher-mode frequencies were obtained. (We ignored modes found with

PSCB. S%: TOWR Iffi (HO t TR. <MX) FRJQ - 291.377

Fig. 9. Non-TEM mode found by SUPERFISH is not relevant to the tuner
assembly model.
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SUPERFISH which were not of the TEM type, as in Fig. 9.) The resulting
frequencies are given in Table III. The CAV4 input data listing for the
transmission-line model corresponding to Fig. 7 (b) is given in Table IV.

TABLE III
FREQUENCY COMPARISON FOR TUNER ASSEMBLY

SUPERFISH
50.506
91.771

116.577
155.121
197.364

T. L. MODEL
50.506
91.614

116.173
155.430
198.802

TABLE IV
INPUT FILE LISTING FOR TRANSMISSION-LINE MODEL OF

FERRITE TUNER ASSEMBLY

Line #
(SssJJote a)

1
2
3
4
5
6
7
8
9
10
11
12
1 3
14
15
16
17
18
19
2 0
2 1
22
2 3
2 4
2 5
2 6
27
28

EI.Name
(Note b)

INFO

COAX
SHRT
INFO
COAX
COAX
COAX
ZLUM
COAX
COAX

COAX
NODS
RADO
RADO
INFO

RADO
RADO
RADO :
SHRT
NODS

COAX

RADO
RADO
RADO

RADO

5

5
5
3
0
3
2
2

2
3

t

3
6

LI.

2 .
2 .
3 .
3 .
6.

RADO 1 1 .
SHRT
END.

ri

COUP.
.000 .

COUP.
. 0 0 0 ,
. 0 0 0 ,
. 2 5 0 ,
. 0 0 0 ,
.250,
.000,
.000,
3 .

.500,

.500,

(Nate c)

.CAP. TO
1 0 . 0 0 ,

CAP. TO
10.00,
10.00,
6.500,
0.000,
6.500,
3.000,
3.000,

3.500,
3.800,

d

SHORT

9 .823,

TUNER

3
0
1

.866

.001

.400
16.00
1.
0
1

1.
1 .

.400

.001

.411

• ,

2 1-IN. FERRITE RINGS
.800,
.300,
.831,

3 .
.000,
500,
500,
800,
300,
831,

8 0 0 . ,

6.300,
11.831,
13.125,

4.000,
3.500,
3.800,
6.300,

11.831,
13.125,

1 . ,

1 .
1 .
0.

3 .
1 .
1 .
1 .
1 .
0.

t

938

222

,

r
938

3000.

M/Mo
(Note d)

10 . ,

0 . ,
(B.DAT)

1.75,

0 . ,

1.75,

£/£o

1 0 .

1 0 .

14.5,

1 0 .

14.5,

Qm <
(Note el

- 1 . , 500C

- 1 . , 5000

Qe

aLine numbers are included for reference only; they are not part of the input file.
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TABLE IV (Continued)

''The types of elements are as follows:

COAX - coaxial line, inner radius r j , outer radius T2< length d

END. - end of input file. (Parameters shown not relevant to this model.)

INFO - for information only

NODE - node for a parallel junction (such as coaxial tee)

NODS - node for a series junction

OPEN - open circuit

RADI - radially inward line, inner radius r\, outer radius r j , spacing d

RADO - radially outward line, inner radius i\. outer radius vi< spacing d

SHRT - short circuit

ZLUM - lumped circuit elements (series R, series L, shunt C)

cDimensions in inches. For ZLUM, the values under n , 12. and d are R in ohms, L in microhenries, and
C in picofarads. For NODE or NODS, ri indicates the node identification number.

dIf zero at blank, a value of 1 is assumed for ji/Mo OT £ / £ O -

e A magnetic loss factor Q m value of -1 indicates Q m is to be calculated from fi using ferrite properties.

The transmission-line model for the coaxial transition is specified on lines 6
through 10, and the model for the remainder of the tuner assembly, on lines 11
through 27. For this study the ferrite rings are represented by single radial
segments at lines 17 and 25.
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BIASING OF FERRITE TUXERS.

C. HADDOCK, R. L. PO1RIER and T. EXEGREN

TRIUMF 4004 Wesbrook Mall. \'ancouver, British Columbia,
VGT 2A3 CAXADA

Abstract

The magnetic fields on the beam axis due to perpendicularly
biased RF accelerating cavities are presented. The results are
obtained using the static field magnet code POISSON. The
effect of an iron tube placed around the beam axis for shielding
is presented.

Introduction

At present TRIUMF is studying three types of RF ac-
celerating cavities for its proposed KAON factory. The tuning
action is accomplished by varying the state of magnetization of
a set of ferrite rings using a bias magnetic field.

The first of these cavities is a conventional design,similar
to that at Fermilab. It uses longitudinally Ni-Z:: biased ferrite,
where the applied bias magnetic field is applied parallel to the
RF magnetic field, the tuner is described in detail elsewhere

The second and third tuners utilize an yttrium garnet
type ferrite. In these tuners the applied bias magnetic field is
applied perpendicularly to the RF magnetic field." The ferrite
is operated in saturation and has the advantage of significantly
reduced power losses [2]. Two geometries are under study. The
first is an a.c version of the d.c LANL booster cavity shown in
figure 1. [3]. An alternative scheme biases the ferrite in the
radial direction. [4]. In this case the biasing is accomplished
by placing the biasing coils between the ferrite rings and alter-
nating the polarity of the coils on either side of the ferrite rings
so that one ferrite ring forms part of the return magnetic path
for the other. In practice both geometries involve placing the
ferrite rings around the beam axis. This paper is concerned
with the field on axis produced by the bias field and by how
much it may be shielded.

COUKJNQCAMOTOn

OAF

wtmuta

Magnetizing Circuit Analysis.

The magnetic biasing was studied using the maguetostatic rode
POISSOX. It was noticed that in the LAXL design saiur of thv
biasing field would appear on the axis of the beam lube and
that this effect might be significant. The magnetic field on the
beam axis for the LANL booster cavity design with the biasing
field applied in the direction of the beam is shown in figure 2.
As can be seen the field reaches a peak value of approximately
1300 Gauss.

-< to

Figure 2. Magnetic Field Appearing on the Beam Axis for the
LANL Cavity.

The field along the beam axis for the alternative geome-
try is shown in figure 3. In this case the biasing field is applied
radially outwards from the beam axis. In each case the Bz com-
ponent of the field (i.e that component along the beam direc-
tion) is plotted along the axis of the beam pipe at the location
of the tuner. For comparison between the two geometries, the
ampere turns have been set such that the relative permeability
of the ferrite is 1.2 in each case, which corresponds to maxi-
mum resonant frequency of the cavity. The results therefore
represent the highest fields that will appear on the beam axis.

Figure 1. A Cross Sectional View of the LANL Ferrite Tuned
Cavity.
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i
% 5

-JO - 2 0

Figure 3. Magnetic Field on axis with the Biasing Field Applied
Radially in the Ferrite Rings.

As can be seen the field on axis for the radially biased case
is more than 5 times less than that for the longitudinal case.
It is desirable to reduce the field on axis as much as possible.
The results of the addition of a steel shielding tube are shown
for each case in figures 4. and 5.

A further advantage of the radial biasing scheme is that
to first order the integral / B dz of the field on axis is zero. The
effect of the field on axis and its shielding under a.c conditions
for the two geometries is currently being studied using the a.c
code PE2D.

20

Figure 5. The Effect on the Magentic Field Appearing on Axis
by Adding a Steel Shielding Tube to the Radially Biased Case.
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The Use of Iron as an Eddy Current Based Magnetic Shield

W. R. Smythe

Box 446, University of Colorado, Boulder, Co. 80309

Chris Haddock (TRIUMF) has discussed the problem of shielding the beam

from the effects of the tuner's magnetic bias field when an rf cavity is tuned by

ferrite torroids surrounding the beam. He has noted that the on axis field is

smaller when radial bias fields are used, and that that field can be reduced to the

order of a hundred gauss by use of a magnetic shield consisting of a (laminated)

iron tube.

It is the purpose of these comments to point out that there are two ways to

use iron as a shield. In the situation which Haddock described, which we will call

permeability shielding, it is the high permeability of the iron which provides a

low reluctance path to keep the magnetic flux away from the beam. This type of

shield is beneficial, but also has limitations, in that it can be difficult to reduce

the field to the desired level in some situations.

In circumstances involving ac fields, it may be useful to consider using iron or

some other ferromagnetic material as an eddy current shield. The eddy current

shield takes advantage of the fact that the fields decrease exponentially in the

shield with a characteristic thickness given by the skin depth (all expressions are

written in mks units):

where p is the resistivity, w is the angular frequency, and fi is the permeability of

the medium. The advantage of iron is that the high fj. makes the skin depth small,

so that it is feasible to have many skin depths to greatly reduce the magnetic

field. The small skin depth is also the cause of the major limitation on the size

of the field which can be shielded in this way. Since the currents which bound

the magnetic field flow in a sheet of thickness characterized by the skin depth,
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it is possible to reach eddy current power densities which are intolerably high.

It is therefore desirable to find the relation between power density and the other

parameters of the situation.

We begin with the plane wave electric field solution to the wave equation in

a good conductor, as given by Reitz and Milford*:

E = E0e-iu/te(i-V*i.

The corresponding magnetic field can be found by use of Faraday's Law,

V x l = -dB/dt

which gives:

H = (1 +j)(E0/up6)e->wteV-1)jj.

If we call the amplitude of the magnetic field at the surface Ha, then the volume

current density at any depth is:

7 =

and the time average volume power density is:

which when integrated for an infinitely thick shield, gives a surface power density:

P = Hlp/26.

We can now find the largest magnetic field intensity amplitude, Ho, which can

be shielded by an eddy current shield of permeability fi and resistivity p, which

is limited to a surface power density P, at an angular frequency w:

HQ = y/2Py/2/upfi.

* "Foundations of Electromagnetic Theory", John R. Reitz and Frederick J.

Milford, Second Edition, p. 304, Addison-Wesley (1967).
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A numerical example may be instructive. Let us assume that we want to keep

P down to 1 watt/cm2 (10 kw/m2), that iron has a relative permeability of 1000

and a resistivity of 9.8 x 10~8 fim, and that the frequency is 30 Hz. This gives

a value of 13,600 A/m for Ho, which corresponds to a peak magnetic induction

of 171 gauss. The skin depth is 0.91 mm, so a 3.0 mir thick shield would reduce

the magnetic field by a factor of 27.

Discussion

A permeability shield for ac fields would be laminated like a transformer core

to reduce eddy currents and the attendant dissipation power. A non-laminated

shield of high permeability metal, on the other hand, reduces the field expo-

nentially with a rather small characteristic distance. This can provide compact

shielding of ac magnetic fields, provided that the power dissipated does not ex-

ceed acceptable limits. Of the cases examined by Chris Haddock, it appears that

eddy current shielding would be useful in* the radial bias case. It should be real-

ized that the dc component of the bias field should probably be eliminated, which

can be accomplished by running the tuner bias current in the opposite direction

on successive synchrotron acceleration cycles. Thus a 60 Hz synchrotron would

have a ferrite tuner bias field with a fundamental frequency of 30 Hz and no dc

component. It should be remembered that ferromagnetic materials are nonlinear

and that the use of a constant permeability here is only a useful approximation.

An actual application will require care to see that the material is appropriately

characterized.
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George Karady

DESK-TOP POWER SUPPLY MODEL
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Purpose
• Test the proper operation of components

(GRO's in parallel}
• Verify the operation of 24 pole system
• Develop a control/protection method
• Test the component design principles
• Test the proposed energy replacement

methods
• Determine the effect of faults
• Determine the effect of firing delays
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Advantages
• Realistic reduced size components
• Economical
• Two sets can be built
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HIGHER-ORDER MODE SUPPRESSION

FOR THE AHF MAIN RING CAVITY*

L. Walling, A. Thiessen, and D. McMurry

MS H817, Los Alamos National Laboratory, Los Alamos, NM 87545

At Los Alamos National Laboratory, we are studying higher-order-mode

(HOM) suppression schemes for the ferrite-tuned main ring cavity of the Advanced

Hadron Facility (AHF). We have built a simplified half-scale model of the cavity (see

Fig. 1) which is a A/4 coaxial cavity. The accelerating mode frequency is 107 MHz.

This model has a shorted line that replaces the ferrite-loaded tuning leg and a

sliding-short line that replaces the drive leg. The quality factor (Q) and shunt

impedance (R = V2/P), where V is the voltage at the gap and P is the power

dissipated in the cavity, of the first 10 or so modes of the cavity were measured.

Beadpulls were performed to map out some of the electric and magnetic field patterns

(the electric and magnetic field patterns of the first four modes are sketched in Fig.

2). It is interesting to note that there are two modes that represent each nA/4 TEM

mode field pattern: one mode has field in both the main cavity and in the side cavity,

and one has field only in the main cavity section. We wish to use the first mode with

field in both the main and side cavity in order to tune the cavity using ferrites. We

have attempted HOM damping using several methods, which are illustrated in Fig.

3.

The first attempt at HOM damping involved placing a capacitive coupling ring

near the cavity gap. This would electrically couple to all modes which have

Work supported by Los Alamos National Laboratory Institutional Supporting Research, under the
auspices of the United States Department of Energy.
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electric field at the gap. Unfortunately it would also couple to the accelerating mode,

and would require a stop-band filter between the cavity and the terminating resistor.

The second method (Fig. 4) was an idea from Jim Griffin of Fermilab, which involved

inserting a magnetic coupler that can be adjusted to induce equal and opposite

currents for the 107 MHz accelerating mode (no excitation). Figure 4 shows the effect

of placing a coupler either upstream or downstream of the tee connecting the tuning

leg to the main cavity leg. As can be seen in the figure, if a coupler were added on the

upstream side of the tee (the side closest to the accelerating gap) currents induced on

the coupler due to each leg of the cavity would add for the accelerating mode. This

would result in damping for the accelerating mode and is not desirable. However, if

placed downstream of the tee, currents magnetically induced by the two legs of the

cavity are opposite in direction, thus could be made to add to zero for the accelerating

mode by varying the lengths and offsets from the cavity wall. When a coupler

geometry that results in balanced currents is achieved, presumably the induced

currents for the HOM would be unbalanced, resulting in damping. The third method

involved a coupler that would be electrically and magnetically coupled near the gap,

again arranged so that the coupler would not be excited for the fundamental mode.

The fourth method contained a capacitively coupled disk at the gap, and the fifth

method combined both a ring and a disk.

No attempt was made in these early measurements to minimize inductances

that are due to wires, or to tune the couplers to maximize power flow out of the

couplers. The only purpose was to determine which modes could be coupled to using

various schemes. Table I lists the first 10 modes, their unloaded Q and shunt

resistance, and the ratio of the damped Q to the undamped Q of each mode. We did

not insert filters before the load resistor in methods 1, 4 or 5 for this set of
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measurements, but were interested only in a rough idea of which HOM could be

coupled to and how strongly. Therefore the damping of the accelerating mode for

these three methods should be ignored. Method 3 failed in this attempt because of the

small value of magnetic field at the gap.

The work currently in progress at Los Alamos is an extension of the work

performed on Method 2 above. The previous work that gave the results in TABLE I

was performed by inserting copper wires through holes in the cavity, shorting the

wire at one end, and terminating it through a carbon film resistor external to the

cavity on the other end. We built an adjustable strip-line coupler with telescoping

arms (see Figs. 5 and 6) that uses several sets of supports of different heights.

The original strip-line coupler was built from titanium, the idea being that a

lossy coupler, shorted to the cavity at both ends, would eliminate the need for a

terminating resistor. After attempting measurements using this titanium coupler

with shorts at both ends, with loads at both ends, and with a short on one end and a

load on the other, we concluded that we needed a non-lossy conductor with a resistor

on one end only. The reason for this conclusion is that rf electric fields are present in

the vicinity of the coupler as can be seen in Fig 2a; therefore both electric and

magnetic coupling play a role. With loads on both ends of the coupler, or by using

lossy material in the coupler, attenuation resulting from electric excitation is present

for all modes, including the fundamental mode. However, if a highly conductive

coupler is used, with one end terminated in a short and the other in a matched load,

currents caused by electrical push-pull excitation can flow through the short on one

end, leaving the current-driven magnetic excitation as the only damping mechanism.

Several sets of supporting posts and shorts were made of varying heights. With this

configuration, many geometries can be found in which the currents are balanced for

the fundamental mode (the coupler is not excited). All that remains, then, is to find

an optimum solution that damps the most troublesome modes maximally.
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The line impedance for the strip-line coupler, which together with the cavity

center conductor constitutes a 3-conductor transmission line, was calculated by

running a two-dimensional code called CHARGE2D, which calculates charges on the

surfaces of conductors for given voltages. From the voltages and charges, the even-

and odd-propagation-mode capacitances can be calculated. Then, using equations by

Cristal [1], we calculated the line impedances for the coupled line, and thus the

proper terminating resistance.

At the time this paper is being written, a new, copper, adjustable strip-line has

been built and testing is under way.

Some work has also been performed attempting to model the cavity with

couplers in place. Figure 7 shows a transmission-line circuit with an open-circuited

section of line connected to two line segments that represent the coupled-line

segment, the main leg of each being terminated by a shorted section of line. The two

coupled-line segments are each modeled as shown in Fig. 8, with port 2 of the first

coupled-line segment connected to port 2 of the other, and with port 1 of each

connected to the other and to the end of the open-circuited segment of transmission

line. Port 4 of one coupled-line segment is terminated in a matched load, while port 4

of the other is terminated in a short to ground. Port 3 of each coupled-line segment is

connected to one end of a shorted transmission line. Again using equations by

Cristal, the admittance matrix for each coupled-line segment is calculated. From the

admittance matrix, the s-parameter matrix is calculated. Using the well-known

s-parameter matrices for the uncoupled line segments, now all of the line segments

shown in Fig. 8 can be connected and the network analyzed and optimized. This work

has been set aside for the time being because of time limitations.
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12.7 cm

beam axis
gap

Fig. 1. Diagram of half-scale simplified model of main ring cavity. This is a cavity
formed by three coaxial segments. The accelerating-mode frequency is 107 MHz.
This is a cavity formed by three coaxial segments. The accelerating mode frequency
is 107 MHz.
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Fig. 2. Field patterns of the four lowest modes. The sketches are showing plots of
IEI vs x and iEl vs. y as solid lines, corresponding to bead pulls along the two
directions.
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(1) 50 Q, terminating load to)

loop

9-in. loop at gap
(cross section near gap)

(4)

50 Q terminating load

(5)

b-field
(3) R

3.8 cm diam. disk
at gap

disk + 21.6 cm
diam. loop near

gap

Fig. 3. Various attempts at HOM damping. Note that methods 1,4, and 5
require a stop-band filter before the load to prevent damping of the operating
mode.
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Currents
Add \ 'A

Currents
Cancel

Fig. 4.Magnetic coupler—accelerating mode. Currents are
balanced (coupler not excited) for the coupler on right side of
diagram.
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This end has accelerating gap

Fig. 5. Diagram of cavity with slots for adjustable coupler.
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4-10 cm 4-10 cm

Polyethylene
supports

Short to outer conductor

Resistor R
mounted on
polyethylene support

Fig. 6 Stripline telescoping coupler with interchangeable post of varying heights.
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Port 4

Coupler Segments

Port 2

Porti

Accelerating AI an
Gap 4 1 b "

Coupler Segment

Fig. 7. Circuit model for cavity with HOM coupler, showing the two 4-port
coupled line segments with coupler ports appropriately terminated.



port 2

port 1
reference
(ground)

port 4

port 3

Fig. 8. Four-port representation of coupling segment
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Table I
Suppression of First Ten Modes Using Five Methods

f

(MHz)

107

150

264

307

361

473

556

578

606

619

Qo

1540

936

1804

1916

1803

4427

6360

6105

3752

1225

R o

(ft)

111000

50 200

57 200

27 000

-

158000

10 400

1740

?

?

Qdamped/Qo

#1

0.12

0.14

0.18

0.40

0.96

0.85

0.97

0.91

0.29

0.99

#2

0.94

0.81

0.07

0.47

0.00

0.31

0.00

0.00

0.00

#3

0.97

0.93

0.95

0.37

0.85

#4

0.83

0.84

0.64

0.77

0.99

0.19

0.89

0.46

0.03

0.85

#5

0.10

0.12

0.21

0.65

0.96

0.17

0.89

0.77

0.05

0.58
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Longitudinal Higher Order Modes of the Booster Proton RF Cavity

Loaded with Dispersive Ferrite—Superfish Calculation

F. Z. Khiari, A. U. Luccio, A. Ratti

Brookhaven National Laboratory

Upton, NY 11973

INTRODUCTION

The AGS Booster is a fast cycling accelerator designed to accelerate high intensity

beams of protons and heavy ions and inject them into the AGS. In the presence of high

intensity beams, special care must be taken to minimize the various impedances that

the beam sees when it circulates in the accelerator ring. The adverse effects of some

impedances might not be seen in the Booster itself, but are nevertheless important enough

to affect the beam quality in the long term so as to degrade its quality at later stages

of the acceleration process. This is for example the case of longitudinal coupled-bunch

instabilities. These instabilities are induced by high Q impedances, such as those of the

resonant higher order modes of an accelerating cavity. These impedances are usually

approximated by the frequency dependent impedance of an equivalent parallel RLC circuit,

i.e.

, (1)
« )

where RSh [fi] and Q are the longitudinal shunt impedance and quality factor of the rf

cavity at the resonant frequency U>R. The strength of the interaction of the beam with a

given higher order cavity mode and the extent to which this mode will cause a problem

depends then on the quality factor and the shunt impedance of that mode. In this note

we present the results of Superfish'1' calculations to find the frequencies of some of these

higher order modes as well as their Qs and i?,fcS, stating the conditions for which these

569



calculations were made.

RESULTS OF SUPERFISH

In the proton mode of operation, the Booster will use 2 rf stations, each with 2

cylindrical resonant cavities, with a total peak voltage of 90 kV. Each cavity is 1.2 m long

and has a diameter (2R2) of 54 cm. The beam pipe diameter is 15 cm. In addition to the

ceramic around the 4 cm wide gap and the outer capacitors in parallel with it, each cavity

is loaded with 28 Philips type 4M2 ferrite rings with an inside diameter (2ri) of 25 cm,

an outside diameter (2TI) of 50 cm, and a thickness of about 2.5 cm. The cavity also has

ss 1 cm thick copper cooling plates interspaced between the ferrite rings to take some the

dissipated heat away. The presence of the outer capacitors is taken into account by giving

the ceramic around the gap an effectively higher dielectric constant adjusted, along with

the magnetic permeability of the ferrite, to give a resonante frequency in the 2.5-4.1 MHz

range of operation. A schematic of a quarter of the cavity is shown in Fig. 1. This figure

also represents the region where Superfish solves Helmholtz equation

(V2 + fc2)V = 0, (2)

where ^ is the E or H component of the electromagnetic field subject to the appropriate

boundary conditions. The resonant (angular) frequency, WR, of each mode is related to

the eigenvalue A; of that mode by

(3)

where e and fi are the electric permittivity and magnetic permeability of the ferrite. Super-

fish uses (i of the ferrite cavity as input and solves Eqs. 2 and 3 for the resonant frequency.

If fi were constant, this resonant frequency would be the one we are looking for. The

problem arises for the case of a dispersive ferrite where fi is now frequency dependent. The

ferrite magnetic permeability, p, is determined by the requirements of the fundamental
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mode. The higher order modes, however, might occur at frequencies for which fx used in

Superfish is different from the actual one and, therefore, these frequencies are not the ones

we want. To find the real resonant frequencies of the higher order modes, we need to know

the curve of fi(u;) for the ferrite we are using. Such a curve is not readily available and

we had to rely on the general litteraturet2'. Fig. 2 shows the results of measurements on

a ferrite of the NiZn type, with a NiO:ZnO ratio of 31.7:16.5, which corresponds to the

ferrite (when it is biased) used in the Booster rf cavities'3^. The plot in Fig. 2 was made

for the case of an unbiased ferrite. The magnetic losses in the ferrite are due to /z", the

imaginary part of \i. With k real in Eq. 3, we see that VR is also complex with a real part

2

corresponding to oscillations in time, and an imaginary part

• Jfe

(4)

.k tenW/i)
U>n *— , =.3tn — (01

V / ^ ' 2 + M " 2 ) 1 / 2 2

corresponding to damping due to power dissipation in the ferrite. The effective \i (fieff)

used to find the resonant frequency is therefore

It is approximately constant up to about 20 MHz and changes therefrom with frequency

(see Fig. 3). Therefore, the cavity modes with frequencies less than 20 MHz can exist

in the cavity as they are, but the ones with frenquencies higher than 20 MHz have to be

searched for individually until fi used in Superfish to find each one of them corresponds to

the effective fi at the mode's eigenfrequency. One way to do this last search is to look for

the intersection point of the curve of fieff versus frequency for the ferrite on the one hand,

and the curve of eigenfrequency versus (i for a given mode using Superfish on the other

hand. This is illustratded in Fig. 3a for some higher order modes at the beginning of the
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Booster cycle. For example, with an initial fj, of 100, the 2nd higher order mode occurs at

45.5 MHz. But, as seen in Fig. 3a, /xe// of the ferrite =s 88/io at 45.5 MHz. We therefore

did a few iterations by changing fi in Superfish until we found the intersection point. This

2nd higher mode is thus shifted from 45.5 MHz to 48.8 MHz where the corresponding

fj.eff = fi = 87/Zo-

To achieve the 2.5-4.1 MHz frequency swing during acceleration, a d.c bias field is

used to tune the magnetic permeability of the ferrite^5). Data showing the variation of

fi(w) with d.c bias field in the frequency range of the caviy higher order modes are not

readily available. To evaluate the parameters of the higher order modes at later parts of

the Booster cycle, when the bias field is high, we make the assumption that the d.c bias

field does not affect the frequency dependence of p! and /i" but only affects their relative

values, i.e. the curves shown in Fig. 2 are shifted downward as the bias field is increased.

It is the a simple matter to find the higher order modes of the rf cavity at later stages of the

acceleration cycle by applying the same technique we used for the beginning of the cycle.

The results for the first two higher order modes are shown in Figs. 3b and 3c at the middle

and the end of the cycle respectively. We should also note that the electric permittivities

of the ferrite (c = 32eo), the ceramic'9' (e = 71eo), and copper (e = eo) are kept constant

during the acceleration process. It is also found that the resonant frequencies are not very

sensitive to the dielectric constant of the ferrite. Figures 4a-4h show plots of the field lines

for the fundamental and some of the higher order modes.

The higher order modes found are actually too numerous to list and we studied only

some of them. However, if we interpolate the values of fi' and ft" in Fig. 2 up to 1 GHz

(the pipe cutoff frequency), we see that there are no high Q longitudinal ferrite modes that

will affect the beam.

Beside finding the normal modes of the cavity, Superfish also calculates the quality

factor, Q, and the shunt impedance, R,k, of each mode. Q and Rth are given by :
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Q = 27rfU/p, (7)

and

«

R.h = E2
0L

2/p, (8)

where / = UJ/2TT is the resonante frequency, U is the stored energy in the cavity, p repre-

sents the power losses in the cavity, L is the cavity length , and

1 r
E° = T Ez(z,r = 0)dz (9)

L J-L/2

is the average.accelerating electric field along the cavity axis. For a gap voltage of 22.5

kV (Eo = 18.75 kV/m), / , Q, and R,h of the fundamental and some of the higher order

modes are listed in Table 1. The shunt impedances listed in Table 1 correspond to one

cavity only. They should be multiplied by 4 to account for the existence of 4 cavities in

the Booster ring.

In the previous calculations, the only losses taken into account were those in the cavity

walls. Superfish does not have the option to calculate the losses in the ferrite. When these

losses are taken into consideration, the Qs and R,h,s will be much lower. To estimate these

losses, we use Fig. 2 (and the corresponding ones at later parts of the cycle) to find fi"

corresponding to a given mode eigenfrequency. The loss angle S is related to the quality

factor Q by:

1
- . (10)
Q

This allows us to find Q, i.e.
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The magnetic losses in the ferrite are given byi4':

rr (12)

where H is the peak amplitude of the magnetic field and the integral is over the volume

of the ferrite. p m can also be written as

pm = *fn"V<\H\2>F, (13)

where V is the volume of the ferrite and < \H\2 >F= ( I / 1 ' * ) / / / \H\2dr. Assuming a 1/r

variation for H (this assumption is good for the first few higher order modes only), H(r)

can be expressed in terms of Hw, the magnetic field at the cavity wall by

H(r) = HW*—. (H)
T

where R2 is the radius of the cavity. With dr = 2irrdrdz and V = 7r(r| — r\)Lp, where

Lp is the total length of the ferrite, we get

< \H\2 > F = < \H\2 >w x 2 ^ X . M r . 2 / r i ) * 2.2x < \H\2 >w, (15)

where < \H\2 >w= {l/Lp) JJJ \H\2(R2,z)dz. The power dissipation due to magnetic

losses is therefore

pm a* 2.2rrffi"V < \H\2 >w . (16)

The volume of the ferrite in each cavity « .103 m3. Using Eq. (16) one can find the total

magnetic losses in the ferrite and substitute for that in Eq. (8) to find the shunt impedance

of a given mode. This is done for the fundamental and some of the higher order modes

and the results are shown in Table 2. The magnetic losses predominate and are the only

ones taken into account. Here also the shunt impedances should be multiplied by 4 to find

the total shunt impedance of the 4 cavities.
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CONCLUSIONS

We calculated the frequencies of the fundamental and some of the higer order modes

of the Booster proton rf cavities and found approximate values of their shunt impedances

and quality factors. Our values of Q and Rah for the fundamental mode, at the beginning

of the cycle, are in good agreement with the measured values on a sample ferrite ring with

a very low bias fieldl6'. At the middle and end of the cycle, when the bias field is sizable,

our values of Q and Rsh for the fundamental mode are comparable to the measured ones'6'.

Recently, some frequency measurements have been made on a prototype Booster pro-

ton rf cavity. It was found that the fundamental mode occurs at 1.9 MHz when the total

gap capacitance is about 400 pF'7 ' . An approximate evaluation of the capacitance of the

ceramic around the gap in our case gives 369 pF. The frequency found from Superfish

is 2.54 MHz. Assuming that the ferrite magnetic permeability used in the measurement

is the same as the one used in Superfish, and with a 1 /Vcapacitance variation for the

frequency, we find

rS I em

JRJIR — I X ( 1 7 )

where the superscript m (S) denotes quantities related to the measurement (Superfish).

Let us now briefly consider the effect of the impedances of the higher order modes on

the beam. In a previous simulation^8', it was found that the effect on the rf capture of a

broad band wall impedance of 200 ft was negligibly, small compared to the effect of the

space charge impedance. From Table 2, we see that the maximum (total) R,h encountered

by the beam in one turn is about 4 ft. We, therefore, expect the single bunch effects of

the parasitic higher order modes to be negligible compared to the space charge effects. We

recall that \Z3C/n\ «r 700 ft at injection, and \Zsc/n\ sr 100 ft at extraction (sc stands

for space charge). To estimate the coupled bunch effects of the rf parasitic modes, we use

Eqs. (4) and (5) to calculate the time (TB) it takes the amplitude of a given higher order

mode to decrease to 1/e of its initial value and compare it to the time (TJ, = To/3, Ta =
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revolution period) between the centers of two consecutive proton bunches in the Booster

ring. The fields are damped in the ferrite as exp(-vRt). The time in question therefore is

where u;^ and Q are respectively the angular resonant frequency and quality factor of the

parasitic mode. When Q2 >> 1, Eq. (18) reduces to

Table 3 compares re and TJ, for the parasitic higher order modes at the beginning, middle,

and end of the cycle. From the table we conclude that re << Tf, at all times. The fields

induced in the cavity by a given proton bunch die out before the next bunch comes along.

We therefore do not expect the higher order modes found in this note to induce logitudinal

coupled bunch instabilities.
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f'R[MHz\

2.5*

26.5

48.8

63.2

73.1

81.4

309.8

724.6

3.1°

32.9

61.7

4-lf

45.9

84.2

37xlO6

181xlO3

49xlO3

32xlO3

26xlO3

22xlO3

30xl03

89

22xlO6

HOxlO3

29xlO3

l lx lO 6

49xlO3

15xlO3

119xlO3

415 xlO3

870 xlO3

1698 xlO3

2626 xlO3

3107 xlO3

2623 xlO3

230xl03

88xlO3

299xlO3

606 xlO3

59xlO3

179xlO3

372xlO3

Table 1 Superfish output for the fundamental and some

of the higher order modes in the case of no ferrite losses

= 100 (beginning of cycle)

~ 66 (middle of cycle)

III Ho = 38 (end of cycle)
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f'nlMHz)

2.5

26.5

48.8

63.2

73.1

81.4

309.8

724.6

3.1

32.9

61.7

4.1

45.9

84.2

100

100

64

48.4

43.5

39.3

12.1

4.6

66

61.2

32.4

38

25.7

14.4

1.6

24.7

44.4

50

50

49.7

24.5

13.5

1.2

21.7

33

0.78

16.3

18.6

(19/20* )xlO3

1

0.09

0.04

0.04

0.02

0.02

5xlQ-6

(14/18*)xlO3

0.6

0.06

(9.5/12.4* )xlO3

0.3

0.05

61/55

4

1.4

1

0.9

0.8

0.5

0.3

56/69

2.8

1

49/55

1.6

0.8

Table 2 Calculation of R,h and Q for the case of ferrite losses

Numbers from measurements'*!
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f'R[MHz\

26.5 0.4 0.05

48.8 0.4 0.01

63.2 0.4 0.006

73.1 0.4 0.005

81.4 0.4 0.004

309.8 0.4 0.0008

724.6 0.4 0.0003

32.9 0.32 0.03

61.7 0.32 0.006

45.9 0.24 0.01

84.2 0.24 0.004

Table 3 Comparison of rb and re for some of the higher order modes at

the beginning, middle, and end of the Booster cycle
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Fig. 1 Schematic of a quarter of the Booster rf cavity
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Pig. 4a Field lines of the fundamental mode, fR = 2.5 MHz
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Fig. 4b Field lines of the first higher order mode, fR = 26.5 MHz
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Fig. 4c Field lines of the second higher order mode, fa = 48.8 MHz

588



Fig. 4d Field lines of the third higher order mode, fR = 63.2 MHz
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Fig. 4e Field lines of the fourth higher order mode, fR = 73,1 MHz
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Fig. 4f Field lines of the fifth higher order mode, fR = 81.4 MHz
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Fig. 4g Field lines of the 27tfc higher order mode, fR - 309.8 MHz
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Fig. 4h Field lines of some higher order mode, fR = 724.6 MHz
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RF WORKSHOP SUMMARY

Chairman: W. R. Smythe

Scientific Secretary: Roger Poirier

Contributors: Roger Poirier, Rick Baartman,

George Swain, Terry Enegren,

Linda Walling, George Karady,

Chris Haddock, Valentin Paramonov,

Carl Friedrichs, and Robert Kandarian.

Plans to study beam-cavity interactions by installing the AHF/KAON main

ring prototype cavity in the Los Alamos proton storage ring (PSR) were dis-

cussed. The cavity will operate at 50.3125 MHz, which is the 18th harmonic of

the storage ring. The present plan is to assemble and test the cavity off-line in

the summer of 1989, and then to move and install the cavity in the PSR in time

to run beam through the cavity for one day in the last 1989 running cycle in

September. Although it is clear that one day of running is inadequate for the

studies that should be conducted, there will be additional running time available

in 1990.

Topics suggested for investigation with the cavity installed in the PSR were:

A. Investigation of the Robinson instability criteria with and without cavity

feedback loops.

B. The influence of the unpowered cavity on beam stability as a function of

cavity tuning, including the case of no bias on the ferrite.
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C. Exploration of coupled bunch instabilities under various conditions of beam

loading, empty buckets, and feedback.

D. The ability of the rf system to maintain empty buckets.

Most of the other topics in the charge to the rf working group were addressed

by one or more of the ten speakers, whose talks will be briefly described below.

Many of them are presented in detail elsewhere in these proceedings.

Roger Poirier (TRIUMF) reported on the status of the TRIUMF rf devel-

opment program. Their full scale prototype booster rf cavity, which employs

three parallel bias ferrite tuners simulated by coaxial air lines, is nearing com-

pletion and will soon be ready for testing at moderate power levels. The Los

Alamos perpendicularly biased booster cavity, which they acquired last summer,

has been refurbished and is now being assembled. An ac tuner bias magnet is

being designed to replace the dc bias magnet which was used at Los Alamos.

Eight solid state broad band rf driver modules and a power combiner are

undergoing tests. They will be used to drive the final stage rf amplifier tube in

PSR tests of the main ring prototype cavity.

Rick Baartman (TRIUMF) presented the case for low frequency synchrotron

rf systems, pointing out that it would then be unnecessary to leave empty rf

buckets to form a kicker gap. The presence of empty buckets greatly increases

the harmonic content of the beam current and therefore the danger of exciting

higher order modes in rf cavities.

George Swain (LANL) described a method of refining present transmission

line models of cavities. He uses various techniques, such as superfish and net-

work theory, to obtain better transmission line or lumped constant parameters

to describe cavity features such as a coaxial tee junction or the capacitance of

the accelerating gap.

Terry Enegren (TRIUMF) described an elegant double transmission line anal-
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ysis of a damper for higher order cavity modes. The damper employs both electric

and magnetic coupling, which are designed to exactly cancel at the fundamental

frequency, but will couple the cavity to a resistive load at other frequencies. He

presented experimental data from a quarter wave stripline cavity which showed

significant damping of all higher modes up to about seven times the fundamental

frequency.

Linda Walling (LANL) described preliminary results of successful experimen-

tal tests of a similar higher order mode damper installed on the half scale model

of the AHF/KAON main ring cavity.

George Karody (Arizona State University) reported the successful testing of

the major subsystems of the amplifier and power supply for the ferrite tuner of

the AHF main ring cavity. Final integration of subsystems and testing of the

complete system will begin soon.

Chris Haddock (TRIUMF) presented a discussion of the problems of shielding

the beam from the magnetic bias field from the transversely biased ferrite tuner

of the Los Alamos/TRIUMF booster cavity. The beam passes through the tuner

along its axis, and it appears to be very difficult to shield the beam from the

field. He also pointed out that the problem is much less severe if the ferrites are

biased radially rather than axially. It is unclear how deleterious the effect on the

beam would be.

Valentin V. Paramonov (INR, Moscow) made an interesting presentation on

the frequency shift of higher order cavity modes in transversly biased ferrite

tuned cavities, due to the presence of the ferromagnetic spin resonance. Because

of the proximity of the spin resonance to the higher order mode frequencies, the

effective /i of the ferrite is frequency dependent, so that frequencies calculated

assuming a single fi value need to be corrected.

Carl Friedrichs (LANL) reported on the completion and final testing of the

large anode power supply for the power amplifier tube which will drive the AHF
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main ring cavity. Particularly impressive was the protection circuit ("crowbar")

which dumps the stored energy of the power supply so rapidly that the power

supply can be shorted out with a 30 gauge wire without damage to the wire.

Bob Kandarian (LANL) reported that most of the major components for the

prototype AHF main ring cavity are now on hand. Two ferrite bias coils had

to be sent back for reworking. Preliminary assembly for a final frequency check

should begin in about ten days. Final assembly could take place in May. Thus,

it appears that running beam through the cavity at PSR next September still

looks reasonable.

Two suggestions of interest were made at the rf working group meetings. The

first was that it might be appropriate to form a committee of persons interested

in the PSR beam-cavity experiments to assist in planning those experiments.

Secondly, it was suggested that in future similar workshops, it would be useful to

include a working session comprised of those who use the various relevant com-

puter codes, such as Urmel and the Poisson group, to discuss common problems,

idesirable additions, etc.
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PROTOTYPE EXTRACTION KICKER POWER SUPPLY AND MAGNET SYSTEM

FOR LOS ALAMOS NATIONAL LABORATORY*

R. A. WINJE

Science Applications International Corporation

Princeton, New Jersey

* Work performed under LANL Subcontract 9-XF8-6797L-1

INTRODUCTION

Los Alamos National Laboratory (LANL) has a requirement for single turn
extraction of the proton beam from the Proton Storage Ring (PSR) . A magnet that
can produce J*B dl of 87.6 mT-m is required for extraction of the circulating beam
from the storage ring. The risetime of the magnetic field must be 70 nsec, or
less, to fit in a 100 nsec gap in the circulating beam. A pulse length of 400
nsec is required for complete extraction of the beam.

Similar requirements also exist for the extraction kicker magnet used on the
Advanced Hadron Facility (AHF) storage ring. In that case the J*B dl that would
be required is about 400 mT-m. The AHF system could be made with five or six
LANL-type modules. Science Applications International Corporation (SAIC),
Princeton, New Jersey, is developing for LANL a prototype 60 kV, 5.5 ohm, pulser
power supply to drive the PSR kicker magnet.

The design of the power supply has progressed from the conceptual design reported
at the Kicker Workshop held at TRIUMF in October 1988 to the final design which
is nearly complete. The design of kicker power supply, including the development
of the HV coaxial cable and connectors used in the power supply, is reported.
This paper also includes a description of the preconceptual design of the kicker
magnet, which was prepared by SAIC. Finally, the calculated performance of the
pulser and kicker magnet system is presented.

KICKER POWER SUPPLY

The power supply is based on the discharge of a precharged pulse forming network
(PFN) into the magnet and terminating load. The requirements for the pulser
power supply operating into a resistive load are given in Table 1. These
requirements were established to meet the current needs of the LANL Proton
Storage Ring and also for the Advanced Hadron Facility.
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Table 1. Kicker Pulser Power Supply
Performance Specifications

PFN Impedance
PFN Voltage
Rise Time (resistive load)
Pulse Length
Repetition Frequency
Pulse Flatness
Pulse Jitter

5.5 ohms
60 kV
30 nsec
400 nsec
120 Hz
5 %
5 nsec

The system schematic diagram in shown in Figure 1. The English Electric Valve
CX 1725 thyratron will be used as the high voltage switching element. The pulse
energy is stored in the pulse forming network (PFN) which in our case is an
parallel array of four 22 ohm high voltage coaxial cables. The cables are
charged to the operating voltage by a resonant charger power supply. To
accommodate synchronization of the pulser to other accelerator systems, the PFN
can be charged up to 1.5 msec before the thyratron is switched.

Figure 1. Kicker Power Supply System Schematic

Major components of the system are shown in Figure 2 and are described in the
sections which follow.
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Figure 2. Kicker Power Supply Block Diagram
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PULSER ENCLOSURE

The thyratron switch and the electronics required for driving the grids of the
tube are mounted in a steel tank filled with the less flammable siiicone oil
which collects the heat generated by the tube and electronics and also serves
as the primary electrical insulation for the tube mount and the high voltage
isolated electronics. A cross sectional view of the tank enclosure is shown in
Figure 3.

Figure 3. Pulser Enclosure

The thyratron is mounted in a coaxial housing to minimize the unmatched
inductance. The thyratron housing, including a view of two of the eight coaxial
cables connected to the thyratron is shown in Figure 4. The cathode section of
the tube mount is machined from an aluminum block to achieve the required
dimensions and surface finish. The anode and cathode portions of the mount have
a 2.5 cm spacing suitable for pulse operation up to 60 kV. Care is taken in the
design to avoid pockets of trapped gas in areas with high voltage gradients.
The calculated lumped element inductance of the tube mount including the
thyratron is 75 nHy.

Figure 4. Thyratron Tube Mount Assembly
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The electronics section is isolated from the enclosure by stand-off insulators.
AC power is furnished through a high voltage isolation transformer. Two 2kV,
25 ohm pulsers to drive the grids of the thyratron are included. The pulse for
grid 2 is delayed 1 microsecond from the grid 1 pulse so as to allow sufficient
time for the initial plasma to be generated in the thyratron to support the anode
current average rate-of-rise of 200 A/nsec. The thyratron cathode and reservoir
are heated from a DC power supply to reduce the turn-on jitter. Trigger pulses
from the control electronics are supplied to the drive pulsers through fiber
optic cables. The cathode and reservoir heaters currents and voltages are
monitored at the control station through fiber optic coupled voltage and current
transducers.

RESONANT CHARGER

Figure 5 shows an elementary diagram of the pulsed power supply which charges
the PFN. The leakage inductance of the high voltage step-up transformer is
resonant with C1 which is charged to the required voltage. When the thyristor
is triggered, Cl partially discharges into the PFN which for this analysis
appears as a capacitive load of about 41 nF. At the first current zero, the
thyristor turns off, and the circuit begins recovery. A numerical analysis of
the operation of the charger was performed using the MicroSim PSPICE software.
Some of the results are shown in Figure 6 and the key characteristics are
tabulated in Table 2.

Figure 5. Resonant Charger Elementary Diagram

0 OK 4'
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Figure 6. Resonant Charger Waveforms
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Table 2. Resonant Charger Operating Characteristics

V O T 60 kV

TcHARGE 750 t
VC1 450 V
AVC1 47 V1

ICHARGE PRI 4 8 9 A
IAVESAGE PRI 28 A

IRHS PRI 103 A

The raw power supply is a simple six pulse rectifier connected to the 480 Vac
utility line through 5.5 raHy current limiting reactors. The charge current to
capacitor C1 is controlled through the insulated gate transistor (IGBT). At the
completion of the PFN charge cycle, when the voltage on Cx has decreased by 47
V (60 kV case), the regulator comparator switches the transistor on connecting
the raw DC power supply to the capacitor. When the voltage on Cx has reached the
reference value, the comparator turns the transistor off, completing the re-
charge cycle.

The R-C network across the raw power supply, absorbs the inductive energy stored
in the line reactors and reduces the reverse voltage across the transistor.
Likewise, the resistor-diode combination connected to the primary of the step-
up transformer, reduces the reverse voltage swing across the thyristor, allowing
the transformer core to recover more quickly.

The step-up transformer has a turns ratio of 1:85 and is rated to handle a
primary current of 120 A ^ . A small air-gap in the core limits the dc flux in
the core and prevents saturation. The diode on the secondary side of the
transformer permits the core to begin recovery as soon as the charge cycle has
been completed. The voltage remains on the PFN until the thyratron switch has
been fired. The R-C network on the secondary side of the transformer isolates
the transformer winding from the PFN and keeps the high dv/dt transient voltage
from damaging the transformer.

The transformer and all secondary connected components are housed in a steel
tank, filled with silicone oil for both insulation and heat collecting purposes.
All of the primary connected equipment is located in conventional 19 inch
equipment racks.

TERMINATION RESISTOR ASSEMBLY

Each HV coaxial cable from the pulser is terminated in the characteristic
impedance of the cable by the termination resistor assembly. The key
characteristics of the resistor are given in Table 3.

Table 3. Termination Resistor Assembly

Resistance 22 ohms
Voltage 30 kV
IRMS 10 A

Power Rating 2 kW
Oil Flow 1 gpm
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The resistor is made of a stack of one ohm carbon discs each separated from the
other by discs of sintered bronze. During assembly, the stack is maintained by
a wye shaped insulating support column (Delrin). The resistor assembly is
insulated with silicone oil which flows through the bronze discs collecting the
heat generated in the resistor discs. A drawing of the resistor assembly is
shown in Figure 7. The inductance of the assembly is minimized by the coaxial
geometry of the assembly. The calculated inductance is 105 nHy.

Figure 7. Termination Resistor Assembly

HV COAXIAL CABLE

SOCKET

^^^du HV PRESSURE PLATE

!A ^ _ RESISTS? DISC (22)

SINTERED BRONZE DISC (23)

DELR/W SUPPORT COLUMN

The housing of the resistor is
machined from aluminum round
stock. The carbon and bronze
disc stack assembly is kept under
a pressure of 25 psi by action
of the coil spring located at
the bottom of the assembly. The
high voltage pressure plate is
supported from the top cover by
three insulated posts, each
bearing a compression load of
70 pounds force generated by
the coil spring.

The pulsed high voltage is
brought to the resistor assembly
by the HV coaxial cable and
connector assembly of the sane
design as used in the pulser
enclosure.

HIGH VOLTAGE COAXIAL CABLE
AND CONNECTOR

The high voltage coaxial cable
and the mating connectors are
key components in the pulser
and kicker magnet system. The
cable is designed for easy
insertion and removal from the
socket which is rigidly mounted
to the equipment.

HIGH VOLTAGE COAXIAL CABLE

The selected cable has a polyethylene dielectric and uses braided copper wire
for both the inner and outer conductors. The dielectric is shielded from the
inner conductor with a thin metal shield which reduces electric field enhancement
resulting from the braided inner conductor. The key characteristics of the
coaxial cable are given in Table 4.
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Table 4. High Voltage Coaxial Cable

Nominal Impedance 22 ohms
Impedance Tolerance ±2 ohms
Voltage Rating 57 kVac
Wave Velocity 5.1 nsec/m
Capacitance 230 pF/m
Inductance 111 nHy/m
Peak Electric Stress 166 VE

The equivalent RMS voltage was calculated by 60 kV X .707 - 42 kVac which gives
an equivalent electric stress on the inner conductor of 166 V^^/mil. Kreuger1

gives the results of the time-to-breakdown of polyethylene dielectric with small
imbedded cavities. From his studies, the lifetime increases with decreasing
voltage gradient to the 9th power. On this basis, the expected lifetime of the
cable is E+10 pulses, which at 120 Hz, is 23,000 hours of operation.

By specifying both the nominal impedance and the allowable electric stress, the
dimensions of the cable can be calculated. Figure 8 shows the construction and
dimensions of the proposed coaxial cable. The inner conductor is braided copper
wire which has been covered with a thin (1 mil) metal conductor. The inner
conductor is woven over a solid rubber core. A single pass extrusion of low
density polyethylene separates the inner and outer conductor. The exterior of
the polyethylene is brushed with graphite to provide a uniform surface for
terminating the radial electric fields. The outer conductor is also braided
copper. The cable is jacketed with Hypalon, which is fire resistant meeting the
requirements of the IEEE Standard 383 for Nuclear Power Stations.

•UMC» CMC
CEM1M CONCH/CIO*
(««• KM»
C O m a C M K D MTL*>
L0« MNSITT rtH.TttM.ENC
CRAFHtTC COATING
ouu* CONOUCTO*
(com* HMO)

Figure 8. Prospective HV Coaxial Cable Construction

xKreuger, F. H. "Determination of the Internal Discharge Resistance of
Dielectric Materials," IEEE Transactions on Electrical Insulation, Vol EI-3,
No. 4, November 1968, pgs 106-114
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CONNECTOR ASSEMBLY

The connector for the high voltage coaxial cable is designed for easy insertion
and removal. The connector consists of a molded epoxy socket which is bolted
to the equipment enclosure and a mating plug which has been formed on the end
of the coaxial cable. The general arrangement of the mating plug and socket are
shown in Figure 9.

k - , r •••"•-

I.VSVLAT/O.V

Figure 9. HV Coaxial Cable Connector Assembly

The polyethylene dielectric is tapered down to the diameter of the center
conductor which is soldered to a hollow copper tube sized to accept a banana plug
attached to the socket. The tapered dielectric and the end connection is covered
with a pliable molded dielectric, such as polyurechane, which is formed to natch
the inner taper of the socket. The molded dielectric is maintained under
constant pressure in the socket by a compression spring to keep the mating
surface between the plug and socket free of air.

The socket is an epoxy casting covered through about 2/3 of the overall length
of the socket by a thin metal sleeve. The purpose of the sleeve is to provide
a coaxial geometry over as much of the socket length as possible. The last two
inches of the socket is not covered and represents the uraatched inductance of
the connector. The calculated inductance is 11 nHy. A ground plate, with
curved surfaces to reduce the electric field stress at the end of the socket,
completes the termination of the cable. From flange to tip, the length of the
socket is 6-1/8 inch.

ALTERNATIVE CABLE

Recognizing that low density polyethylene dielectric cables has a moderate
radiation sensitivity and is recognized as combustible a material, we
investigated using ethylene propylene rubber (EPR) as the cable dielectric. EPR
has excellent flammability properties and is more radiation resistant than
polyethylene. For those reasons, we believed that a cable with EPR dielectric
would make a good alternative choice.
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High frequency and pulse transmission tests were made by Dielectric Science, Inc,
Chelmsford, MA on a conventional AC power distribution cable with an EPR
dielectric (100 feet long) having a similar geometry to a polyethylene cable
which would be required for the pulser PFN and load cables, with the exception
that the EPR test cable had a 35 mil high-dielectric constant layer on the inner
conductor to red ice electric field enhancement. The results of the high
frequency tests are shown in Figure 10. Up to a frequency of 100 MHz, the
transmission loss of the EPR cable shows a square root of frequency dependence.
Beyond 100 MHz, the loss becomes nearly linear with frequency.

Figure 10. EPR Cable Attenuation

The losses however, are very high (relative to RG 220, for example) so it could
be expected that the pulse transmission might be poor. Pulse tests were made
on the cable and a representative pulse transmission oscillogram is shown in
Figure 11. The measured 10% -90% risetime is 16 nsec and the delay is consistent
with a wave propagation velocity £-0.568 which is equivalent to a cable with a
composite dielectric constant of 3.1.

t-50ns/div
EPR Cable

Input Pulse Output Pulse

Figure 11. EPR Cable Pulse Transmission
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The cable was also tested as a PFN element and these results are shown in Figure
12. In this test, the cable was charged to a open circuit voltage (Vo) and
discharged through a closing switch into a load resistor equal to the cable
characteristic impedance (Zo). As a PFN element in the 300 nsec pulse length
range, the EPR cable appears to have excellent rise time and flatness
characteristics.

t-50ns/div
EPR Cable

Switch closed

t-lOOns/div
EPR Cable

Switch closed

Figure 12. EPR Cable PFN Pulse Generation

Because of the excessive loss of pulse rise time, it was determined that the EPR
cable would not make a suitable cable for delivering the power pulse to the
magnet. It would have made a suitable cable for the PFN, but the desire to keep
the construction of all the HV coaxial cables the same, it was decided to use
the polyethylene cable described above at all positions in the pulser.
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KICKER MAGNET

A preliminary conceptual design of the kicker magnet with a picture frame ferrite
core is shown in Figure 13. In this design, the kicker magnet is broken into
eight segments, each segment being driven with two power pulses. The pulses
are delivered to each side of the one turn winding counter-directionally so as
to form a complete current loop. The picture frame core is split into two
sections which are separated from each other by a copper sheet. Unbalance
currents from the two power pulses will flow in the separator. The clear
dimension gap in the magnet is ISO X 95 mm and each magnet segment is 390 mm
long.

VACUUM PUMP

MAGNET — '
MATCHING CAPACITORS

Figure 13. Pre-Conceptual Kicker Magnet Assembly

The magnet is considered as a "lumped element" inductance, and with the exception
of a matching capacitor on the output end of the magnet winding, no effort was
made to match the impedance of the magnet to the pulser. The calculated
inductance of one side of the magnet winding is 1250 nHy.

The ferrite which is being considered is either the Phillips 8C11 or the Ceramic
Magnetics CMD 5005.

The overall length of the vacuum enclosure is about 4 m and would be pumped by
two or three cryo vacuum pumps and ion pumps so as to maintain the internal gas
pressure to no more than E-09 Torr. Provisions are also made for vacuum bakeout
at temperatures up to 300 C. Electrical connections to the magnet will be
through a ceramic feedthrough connector that has the same internal dimensions
as the epoxy connector described earlier so that the same HV coaxial cable being
used on the pulser can be used for the magnet.

SYSTEM ANALYSIS

The prospective pulse response of the kicker pulser was analyzed for two load
conditions: a pure resistive load, taking into account the distributed unmatched
inductances in the system; and a lumped element kicker magnet with a matching
capacitor and termination resistor.
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RESISTIVE LOAD

The unmatched inductance of the kicker pulser system is comprised of the cable
connector, the thyratron tube mount and the termination load assembly. The total
system inductance was calculated to be 110 nHy and with a characteristic
impedance of the PFN of 5.5 ohms, the natural risetime is 10 nsec. Ignoring the
turn-on time of the thyratron, the 10% to 90% load current rise time is 22 nsec.
If it assumed that the thyratron has a turn-on time of about 20 nsec, the total
system current rise time would be 30 nsec.

MAGNET LOAD

Vern Sandberg (LANL) has calculated the overall pulser-kicker magnet performance.
As was explained earlier, the kicker magnet is considered as a lumped element
inductance which will be terminated by a matching capacitor and two parallel
connected 22 ohm termination resistor assemblies. The performance of the pulser-
kicker magnet is shown in Figure 14. The figure shows the magnet current and
voltage both at the input and output ends of the magnet. At the present time,
it is planned that the matching capacitor will be 1 nF, but with the design of
the kicker magnet assembly, that capacitor can be easily changed.

MAGNET VOLTAGE

LOAD VOLTAGE

'00 030
t (ftMC)

Figure 14. Pulser-Kicker Magnet Performance

FABRICATION AND ASSEMBLY

The final design of the pulser is nearly complete and fabrication of some of the
subassemblies has begun. The hardware design was done at the engineering offices
of SAIC's Accelerator Technology Division in Princeton. Final assembly of the
completed pulser will take place at the Division laboratory in Albuquerque, New
Mexico. It is expected that the system will be ready for test August 1989.

CONCLUSIONS

The final design of the kicker magnet pulser power supply system and major
components has been described. A preliminary conceptual design of the ferrite
kicker magnet was given. Fabrication of the power supply has begun with testing
beginning in August 1989.
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KICKER MAGNET DESIGN

Zenghai Li and H. Arch Thiessen
Los Alamos National Laboratory, MP-14

ABSTRACT

In this paper, the kicker magnet is studied by use of the program POISSON. For using
the dc-code POISSON in the ac problem of the kicker magnet, an approximation of the ac
effects is made, this simplifying the ac problem into a dc problem. The study of the magnet
is taken in two steps: 1) assuming the 7 of the ferrite material is fixed in the calculation
to get a preliminary design of the magnet; 2) using the real B — H curve of the CMD5005
ferrite material in the calculation to get the final design of the magnet. The stored energy,
the excitation curve and the excitation efficiency of the kicker magnet are also discussed.

I. Introduction

The kicker magnet is a very important element in a charged-particle

storage ring. In this application, the kicker is an extraction kicker. The rise

time of the kicker must be short enough to fit in the ~ 100ns gap in the

circulating beam.

The field of the kicker magnet is required to be homogeneous in a large

volume, so that the particle can experience the same magnetic field in the

magnet and keep the transport property of the particles unchanged. The

field deviation in the deflection region of the kicker magnet can not exceed

1%.

The design of the kicker magnet, is taken in two steps. First, the 7 value

of the ferrite material is assumed to be fixed. Under this assumption, a

preliminary result can be obtained with the POISSON code. The c;i]cula'.ion

converges rapidly for fixed 7, saving computer time. We use the B H curve

of the chosen material, (CDM5005) ferrite, and take the preliminary result
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Figure 1: Initial dimension of the kicker magnet.

obtained by assuming 7 = constant to further optimize the parameters of

the magnet and arrive at the final design of the kicker magnet. The initial

dimension of the magnet is shown in Fig.l (the upper-right quarter part).

The magnetic induction in the gap required is about 280 gauss. The total

current carried by the coil is about 2730 ampere. Since POISSON is a dc

code and the kicker magnet is an ac magnet, a dc approximation of the

problem is made in order to use the dc-code POISSON in the calculation.

II. DC approximation of the problem

POISSON is a two-dimensional dc code for solving Poisson's equation

in electrical engineering. As mentioned above, because the kicker magnet

works in ac condition, the POISSON code cannot be used directly in this

problem.

Given the high frequency of the magnetic field, there are no magnetic

field lines in the high conductivity material (e.g., the coil). This means that

the coil is equipotential. In this application, the outer surface of the magnet
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is covered with a laminate of copper, so the outer surface of the magnet is

also equipotential. If the ferrite material chosen has high resistivity, eddy

currents can be neglected. The equipotential property of the coil is the main

difference from that of the dc problem. Only by taking the equipotential

condition into the calculation can we get a good numerical simulation of the

ac problem by use of the dc-code POISSON.

III. Preliminary design for fixed 7

Taking advantage of the symmetry of the magnet and advantage of

special treatment for the symmetric problems of POISSON, the calculation

can be made in a quarter of the region, say the upper-right quarter region,

as shown ill Fig. 1.

We attempted to get a uniform field in the gap by adjusting the shape

of the coil without success. Not only does the shape of the coil become more

complicated, but there remains a large region with large field deviation near

the coil that it is difficult to eliminate. Therefore we modify the pole surface

instead of adjusting the shape of the coil. The coil is selected with a very

simple configuration, rectangular with a round top end. Cutting a slot on the

pole above the coil is a very effective method to reduce the field deviation.

Fig. 2 shows the configuration of the magnet with a slot above the coil.

Several calculations were made for different slot widths (W) and slot

depths (D). Table 1 shows the field deviation vs the a- ami y coordinate for

D=0A5 cm, W=3.3 cm and 7 = 0.001. There are 3 points in thr- table at

which the deviation exceeds ] %. The number of points with large deviation

reflects the homogeneity of the fieid. So the uniformity of the fiVId can be

studied by counting the number of points whose deviations exceed 1 %.
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Figure 2: The kicker magnet with a slot above the coil.

Table 2 and Table 3 show the number of deviations that exceed 1 %,

versus the depth and the width of the slot for 7 = 0.01 and 7 = 0.001

respectively.

From Table 2 and Table 3 we can see that with a deeper slot in some

extent (not always), we can get a better result for an appropriate slot width.

But that doesn't mean an acceptable result because cutting more ferrite off

may cause a need for a larger power supply and cause some other problems

as well.

For 7 = 0.01, we have three good results (D = 0.45, W = 3.5), (D =

0.35, W = 3.2) and (D = 0.65, W = 3.0). The result (D = 0.45, W = 3.3) is

the most acceptable one when these results are compared.

For 7 = 0.001, we have even better results. By the consideration men-

tioned above, the result (D = 0.35, W = 3.2) is the most acceptable one.

IV. Final design for real B — H curve of CMD5005 ferrite material

1. B - H curve of the CMD5005 ferrite material

The kicker magnet works at high frequency, so the ferrite material used '

in the kicker magnet is required to have high resistivity to avoid high eddy
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currents. A high permeability of the material is also desired. The CMD5005

ferrite material meets these requirements. Its B — II curve is shown in

Fig- 3(a).

0.1 \a to

Field Strength, oersteds
(a) Hysteresis Loop

0. 2. 4. «. ». 10. 13.

Field Strength, oersteds

(6) Frolich-Kennelly Fitting

Figure 3: B - H curve of the CMD5005 material.

Since the POISSON code needs a smooth and monotonic B — H curve

in the calculation, the curve given in Fig. 3(o) cannot be used directly. An

approximate representation is made by use of the Frolich-Kennelly relation

— = — + — m
M H M. K '

where a and M, are determined to be 0.000098 and 3420 respectively; M, is

the saturation induction.

Fig. 3(6) shows the curve given by the Frolich-Kennelly relation and the

hysteresis loop of the CMD5005 material. In the saturation region of the

B - H curve, the Frolich-Kennelly relation fits the B - II curve of ' 'MD5005

very well. In the multi-valued part of the hysteresis loop, the value of the

Frolich-Kennelly relation lies within this loop. Since the B — II relation in
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this part has itself an undetermined factor, the Frolich-Kennelly relation is

also a good approximate representation of the B — II curve.

2. Result for 5-cm thickness of the ferrite yoke

Using the B — H curve given by the Frolich-Kennelly relation in the

calculation, a table like Table 2 and Table 3 is obtained, Table 4.

By the same consideration as above, the best result is (D = 0.35,W =

3.2). The result is the same as that for 7=0.001. With these parameters

of the magnet, we can get a uniform field distribution in the gap for a field

induction in the gap lower than 1550 gauss.

3. Result for 2-cm thickness of the ferrite yoke

All of the above calculations are made for a thickness of the ferrite yoke

of 5 cm. The result is acceptable. However, if we make a study of the field

distribution in the ferrite, we can see that the field induction in the ferrite is

much less than 1000 gauss (only about 700 gauss) in most of the region if

the field induction in the gap is about 460 gauss. It is far from the saturation

induction. The 5-cm thickness of the ferrite yoke is much larger than needed

for this low-field induction magnet. Hence we can use a thinner ferrite yoke

in the kicker magnet. The thickness can be evaluated by making the flux

in the ferrite equal to the flux in the gap. If the magnet is at | saturation

(about 2000 gauss), the thickness of the ferrite yoke can be determined as

460 * 9
thickness = = 2cm. (2)

We change the thickness of the ferrite yoke from 5 cm to 2 cm (the

narrowest part is 2 cm as shown in Fig. 4) and make further calculation.

With this thickness of the ferrite yoke, we can get a uniform field distribution

in the gap for a field induction in ihe gap lower than 770 gauss. If the field
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flux density in the gap is 500 gauss, the maximum induction in the ferrite,

which only occurs in the inner corner part of the ferrite yokej is about 3000

gauss. The field induction in most of the ferrite is about 2100 gauss or

even less. Table 5 shows the field deviation vs the x and y coordinates for

thickness =2 cm, D = 0.35 cm and W = 3.2 cm. Figs. 4 and 5 show the

parameters and the flux distribution of the magnet.

4. Result for 1.25-cro thickness of the ferrite yoke

The even thinner ferrite yoke kicker magnet, thickness = 1.25 cm, is

also studied. With this thinner ferrite yoke, we can get a uniform field

distribution in the gap for a flux density in the gap lower than 380 gauss. If

the excitation current is 2520 A, the field induction in the gap is about 330

gauss, the maximum field induction in the ferrite is less than 2700 gauss

and the stored energy per unit length is 1.8943 J. Table 6 shows the field

deviation vs the x and y coordinates for thickness = 1.25 cm, D = 0.35 cm

and W — 3.2 cm. Figs. 6 and 7 show the dimension of the kicker magnet and

the field-line distribution in the kicker magnet. The input and the output of

the program POISSON are listed in appendixes I and II.

5. Result for the extreme case 7=1

The field of the extreme case 7=1 (thickness of the ferrite yoke is 1.25

cm) is also calculated. In this case, the field induction in the center of the

gap is only about 190 gauss and the stored energy per unit length is 14.281

J, much greater than that in the case of real 7. Fig. 8 shows th«- flux line

distribution of this case and Table 7 is the field deviation vs th< .T and y

coordinates.

6. Excitation curve and efficiency
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We further studied the excitation curve and the excitation efficiency of

the kicker magnet for the thicknesses of the ferrite yoke of 5 cm, 2 cm and

1.25 cm. The results are shown in Fig. 9 and Fig. 10.

Fig. 9 shows that there are a h'near part and a curvilinear part in the

excitation curve. The curvilinear part of the curve reflects the saturation of

the ferrite. The uniform field in the gap can only be obtained in the linear

part of the curve. Take the 5 cm thickness ferrite yoke kicker as an example.

In this case, the linear part of the excitation curve occurs in the region of

the current from 0 to 11760 A. The corresponding flux density varies from

0 to 1550 gauss. The distribution of the field lower than 1550 gauss in the

gap is homogeneous.

The excitation efficiency is calculated by the following formula

rr- • BcenteT * Gap
efficiency - —*- (3)

Ho* I

where BcenttT is the field induction at the center of the gap, Gap is the gap

width and / is the total current. The efficiency is higher than 0.998 for

generating a uniform field distribution in the gap for all of these three cases,

and it falls down quickly when the ferrite becomes saturated.

V. Conclusion

In this paper, we use an approximation to reduce the ac problem to a

dc problem, so that we can use the dc-code POISSON to study the kicker

magnet. The results for three different thicknesses of the ferrite yoke magnet

are given. With a uniform field distribution in the gap, a different maximum

field induction can be obtained as 1550 gauss, 770 gauss and :!80 gauss

for the different thicknesses of the ferrite yoke of 5 cm, 2 cm and 1.25 cm
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respectively. The above results can be adapted according to the required

field induction in the gap. Though the thicker ferrite yoke magnet can meet

the need of the requirement of homogeneity of the field distribution of both

higher and lower field induction in the gap, a thinner lerrite yoke magnet

is recommended for the lower-flux-density kicker magnet since it should im-

prove the rise time of the magnetic field pulse.
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Figure 4: The configuration of the kicker magnet

thickness=2 cm

Figure 5: The field line distribution in the kicker magnet

thicknesa=2 cm

621



3.2

1.0 1.0--1.0 ••1.25-

Figure 6: Dimensions of the kicker magnet.

Figure 7: Field line distribution in the kicker magnet

thickness = 1.25 cm, (CMD5005 ferrite).

Figure 8: Field line distribution in the kicker magnet

thickness = 1.25 cm, (7 = 1).
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Figure 9: Excitation curve of the kicker magnet.

o. 10000. 20000. 30000. 40000.

Current (A)

Figure 10: Excitation efficiency of the kicker magnet.
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Table 1: Field deviation va the x and y coordinates

D = 0.45, W = 3.3, 7=0.001

4. -0.0029 -0.002C -0.0019 -0.0005 0.0017 0.00S1 0.0102 0.01U -0.0790 0.0951
3. -0.001C -0.0013 -0.000S 0.0005 0.0021 0.0041 0.0052 0.0011 0.0005 0.02(9
2. -0.0007 -0.0005 0.0001 0.0010 0.0022 0.0034 0.0040 0.0041 0.0063 0.0097
1. -0.0002 0.0000 0.0005 0.0013 0.0022 0.0032 0.0040 0.004S 0.0059 0.0067
0. 0.0000 0.0002 0.0006 0.0014 0.0022 0.0031 0.0040 0.0041 0.0057 0.0062

0. 1. 2. 3. 4. 5. 6. 7. ». 9. x(ca)

Table 2: Number of deviations bigger than 1 % for 7 = 0.01

Slot

Slot

4.0
3.5
3.3
3.2
3.0
2.8
2.5

depth (D)
(cm)

width (W)
(cm)

0.35
Numbers

7
4
-

10
13
-

14

0.45

8
3
3
-

8
-

13

0.55

16
6
-
-

4
4
10

0.65

17
8
-
-

3
4
9
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Table 3: Number of deviations bigger than 1 % for 7 = 0.001

Slot

Slot

4.0
3.5
3.2
3.0
2.5
2.2

depth (D)
(cm)

width (W)
(cm)

0.35
Numbers

7
3
3
4
11
-

0.45

16
4
-

3
4
-

0.55

21
16
-

4
2
4

0.65

21
12
-

2
3
-

Table 4: Number of deviations bigger than 1 % for CMD5005 ferrite

Slot

Slot

4.0
3.5
3.2
3.0
2.5

depth (D)
(cm)

width (W)
(cm)

0.25
Numbers

i-r

5
7
10
11

0.35

10
4
3
4
10

0.45

16
6
3
3
4

0.55

21
14
4
2
3
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Table 5: Field deviation vs the x and y coordinates

thickness = 2 cm., D = 0.35 cm, W = 3.2 cm

7<ca)
4.
3.
2.
1.
0.

-0
0
0
0
0

.0001

.0000

.0000

.0000

.0000

-0
0
0
0
0

.0001

.0000

.0000

.0000

.0000

-0
0
0
0
0

.0001 0

.0000 0

.0000 0

.0000 0

.0000 0

.0000 0.0000 0.0002 0.000S -0.0027 -0.0(30 -0.0023

.0000 O.CCOO -0.0002 -0.0011 -0.0046 -0.0023 0.0350

.0000 0.0000 -0.0001 -0.0002

.0001 0.0001 0.0002 O.000C

.0001 0.0002 0.0004 O.OOOf

0. 1. 2. 3. 4. S. 6.

0.0001 0.0039 0.00*7
0.0015 0.0033 0.0044
0.0017 0.0030 0.0036

7. * . 9. x(ca)

Table 6: Field deviation vs the x and y coordinates

thickness = 1.25 cm, D = 0.35 cm, W = 3.3 cm

y(c«)
4. -0.0001 -0.0001 -0.0001 -0.0001 0.0000 0.0002 0.0005 -0.0026 -0.0127 -0.000*
3. -0.0001 -0.0001 -0.0001 0.0000 0.0000 -0.0001 -0.0010 -0.0044 -0.001* 0.0356

0.0042 0.0091
0.0036 0.0047
0.0032 0.0039

2.
1.
0.

0
0
0

.0000

.0000

.0000

0
0
0

.0000

.0000

.0000

0
0
0

.0000

.0000

.0000

0
0
0

.0000

.0001

.0001

0
0
0

.0001

.0002

.0002

0
0
0

.0000

.0003

.0005

-0
0
0

.0001

.0007

.0010

0
0
0

.0003

.0017

.0020

0. 1. 2. 3. 4. 5. C. 7. i. 9. xlcil

Table 7: Field deviation vs the x and y coordinates

thickness = 1.25 cm, D = 0.35 cm, W = 3.3 cm, 7 =

4 .
3 .
2 .
1 .
0 .

-0.4427 -0.3(74 -0.2341 0.0008 0.3179 0.7368 1.302* 2.1244 3.5924 9.2425
-0.255* -0.2142 -0.0923 0.1067 0.3*5* 0.7577 1.24(3 1.9072 2.(191 3.6315
-0.1157 -0.0(13 0.0217 0.1945 0.4407 0.7658 1.173* 1.6539 2.1330 2.3720

0.0939 0.2507 0.4747 0.7663 1.1161 1.4*95 1.(043 1.9337-0.0292
0.0000

0 .

0.0014
0.0294

1 .

0.11(5 0.2699 0.4(61 0.7657 1.0952 1.4354 1.70(5 1.(175

2 . 3 . 4 . 5 . 6 . 7 . I . 9. x(c»)
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APPENDIX I. Input data of POISSON for the kicker magnet.

(Input of AUTOMESH) (Input of POISSON)
KICKER MAGNET(RUN3000 3/14/19)
SREO NREG«3, XMAX«12.2S,YMAX-6.35O,DX'O.2.DY-0.2,
NP0INT«5$
$po x»o.,y«o.$
SPO X-12,25,V»0.$
$PO X»12.25,Y-6.350$
SPO X»0., Y»6.350$
SPO X.O. , Y«0.$
SREO MAT*3,NPOINT~10$
$PO X«0., Y-<.75$
$P0 X-7.»0, Y.4.7SS
SPO X-7.80 ,Y-5.10$
SPO X-11.00,Y-5.10$
SPO X-11.00,Y-4.75$
SPO X»11.00,Y»0.S
SPO X«12.25,Y»0.$
$PO X«12.25,Y«S.350$
SPO X-0.,Y>6.3S0$
SPO X-0.,Y>4.75$
SP.EG KAT-0,CUR»3000. , NPOINT-6 , ibound"-l$
SPO X-9.0,V-0.$
$po x-io.o,y.o.s
SPO X-10.0, Y-3.SS
SPO XO-9 . 5, Y0.3 . 6 ,R»0 .5 .THCTA-HO .,NT-2$
SPO X-9.0,Y«3.S$
SPO X>9.0,Y«0.$

0
•S 0 M S 1 '32 2

3 1 . 3
99.094490

786.017622
1274.322388
1615.640991
1161.2194(2
204«.011963
2194.(75953
2313.315916
2411.032959
2492.(85010
2562.490723
2622.410645
2*74.536(65
2720.300293
2760.799561
2796.(96414
2(29.273193
2(5(.4777(3
2(14.956543
2909.074463
2931.135498
2951.393066
2970.059(14
29(7.31(115
3003.321045
3011.2028(1
3045.043701
3057.1(9697
3079.314209
3124.621331
31(7.435059
3229.0C2012
3258.801514
32(1.204134
33(0.253662
3447.2277(3
3501.575921
441(.(54492
13419.992111
24419.945313
34419.964144
44419.97265S
54419.976563

•7« 0.02 *46 6 *54

0.010000
0.100000
0.200000
0.300000
0.400000
0.500000
0.600000
0.700000
0.100000
0.900000
1.000000
1.100000
1.200000
1.300000
1.400000
1.500000
1.640000
1.700000
1.(00000
1.900000
2.000000
2.100000
2.200000
2.300000
2.400000
2.500000
2.700000
2.100000
3.000000
3.500000
4.500000
5.500000
6.500000
7.500000

15.000000
50.000000

100.000000
1000.000000

10000.000000
21000.000000
31000.000000
41000.000000
51000.000000 C

•54 0 . 15. 0. 5. M2 1 16 1 6S

- 1



en

APPENDIX II. Output data of POISSON for the kicker magnet.

IEGXMRXNQ Or FOISSOI CXtCUTXON rHOH OUMF NUHSEt

INFUT O« DEFAULT VALUE
FDOSLEM CONSTANTS AND VAIIAILEf

COK I )
COM( 21
COM( ( )

7)
I )

com

com

com
i

com
CON I

com
i

com

com

10)
it)
i»i
20)
21)
22)
21)
241
J>>
30)
111
13)
14)
IS)
!<>
17)
11)
!>>
40)
41)
42)
41)
44)
491
41)
47)
4tl
411
SO)
S4)
SJ>
5*1
»7(
S«)
« l

70)
74)
7S)
771
71)
71)
tO)
• II
• 4)
• SI
• <)

IISF.T
NISLF
LINTXN
KAXCT

1, «»Ea
' 0, NODI

1.000C+00, STACK
1.0OQI+1J, IDES
l.OOOH-00, COBT
4.000I-01, flXOAM

NFtUI
XCYLXH
IIFUTA

100S00

0.0001*00
O.OtOE+00

1«

1.2S0C-01

KXCMB MAOIItTdUNlOOO 3 / 1 4 / t > )

IHACT
HODMF
IMOHF
KAF
S O U
toia
MEtao
UtIU
W I N

U4XN
LTOF
XT*FE
W2ND
XSCCND

100000,
O.00OE+00,
'.JOOEtOl,
.ooot+oo,
.ooot+o»,

0,
.ooot+oo,
.0001-04.
.090E*00,

0,
.»oos*oo,
.»OOE*OC,

0001-02,
«00l+00,

1,

ooox-o»;
OOtt-07,

INPX,
(HIM
XHU
YHXIT
TMAX
I1OUT
XJFACT
XJTOL
ArACT
tCAL
RHOFT1
MOAXa
more
aNOOAH
RHOH
ISUI»
HOTf
trie
EF1ILA
crsxtx



a

s
X

U d al «l 4 *4 4HHbl t X «t
O JC •< X UXMUUO • H<b MMMXf<<«M 0 0 0 4 4 4 0 0 a D O J X M •• M X H
aShiiuHJldixia < MMMM (••Oi)2<2Jig2 n OHM o * M d j M M MU o <»••<>>« ^
M HO U H • OO SHO M M 2 4 < H H B M • ft 2 X X • O M X O H O O H O H O O 3 •• • M X •< 4 O M O •

H M < K • • 333 ff m < 3 i iH i • • • • • • • • • B o M •>««••« mttwtmn • at KMS M HHX S »•

•4 o <ftoooo*o B M««f iHat tn« r»<*f*tmorvoooo0Qooc»ooOQ o o v « o M
+ • • + • • • • 3 •«« « ^ wwnwl +4. + «.+ »»»« .«» + *. >*raeo •)
U HMHMHMH »4 *4 *4M HMHUtaMHHMMtaMH UHNOO M

N O f« O O O O O O O O O OO O OO rt«4 «
J< O VOOOOOOOODOSO OO <5 «, -«o7o,o-ooo.oo «• 5,

+ • • + • • • •
U HMHMHMH
O OOOOOOO

8
25
3S
o m
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• +777777777777777777777 i 7777777777777 S
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8
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MATCHAL MO. 3 , STACKal.000, HXGMI- 0.004

II
1

10
11
12
13
14
IS
I t
17
11
1»
20
21
22
23
24
25
at
17
21
2*
30
31
32
33
34
JS
34
37
31
3*
40
41
42
43

•-SQUMED
». 11*71114-03
i.nntoitos
1.4141041+04
2.4102*(E+0(
3.4(413IE+0(
4.1I43S3C+«(
4.(174I3E+O(
5.3S17SSE+0(
5.1130101+14
4.2l447(E+t(
t.matt+o*
4.4710311+04
7.1331441+04
7.40*034E**(
7.4220141+04
7.422(3*E+*(
4.004747C+04
l.l70l*&E+t(
l.322»75t>*(
l.4(2714E+*(
1.3915551+04
4.7107211+04
I.I2125SK+O(
l.*24070C+0(
t.01»»37E+0(
i.lO«34»E+04
*.2722*1E+O(
I.34440IE+04
9.441174C+04
*.7(123*E+0(
1.013*741+07
1.0*34441+07
1.0(l*7*E+(7
l.*7((31f+*7
1.12M31E+07
1.1*43341+07
i.m«u«+07
1.ISK2»K+O7
1.100*421+04
S.fft31ll+«l
1.U4734I+0*
l.*731)4t+0»
2.»(1S341+Ot

B(OAOSS)
( > .

7I«.
1271.
U1S.
11(1.
2041.
21*4.
2313.
2411.
24*2.
1»«2.
2422.
2474.
27a*.
27«(.
27»«.
212*.
2191
2114
2»»»
2*31
2»J1
2*70
2»f 7
3003
J014
304J
30S7
307*
1124
3117
322*
32S*
m i
JiiO
3447
JSO«
4411

1341*
24419
I441»
4441*
S441*

0*
02
32
44
22
01
• •
3*
03
t *
4*
41
S4
3 *
t t
»0
27
41
• «
07
1 4
3 *
0 «
32
32

.20

.04

. 1 *

.31

.«2
.44
.04
.10
.20
.25
.23
.SI
. I S
.»»
.ts
.»«
. • 7
. » •

4AMHX
0.000101
0.000127
0.000154
0.000144
0.000215
0.000244
0.000273
0.000303
0.000331
0.000311
0.1003*0
0.00041*
4.0*044*
O.»«O47I
0.I0MI7
0.000S34
0.0*05«
0.MOStS
0.000(34
0.0404SJ
0.000(12
0.000712
0.000741
0.0*0770
0.0007**
0.0*0124
0.0*0117
0.00MK
0.000*74
0.4*1130
0.0*1412
0.0017*3
0.**!**>
0.102214
0.*044(4
O.*14S*4
0.4215*2
0.22(3(3
I.74S1J7
*.ISf*S3
*.»*0(4*
«.)23**4
O.*371S(

BU
i»0*.4S
71(0.1*
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INTERNALLY METALLIZED CERAMIC VACUUM PIPES
FOR PARTICLE BEAMS

Submitted By:
Dr. Michael Featk<acby
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San Diego, CA 92121
(619) 458-4760

ABSTRACT:

Ceramic vacuum pipes, in the form of a long tube of rectangular cross sections, have been
assembled from standard shapes of alumina ceramic using glass bonding techniques. Prior to final
glass bonding, the internal walls of the tube are metallized using primarily microelectronic
industry thick film technology. These advanced processes allow for precision patterning and
conductivity control of surface conducting films. The ability to lay down both longitudinal and
transverse conductor patterns separated by insulating layers of glass give the accelerator designer
considerable freedom in tailoring longitudinal and transverse beam pipe impedance. Assembly
techniques of these beam pipes are discussed.

1.0 Introduction

The use of a ceramic vacuum chamber/beam pipe for the Los Alamos Advanced Hadron
Facility has many potential advantages. The primary advantage of a ceramic vacuum
chamber over a metal chamber is that ceramic avoids the eddy-current heating and eddy-
current magnetic field distortion caused by the rapidly cycling guide field. The inside
surface of the ceramic chamber needs to be metallized or otherwise made conducting in
order to avoid the build-up of static charge. Furthermore, one needs a low impedance
path (3 milli ohms/meter) for the high-frequency image currents necessary for beam
stabilization. Progress in the fabrication of 60cm long pipes with internal conductors for
electrical testing has been reported in previous workshops. This last year has produced
additional parts for electrical testing and larger demonstration parts showing a variety of
construction techniques which may be modified for specific applications.

1.1 Integral Distributed Capacitors in a 60cm Pipe.

After tests were performed on pipes with simple stripes and with.monolithic capacitor chips
attached to each end of the stripes, an additional pipe was fabricated with tapered stripes
using thick film technology (Figure 1-1). Because the shape of the pipe did not lend itself
to the usual screen printing technique, the stripes were defined by graphics tape and the
thick film paste (ink) was applied by "doctor-blading" using a razor blade and a shaped
tool at the radii of the pipe. The tape thickness defined the fired film thickness. Each
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layer was dried, the tape removed, then the ink was fired at 980°C in air. The rectangular
bottom conductor and the top triangular conductor were palladium silver alloys, the
barium titanate based dielectric layer had a dielectric constant 00 of 130. The completed
pipe halves are shown in Figure 1-2. For electrical testing, the lower electrodes would be
connected to one flange, the upper electrodes would be connected to the flange on the
opposite end of the pipe. Hermeticity of the pipe is not required for these tests which
have yet to be completed.

1,2 Kicker Magnet Ceramic Pipe.

A 1 meter long section of the pipe was fabricated using a one piece ceramic pipe which
is of course cost effective and reliable if the interior metallization is simple enough to be
applied with the limited access (Figure 1-3). As well as challenging the metallizer, the
pipe also challenged die ceramics manufacturer. Close tolerance pipes of these dimensions
are not standard and were made on a first try, best effort basis. An inexpensive sup cast
technique was used. The final pipe had a slightly oversized cross section and some
sagging of the longer spans. These and other minor defects were more of a result of
scheduling pressures than deficiencies in the process itself and it is felt that this approach
would be quite viable for these types of pipes.

The surfaces were ground flat and square and rings were cut off each end for flange
preparations. The interior stripes were pure silver applied by a narrow screen which
would fit inside the pipe. Four symmetrical sensors with 50 ohms impedance were
similarly screen printed and fired on the outside (Figure 1-4). Protection to the stripes
was afforded by a fired dielectric paste (K=9 to match the ceramic).

Sheet metal flanges of a design favored by LANL were fabricated from pure titanium (0.67
mm thick). These were sandwiched between the alumina pipes and rings with reactive
braze foils (CuSilABA) and brazed together in vacuum.

The near-completed pipe is shown in Figure 1-5. The final operation is to coat the inside
of the pipe with indium-tin oxide to prevent charge accumulation of the ceramic walls.

1.3 1 Meter Long Pipe with Distributed Capacitors.

To demonstrate the scale up potential of the 60cm pipes with distributed capacitors, a one
meter pipe was attempted. In order to utilize screen printing for more uniform and
reliable capacitors, flat plates were required which would then be glazed into a hermetic
rectangular pipe. A 6 inches long section of the pipe was first attempted to establish the
procedures and feasibility before committing larger, more expensive materials. Three
screens with stainless steel mesh were made, one for each layer of the capacitors and the
layers were screened and fired in the conventional manner for hybrid microelectronics.
The assembled pipe is show in Figure 1-6 after the joints were pre-glazed, pinned with
ceramic dowels then sealed at 850°C.
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The 1-meter pipe walls were similarly constructed from hydrostatically pressed and ground
96% A12O3 plates. Three "picture frames" were also fabricated to accommodate different
types of flanges (Figure 1-7). One was the LANL style (niobium) flange used in the
ceramic kicker pipe, the other was a SAIC design for passing through the pole pieces. The
two flanges, preassembled using reactive braze foils are shown in Figure 1-8 and Figure
1-9. Details of the SAIC flange is shown in Figure 1-10. This diagram also shows the
needed for the picture frames. One advantage is to be able to premanufacture and test
the flanges before attachment to the pipe, the other, more important reason is to isolate
the reactive braze from the longitudinal glass seals on the comers of the pipe. The
titanium in the reactive braze would locally reduce the glass at the interface and ruin the
integrity of the joint.

Screen printing of the capacitors and final assembly have yet to be performed.

1.4 Summary

Different approaches have been demonstrated for producing ceramic pipes, applying
conductors, capacitors, sensors and flanges. SAIC has tried to maintain a general approach
with viable alternatives to give the designers flexibility in choosing the optimum
configuration rather than allow limitations in ceramic pipe fabrication to dominate the
design. All the elements needed to fabricate these structures have been successfully
fabricated (including ceramic-ceramic joints for producing longer unit lengths of pipe
which were not discussed here) so no scale-up problems are expected. All these elements
are based on existing materials and techniques with good "track records". Although further
development is required, mainly to increase the confidence level in ceramic construction
and to define the optimum way of handling these large assemblies, no technological
breakthroughs are required to make these ceramic pipes a reliable option for beam pipe
construction.

VACUPIPE.893
lbp
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Figure 1-1. Schematic of Distributed Integral Capacitor Construction

Figure 1-2. Completed Pipe Halves with Distributed Thick Film
Capacitors
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EXTERNAL
SENSOR

(1 Of

FLANGES OMITTED
FOR CLARITY

Figure 1-3. Schematic of Ceramic Pipe with Internal Conductors
and External Sensors.

Figure 1-4. End View Showing Fired Conductors and Sensors (Prior
to Flange Attachment).
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Figure 1-5. Near-Completed Kicker Pipe after Titanium Flanges were
Brazed in Place.

Figure 1-6,

648

Assembled Pipe Section with Glazed Joints, Distributed
Capacitors Fired on all Four Wall Interiors.



Figure 1-7. Four Walls and "Picture Frame" Piece Parts Prior to
Deposition of Capacitors and Assembly of Flanges.

Figure 1-8. Niobium Flange Brazed to Two "Picture Frames".
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Figure 1-9. Stainless Steel Flange Brazed to "Picture Frame" via
Niobium Spacer for Strain Relief.

CERAMIC/METAL
REACTIVE BRAZED

JOINT

CERAMIC
(WINDOW FRAME)

BRAZED JOINT

METAL'STRAIN RELIEF

Figure 1-10.
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(Option B Selected)



MAGNETIC FIELD RISE TIME IN FERRITE KICKER MAGNETS

W. R. Smythe

Box 446, University of Colorado

Boulder, CO. 80309

BITNET: SMYTHE@COLOPHYS

INTRODUCTION

A detailed solution of the electromagnetic wave equation for an actual pulsed

kicker magnet geometry is a difficult problem, probably best solved numerically

with a computer. The approach taken here is to idealize the problem and inves-

tigate analytical solutions in order to develop a knowledge of some aspects of the

problem.

Ferrite Properties

Reviewing the properties of ferrite, we note that a typical value for the di-

electric constant, er, is 14.5 and that relative permeability values (fir) cover the

range from 10 to 1000. The resistivity of one particular ferrite (Ferroxcube 4)

is given as p = 40,000 ftm, which we will use as. an example. It is the ratio of

the velocity of electromagnetic waves in the ferrite to their velocity in vacuum,

/?, which interests us. We note that:

so that:

for the permeability range mentioned above. Since the wave velocity in the ferrite

is one to two orders of magnitude less than the velocity in free space, the length

of the path by which the energy gets into the ferrite is important.
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Idealizing the Problem

A typical kicker magnet geometry is shown in cross section in the top sketch

of Figure 1. The rectangular cylinder of ferrite has a rectangular aperture for the

beam. Current carrying conductors on the left and right sides of the aperture

produce a nearly uniform magnetic field in the aperture. The four outside surfaces

of the ferrite are covered by a conductor which confines the magnetic field. In

the center sketch of Figure 1 the geometry has been idealized to two slightly

overlapping coaxial lines which carry current in opposite directions. Ferrite is

used to provide a low reluctance path for the magnetic flux from the kicker gap.

In the bottom sketch of Figure 1 the two coaxial lines have been further idealized

to a single coaxial line which has a hollow circular cylinder of ferrite occupying

the outer portion of the region between the inner and outer conductors of the

coaxial line. It is this geometry, in which the ferrite cylinder has a finite length

equal to the kicker magnet length, which we wish to consider further.

ID 0

Figure 1
Successive Idealization of

a Ferrite Kicker Magnet
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Huygen's Construction

If the ferrite completely fills the space between the inner and outer conductors

for a length £, and a step wave pulse propagates in a TEM mode down the coaxial

line and is incident on it, then a slow plane wave will propagate through the ferrite

with /? = (nre.T)~ll2, and, in general, a wave will be reflected back towards the

pulse source. It is interesting to note that if fir = er, then y ^ 2 = A/^T = 377 fi

and there will be no reflected wave. In either case the shortest possible pulse rise

time in the ferrite will be (^/c)^///rer, where c is the velocity of light. For some

applications this rise time would be intolerably long.

Alternatively, we can consider the case where the ferrite does not fill the entire

space. This situation is illustrated Figure 2. In this case we can use Huygen's

wavelet construction to determine the wave front some time after the wave has

entered the ferrite. This wave front is sketched for the case fi = ^ in the ferrite.

It is seen that the wave front in the ferrite is a cone of shallow angle, even for the

largest value of ft considered. Thus the energy propagates nearly radially into

the ferrite.

1 <J

Figure 2. Cross section of a coaxial line showing how a plane pulse wave

front (1) which is incident from the left is distorted by the presence of a hollow

ferrite cylinder. The shape of the distorted wave front (2) was determined by use

of Huygen's Construction with y#=l/12 in the ferrite.
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Wave Propagation in Ferrite

We now consider the way in which the energy propagates radially into the

ferrite, remembering that the outside surface of the ferrite consists of a conductor.

To simplify the problem further, we will consider the case of a plane wave pulse

propagating through ferrite, and reflecting normally from a plane conducting

boundary at the outside of the ferrite.

In mks units, the wave equation in ferrite of resistivity p is:

If the medium has infinite resistivity, a solution of the wave equation in

rectangular coordinates (x, y, z) is:

E = E o f ( z -v t )x , H = H o f ( z -v t )y ,

where: ^ = */^ and v = -j— is the wave velocity. Eo and Ho are constants.

We are interested in solutions where the function f(x) is a step function defined

by:

f(x) = 0, if x > 0 ,

and f(x) = 1, if x < 0 .

We can obtain an approximate solution for finite but large resistivity, p, by

considering the energy per unit volume stored in the wave and the power per

unit volume dissipated by conduction. The energy density is:

The power dissipation per unit volume is:
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which allows us to write the characteristic dissipation time for the energy:

w
r = — — pe

P

Evaluating this numerically we see that T = 5 fisec. We can multiply this time by

the wave velocity to find the characteristic distance in which the energy decreases

by the factor e""1,

which can be evaluated numerically to give:

6 - 128 m, if fr = 10, or 6 = 13 m, if fiT = 1000 .

We see that our assumption of large resistivity is correct, as the decay time and

the decay distance turn out to be large relative to the pulse time and the ferrite

path, respectively. We see that for these ferrite parameters, we are not in the skin

effect regime, and that we can neglect ferrite losses in our first approximation.

We can now see approximately how the magnetic field builds up in the ferrite.

In Figure 3 we see a step function plane wave propagating into the ferrite. (In

the corresponding coaxial case, E would be parallel to the axis and H would be

in the azimuthal direction.) When the plane wave reflects from the conducting

surface at the back of the ferrite, the reflected wave has the opposite E field

direction and the same H fieid direction. As the reflected wave proceeds back

through the ferrite, the region behind the wave front has no electric field and a

static magnetic field equal to 2Ho- When the reflected wave returns to the inside

surface of the kicker magnet, the ferrite is left with all of the energy stored in

the static magnetic field, 2Ho, and the electric field (voltage across the inductor)

falls to zero, as does the voltage across the inductor.
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• E

H

Figure 3 . The build up of the magnetic field in the ferrite. Shown on the

left is the plane polarized step wave which is incident from the left. Shown on

the right is the wave reflected from the conducting plane on the right end of the

ferrite, as it combines with the incident wave, leaving behind a static magnetic

field.

With this model in mind, we can now calculate several quantities of interest.

The minimum rise time is the time it takes the wave to propagate twice through

the ferrite. If its thickness is d, then the time is:

~ 2d 2d

where c is the free space velocity of light. If d is taken to be 5 cm, then:

T = 4 ns, if fir = 10, and T = 40 ns, if JJ.T = 1000.

The time that the electric field, Eo, is present in the ferrite varies linearly with

depth from — down to zero, so on the average the time is ^. We can estimate
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the dissipation due to the conduction current produced by this field, if it has a

repetition rate f:

-ft •
or writing this in terms of the final magnetic induction, B = 2//Ho, we find:

B2d f
P 4y/jlep

If we take B to be 1000 gauss, d = 0.10 m, nT= 10, and f = 60 Hz, then

we obtain a power dissipation of 9 watts/m3. There will also be E fields and

dissipation present when the energy is removed from the kicker, which could

introduce a factor of 2; however, we have already seen that the dissipation is

negligible.

Discussion

In order to achieve a short magnetic field rise time in a kicker magnet, one

must pay attention to the path by which energy gets into the ferrite. It ap-

pears desirable to leave space around the conductors to transport energy rapidly

through the magnet. The transverse thickness of the ferrite is relevant, as it must

be traversed twice by the wave front during the field build up time. Dissipation

power appears to be small; however, this conclusion is based on a single value of

resistivity from the manufacturer's literature, and it would be wise to check the

resistivity values of the actual ferrites under consideration.
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VACUUM AND BEAM PIPE CONSIDERATIONS

C. ORAM
TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C, Canada V6T 2AS

Part I. Vacuum Requirements for a High Intensity Proton Ring

(This talk was a quick review of "Vacuum Requirements at a KAON Factory",
C. Oram and R. Baartman (TRI-DN-88-K6) and "Vacuum Requirements for LAMPF
II", D. Neuffer (LA-10224-MS), with further extensions due to considering the PSR
instability.)

1. Multiple scattering

Even at only 440 MeV/c beam growth due to multiple scattering in a 10~7 Ton-
vacuum only gives rise to a beam growth of 0.1 mm to be added in quadrature to
the beam size.

2. Nuclear and large angle Rutherford scattering

Figure 1 shows the probability of a scatter greater than a certain angle as a
function of that angle in a format that is applicable at any primary beam momentum.
Assuming that the allowed beam spill for a 100 fiA average current machine with
E GeV of proton energy is:

1.5/E nA/metre ,

then it is easy to show that at 10~7 Torr nuclear and Rutherford scattering do not
create a significant problem.

- 4 - 3 -2 - I
Log(O(p./3.0 (GeV/c Radians))

Fig. 1. Probability of nuclear or Coulomb scatter of beam proton
by the residual gas.
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Fig. 2. Yield of secondary electrons produced when beam pipe has
ions impinge on it, as a function of the energy of those ions. Beam
pipe has been baked in situ to 350°.

3. Beam-induced multipactoring

This effect is:
a) A beam-residual gas interaction creates an electron-ion pair.
b) These electrons are accelerated towards the beam bunch, and oscillate in the

beam.
c) The beam bunch departs (as we are in bunched mode) the electrons maintain

their kinetic energy and travel towards the beam pipe.
d) Electrons hit the wall and create secondaries (See Fig. 2, taken from PSR

Technical Note # 1 , L.Z. Kennedy and R.K. Cooper. 1978).
e) Now we have typically 1.4 times the number of electrons prior to hitting the

wail, given present peak PSR conditions and assuming the walls of the chamber are
not contaminated with other material such as water (PSR technical note #1). These
electrons are travelling towards the centre of the pipe.

f) These electrons are repelled from the centre of the pipe by the charge of the
other electrons. Back of the envelope calculations indicate that they typically hit the
wall again about 90 ns after the end of the previous beam bunch.

g) The next beam bunch attracts these nearly stationary electrons near the wall
of the beam pipe, prior to their hitting the wall.

h) If, as initial estimates indicate, enough electrons are picked up coherently by
the beam, then the proton beam will become unstable.

While the above scenario [f) onwards] is perhaps unlikely, as we only have to
lose 40% of the secondary electrons between beam bursts, and the calculation that
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shows that they remain coherent with the beam is strictly order of magnitude only,
this scenario does not seem to be contradicted by observation at the PSR, namely :

a) There is a beam current threshold for this effect (because some average
electron K.E. must be reached to get the required multiplication).

b) Flattening the beam intensity in the beam pulse allows slightly higher cur-
rents (because the average electron K.E. is lower per rotating proton).

c) The beam oscillations are of the frequency expected from electrons oscillating
in the beam.

d) Applying a HV to the stripper foil allows higher rotating currents (because
electrons are being removed from the beam and therefore a higher multiplication
factor from multipactoring is required to get a net growth of in electrons trapped by
the beam, hence a higher electron K.E. or rotating beam current is required before
the instability starts).

My concern is that if this scenario is true, then it is also likely to be a problem
in new high intensity machines. A test which would indicate whether multipactoring
is responsible for this, rather than other electron-creation mechanisms, would be
to measure the current drawn from a HV clearing electrode as a function of beam
current; multipactoring will only give a significant current above the threshold at
which multiplication takes place, while other electron-creation mechanisms should
have no such threshold behaviour. The solution to multipactoring is to have clearing
electrodes throughout the beam pipe; these will produce an increase in beam pipe
impedance and require careful design.

4. Beam neutralization (or, what happens when you do not have
beam-induced multipactoring)

In the case where there are no gaps between beam bunches (i.e. de-bunched
beam) or the gaps between bunches are small enough that the electrons cannot hit the
walls between beam pulses, the electrons created by beam-residual gas interactions
are captured by the rotating charge of the protons. When this neutralization reaches a
charge fraction equal to the reciprocal of gamma squared the beam becomes unstable.
Clearing electrodes must be installed and the vacuum kept at a level where electrons
are produced slowly enough that they are cleared away before the instability level
is reached. Estimates for the TRIUMF KAON Factory 30 GeV ring show that for
de-bunched beam both clearing electrodes and 10~9 Torr are required. It should be
noted that 10~9 Torr is probably incompatible with using a ceramic pipe, where
indium seals limit baking of system to below 200 C. However a ceramic pipe with
metal end flanges with Al seals of the CERN design would probably be adequate.

It should be noted that this instability should cause oscillations of the beam just
as in the multipactoring case, in both cases the loss of beam is due to the electrons un-
dergoing coherent oscillations in the beam. Measurement of the oscillation frequency
should give the net charge in the beam, and indicate the degree of neutralization.
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5. Beam-induced desorption

This effect is the following:

a) Beam-residual gas interactions create electron ion pairs.
b) These ions are repelled by the rotating charge. However, as the ions move

slowly they sample the average rotating charge, unlike the electrons which sample
the instantaneous charge.

c) These ions drift to the walls hitting it with a kinetic energy about equal to
the average beam potential.

d) Secondary ions are produced, increasing the gas pressure and hence likelihood
of a) above.

Without pumps this leads to an exponential rise is vacuum pressure, with a typical
growth of an order of magnitude per hour. However so long as sufficient pumps are
installed and the beam pipe is large enough the vacuum will rise slightly at beam
turn on till the pumps and ion-desorption come into balance.

This leads to a requirement for clean walls to limit secondary ion creation (dirty
walls have junk on them that is more easily removed by ions incident on the wall
than the steel or ceramic of beam pipe is). This leads to a requirement for an oil-free
all-metal seal system; this in turn gives 10"7 Torr or better. This is the most stringent
vacuum requirement for the accelerator.

Further, to allow the pumps to remove the ions, the conductance of the pipe
must be reasonable and so must the pumping speed of the pump. Analysis of the
vacuum equation for this system gives the following requirement:

Pump Spacing = Constant x Small Aperture x y (Large Aperture) .

Assuming a pipe of 10 cm by 5 cm, 100 £/s pumping speed, 3 A average rotating,
and a worst case ion desorption coefficient of 5.6 a pump spacing of about 5 m is
required. Accelerator designs requiring long narrow bore dipoles require distributed
pumping systems to overcome the above requirement.

Part II. Beam Pipe Considerations

The TRIUMF KAON group has let contracts with the Rutherford Lab and
SAIC for the development of ceramic pipes with if shields. The Rutherford agreement
is to develop a pipe of ISIS design suitable for the smaller aperture of the KAON
factory. The SAIC contract is to develop a design that uses the techniques of thick film
technology to paint strips on the ceramic pipe to form the rf shield. Cost estimates
based on both designs are to be prepared.

In view of the fact that ISIS have melted their shield on two occasions, analysis
of the effect of beam spill on the temperature of the ceramic pipe has been started.
Initial indications are that beam spills at the 1% level, evenly distributed around
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a 3 GeV ring 34 m in radius, would cause temperature rises of about 1°C. This
could easily be monitored and is probably large compared with variations in beam
pipe heating from other sources such as eddy currents in the walls and surrounding
elements. Further study is under way.

Consideration of the two beam pipe designs (ISIS and SAIC) relative merits is
under way, in terms of:

1) Relative cost
2) Impedance characteristics
3) Relative reliability (i.e. will one melt more easily than the other)
4) Integration of beam spill monitors
5) Integration of beam position monitors
6) Introduction of clearing electrodes
7) Ease of 130°C bakeout (perhaps using eddy currents)
8) Feasibility
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BEAM ENVIRONMENT: KICKER MAGNETS, VACUUM CHAMBERS,

IMPEDANCE MEASUREMENTS, AND DIAGNOSTICS

Vernon Sandberg

Los Alamos National Laboratory

Los Alamos, New Mexico

The Beam Environment Working Group reviewed the experimental side of machine

instabilities, beam monitoring, and beam control.

In the following paragraphs I will attempt a brief summary of the major points

presented. (Many of the talks have been included in these proceedings. The original

speakers' papers should be consulted for detailed information.)

A prototype ferrite kicker magnet and high voltage pulser for the Los Alamos

proton storage ring was described by Russel A. Winje, SAIC, in his talk, "Prototype

Extraction Kicker System."

The proposed kicker magnet is for a full aperture, single turn extraction system. To

accomplish this the magnet must produce a field integral of J B x dl = 87.6 x 10*3 Tesla

meters, erect the field with a risetime of 70 nsec., and produce a field uniform in time to

5% (RMS) for 400 nsec. In order to meet these requirements a modular design has been

adopted that uses eight magnet modules, each approximately one meter long. The magnets

consist of parallel copper conductors surrounded by (approximately) 2 cm thick plates of

ferrite (CMD 5005 or equivalent) to achieve the necessary field uniformity in the gap

between the conductors, and the whole assembly is enclosed in a copper clad stainless steel

box. The modules are driven in parallel to lower the inductance that the pulser must drive

and to meet the field risetime requirements. A preliminary design simulation using

SPICE.that treats the magnet as a single lumped inductance, indicates a significant

improvement in risetime may be obtained with a "speed-up" capacitor (of approximately

0.001 |i.F) shunted between ground and the terminal end of the magnet inductance.

The kicker magnet system consists of a coaxial cable PFN charged by a resonant

charger, a thyratron switch, the connecting cables, the magnet, the capacitor, and the

terminating load resistors. The pulser and load resistors are located away from the ring, in

a low radiation environment.

The high voltage pulser, coaxial cable, connectors, and low inductance resistive

load are being fabricated by Science Applications International Corporation (SAIC). The
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pulser is based on a EEV CXI 725, a deuterium-filled two-stage-hollow-anode thyratron,

discharging a 400 nsec. long coaxial cable pulse forming network. This PFN is composed

of four 22 Q, coaxial cables in parallel, yielding a characteristic impedance of 5.5 Q. It is

charged to 60 kV from a resonant charger power supply in 750 |Xsec. The thyratron is

mounted in a coaxial enclosure to minimize uncompensated inductance and cooled by

silicon oil under forced circulation. The termination resistor assembly is fabricated from

carbon disks with central holes, separated by sintered bronze washers, stacked in a

column, and enclosed in an aluminum cylinder to provide a low inductance geometry.

Cooling oil is pumped through the center of the resistor column, flows across the bronze

washers (where the heat is exchanged), and returns along the outside of the column. The

termination is designed to terminate a 30 kV pulse of 10 kA (RMS) of current. The high

voltage cable was designed by Dielectric Sciences and consists of concentric cylinders,

from the inside out, of copper braid, aluminized mylar (with the aluminum side adjacent to

the copper), polyethylene dielectric (6 cm in diameter), a graphite coating, outer copper

braid, and a Hypalon jacket The cable ends a fitted in a custom made molded epoxy cast

connector assembly that provides a good high voltage insulation and maintains the

characteristic impedance.

The rationale behind the design has been to limit the high voltage on components

and minimize the stored energy in the system. We expect such considerations to provide a

long mean time between failures while providing sufficient driving current through the

magnets. Initially, one module will be fabricated for testing and will be used as a "pinger"

to excite transverse beam oscillations.

Estimates of the magnetic field uniformity and designs for the distribution of the

ferrite around the conductors in the kicker magnet modules were presented by Zenghai Li,

LANL, in his talk, "POISSON Studies of a Ferrite Kicker."

The evolution of the magnetic field inside the magnet gap is a dynamic question that

depends on the driving currents, the ferrite material characteristics, and the boundary

conditions for time dependent fields near conductors. These later effects may be partially

accounted for and the stationary code POISSON used in the problem if we note that for

good conductors the presence of a nonvanishing curl of the electric field (due to the time

changing magnetic field) will induce eddy currents in the conductors that effectively prevent

the magnetic field from penetrating into the conductors, at least for time scales short

compared to diffusion time scales. We may therefore regard the conducting surfaces as

"equipotentials" in POISSON with "perfect conductor" boundary conditions.
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Simulations of the proposed kicker magnets for ferrites with permeabilities

= 100 and 1000 were run and gave a variation in vertical B of < 1% for 0<x<7 cm and ~

1% for 7<x<9 cm for the \il\xo = 100 case and < 1% for 0<x<9 cm for the uVjio = 1000

case. Also examined was the effect of saturation of the ferrite on the uniformity. It was

found that for 5 cm thick walls of ferrite, the central flux density could be raised to 460

Gauss, corresponding to 3500 A of current in the conductors, before saturation in the

ferrite caused the nonuniformity to exceed 1%. A wall thickness of 2 cm has a

corresponding limit of approximately 250 Gauss for a saturation induced 1%

nonuniformity. It was found that a small notch in the ferrite adjacent to the conductor

greatly reduces the sensitivity to saturation. The POISSON simulations also demonstrated

that a small conductive insert located in the midplane of the ferrite, between the two

conductors, has little effect on the field produced by the magnet driving currents because of

the bilateral symmetry, but because it breaks the magnetic circuit in the ferrite it greatly

reduces the coupling impedance as seen by the circulating beam in the storage ring.

An estimate of the effects of the ferrite on the dynamics of the magnetic field inside

the kicker was given by Rodman Smythe, University of Colorado, in his talk, "Comments

on Kicker Field Risetimes in Ferrites."

The dynamics of the fields in a region bounded by concentric and coaxial

conducting surfaces may be studied analytically. From these solutions we may abstract

some general characteristics. In particular, consider the case of a ferrite cylinder located

inside the coaxial line as shown in the figure below.
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If we choose Zo = {\3jZ)xl2 = (Mo/eo)1/2 = 377Q, then there will be an impedance

match and no reflections. If the resistivity of the ferrite is large, then the wave equations in

the ferrite and in the vacuum regions will have velocities v = (|j. £ )"^2 and c = (flo Eo)"1'2»

respectively. Representative values for commercial ferrite (Ferroxcube 4) are £ = 15 £n, M-

= (10 to 1000) no. and p = 40,000 Qm. From these values we find v = (1/12 to 1/120) x

c, which is a substantial effect. The fields will be significantly delayed and we may expect

to see a shearing effect in the vacuum between the conductor and the ferrite, as illustrated in

the figure.

The effects of a finite resistivity may be estimated by comparing the energy density

W = 1/2 (E2 +B2) = £ E2, and the dissipation P = i2p = Eo2/p * 9 W/m3. The

characteristic time i = W/P = p£ = 5 (isec. The characteristic distance is then v t = p (£/p.)"

V2 = 5, which has the values of 5 = 128 m (p. = 100) and 8 = 13 m (n = 1000). (This is

not in the usual skin depth regime.)

The fabrication of beam line components from ceramic materials was discussed by

Michael Featherby, SAIC, in the talk, "Fabrication of Beam Pipe Elements from Ceramic

Materials."

The development of ceramic fabrication processes that take place at temperatures

less than 1000° C can now produce high vacuum components for use as beam line

elements. The techniques can produce ceramic-ceramic and ceramic-metal joints for

flanges, and because of the relatively low temperature processing they can create

metalization and resistive coatings of complex designs (for example, metal stripes,

distributed resistive lines, and capacitors) on ceramic surfaces.

There are a wide variety of component shapes. The use of ceramic glazes and

bonding agents allows simple assembly from flat plates or extrusions into channels, boxes,

seamless tubes, etc. Thermal matching of metal flanges to ceramics minimizes stress and

creates strong joints. He showed several examples of beam pipes with metallic longitudinal

stripes for use in kicker magnets that included sense loops and pickup electrodes. SAIC

has built 60 cm long ceramic tube sections with integral capacitors and interior striped

metalization.

The testing of the SAIC ceramic pipes and the effects of vacuum on machine

performance was discussed by Chris Qram, TRIUMF, in his talk, "Vacuum Pumping

Considerations, Beam Induced Multipactoring, and SAIC and ISIS Beam Pipe Designs."

Prof. Oram began his talk on pumping system requirements to compensate for the

vacuum pressure rise at beam turn on, due to the ion dissorption in the walls of the vacuum
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chamber. There is a critical value for the pump placement (for example, a 5 m separation

may be fine, but a 5.5 m placement may see an exponential rise in pressure). This critical

separation is determined by the conductance, pumping speed, and secondary particle

emission coefficient. As an estimate he gave'the relation pump spacing « constant x

(smallest aperture) x (largest aperture)1^2. (Note that distributed pumping systems cannot

be used in fast ramping machines because of the eddy currents.) He advocated the use of

clearing electrodes to remove secondary electrons and prevent beam induced

multipactoring. The "beam potential" between the walls of the vacuum chamber and the

circulating proton beam needs only to exceed =50 V to produce more than one secondary

particle, with the consequent run-away condition.

Proposed measurements of two ceramic beam pipe designs were discussed: an

SAIC design for TRIUMF with metalized longitudinal stripes and a Rutherford Laboratory

design with a wire cage inside, a separated function design. There is some concern about

the presence of higher electromagnetic modes in the striped design. A careful estimate on

the coupling impedance to the beam needs to be made. The performance of the two designs

is now under study.

Measurements of beam coupling impedances of current monitors, position

monitors, and kicker magnets were described by Linda Walling, LANL, in her talk,

"Impedance and Transfer Characteristics Measurements of Wall Current Monitors and

Problems in Measuring Kicker Magnet Impedances."

The through short delay method (TSD) for measuring the s-parameters and

impedances of the PSR wall current monitors was described. The major advantage of this

technique is the RF repeatability of the measurements. The use of short transmission line

segments results in rather VSWR matches; however, the integrity of the couplings is very

good and the effects of the mismatches can be calibrated out by comparison with a

reference line and transforming the impedance to the component plane.

The PSR wall current monitors consist of an insulating ring flanged at either end

and bolted across a gap in the beam pipe. Across this gap distributed uniformly around the

circumference are carbon resistors. The net equivalent resistance is 3.25 Q. The gap is

isolated from ground by ferrite. The TSD measurement gave results for the resistive

component consistent with this arrangement, while the reactive component indicated an

inductive component consistent with the dimensions of the ring geometry. Nothing

indicative of causing an instability was found.
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The measurement of the existing PSR traveling wave kicker magnet presented more

of a problem: It is a 6 port device and produces false signals from center wire

measurements. Alternative schemes are being sought

The beam position monitors (BPMs) and the processing of their signals were

discussed by the last three speakers. They were William Rawnsley, TRIUMF, who spoke

on "PSR Beam Position Monitors and Signal Processing: AM/PM and Synchronous

Detection," Robert Shafer, LANL, who spoke on, "BPMs, Wideband-Time-Digitizer-

Fourier-Transform Processor Hardware, and Cathode Follower Based Signal Processing,"

and George Swain, LANL, who spoke on, "Results from the Wideband-Time-Digitizer-

Fourier-Transform Processor for the PSR."

The PSR BPMs are designed to detect the 201.25 MHz component of the injected

proton beam; however, this component is damped out in 30 turns of the beam around the

ring, or in 30 x 360 nsec = 10.8 ^isec. There is significant power in the 2.8 MHz

circulation fundamental and in its harmonics due to the 100 nsec wide extraction gap in the

circulating beam. It therefore makes sense to exploit this power spectrum an develop

narrow (centered on 2.8 MHz) and wide band (0.05 - 300 MHz) processing electronics.

R. Shafer emphasized the important fact for high current machines, like the PSR, that strip

lines are nonresonant. (The strip line BPMs used in the PSR have a maximum response at

200 MHz, they are =34 cm long.)

Processing schemes using AM to PM conversion for wide dynamic range signals,

log-ratio processing for high linearity position measurement, ballistic integration for

integrated charge measurement, and the t-domain digitization of a signal by flash analog to

digital conversion followed by a numerical Fourier transform to measure power spectral

density were discussed. Tests in the Fall of 1988 on the processing of wide dynamic

range signals with AM to PM conversion and synchronous detection showed no

significant drift in the beam position during accumulation. (The system was checked and

calibrated with a bump magnet to generate a known displacement) Cathode followers

(which are radiation hard devices to survive in the environment adjacent to the ring) are

being used with ballistic integrators based on beam torroids to give good low frequency

pictures of beam envelopes.

A fast Fourier transform system was described for measuring the difference signals

from the broadband BPMs. In its simplest form such a system consists of a transient

digitizer followed by a computer that performs a fast Fourier transform numerically. I«i

practice a bit more is required. The heart of the system is the Tektronix RTD-710 transient

digitizer, which has a 100 MHz bandwidth (Nyquist frequency), a 10-bit (=1024) dynamic
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range, and enough memory to record a 320 jisec record with 5 nsec resolution. This is

read out by a (iVAX that contains the FFT software and graphic display routines. Since the

BPM signal contains spectral components in excess of 500 MHz, a mixer followed by a 75

MHz low-pass-filter down converts the signal into a series of 70 MHz-wide frequency

bands. The reference frequency to the mixer and the 200 MHz sampling frequency in the

digitizer are derived from a single reference oscillator that is locked to the LAMPF 201.25

MHz signal. The large dynamic range of the input signal due to the presence of revolution

harmonics is reduced by a delay-line comb filter set to have nulls at the 2.8 MHz

harmonics. Using this system during its initial commissioning, the time growth of the

betatron side bands in the PSR was observed from injection through the onset of a vertical

instability. This instrument will be used for detailed studies of the time development of

instabilities in the coming Summer 1989 PSR development runs.

In conclusion, the session on the beam environment brought together many diverse

aspects of the problems in maintaining, measuring, and controlling the beams in storage

rings and accelerators. Ideas for pulse power systems for beam injection and extraction

were presented. New materials technologies were described to fabricate customized beam

pipe elements. Stable RF measurement strategies for characterizing machine components

were described. Signal processing schemes were given to allow the extraction of large

amounts of information from beam sensing transducers. The understanding and mastering

of all of these topics will be necessary for the successful design and operation of future

high intensity machines.
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LAYOUT OF SECONDARY BEAMS AT KAON

J. Beveridge and J. Doom bos

Abstract

The optimum arrangement of the experimental areas will be determined by the details of the exper-

imental program as it develops. In the mean time we must assume for the purpose of the Project

Definition Study that a full range of charged and neutral secondary channels will be required. In

this note we consider six charged kaon and antiproton channels covering the momentum range

from 0.4 to 15 GeY/c and two neutral kaon channels.

Possible ways to take off with one. two or three channels from one production target are considered

in the first section. The second section discusses three representative layouts of the experimental

area, where the channels are combined in different ways. The channels take off from two or three

consecutive production targets in one or two proton beams. An appendix deals with the efficiency

of kaon production, taking into account the absorption of protons and secondary particles in the

production target.

TRIUMF 4004 WESBROOK MALL. VANCOUVER. B.C. CANADA V6T 2A3
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1. INTRODUCTION

It is the objective of the KAON Factory design to make the most effective use of the acceler-
ated protons by a careful arrangement of targets and secondary beam lines. Unfortunately,
"most effective" does not necessarily imply simply maximizing the number of transported
secondary particles. The optimum arrangement of the experimental areas will be determined
by the details of the experimental programme as it develops. An important aspect of any
proposed experimental areas layout at this time will be its flexibility in responding to changes
in this programme.

For the purposes of the Project Definition Study we must assume that a full range of charged
and neutral secondary channels will be required. Representative channel designs were devel-
oped for TRIUMF's KAON factory proposal which were optimized for 0.7, 1.5, 2.5, and 6.0
GeV/c. In addition to these channels we also anticipate requirements for a lower momentum
channel (0.5 GeV/c), a higher momentum channel (15 GeV/c), low momentum pion/muon
channels in the backward direction and two neutral kaon beams. The latter can be taken
from a dedicated production target at ± 6 degrees. Tertiary neutral kaon beams have been
considered but are not included specifically in our present plans. Channels for even higher
momentum could be constructed however the production cross sections decrease rapidly with
increasing momentum.

To begin to address the problem of experimental area layout, a number of possible configura-
tions of secondary channels and targets have been investigated. Six possibilities for extraction
of charged secondary channels in the forward direction have been investigated. These have
been combined on three to four production targets to give a full range of secondary chan-
nels. In cases where production targets are in line it is assumed that the proton beam can
be reconstituted and focussed on the downstream target in a distance of forty meters. The
resulting experimental area arrangements are by no means exhaustive. They do, however,
give an indication of the range of possibilities available and the advantages of each.

2. CHARGED SECONDARY CHANNEL EXTRACTION

The optimum layout of any given charged secondary channel is to view the production target
at 0 degrees and to have a quadrupole as the first element. Such an arrangement makes it very
difficult to have more than two channels viewing any given production target and even then,
the two channels must have very different momentum ranges. Also, with 0 degree takeoff, the
effects of the secondary channel elements must be compensated if the primary proton beam
is to be transported to a second production target. This increases the number of elements
required in the primary beam line and couples operationally all the secondary channels and
the primary line. Taking off at non zero production angles and using a bending magnet as
the first secondary channel element can alleviate some of these problems. However, some
compromise in acceptance is usually required by such approaches.

Figure l(a) shows a front end configuration consisting of two quadruples followed by a
bending magnet. This is the configuration always assumed for the 6 and 15 GeV/c channels
(K6 and K15). This gives optimal performance for these channels provided the first quad of
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the doublet can be located sufficiently close to the production target. This condition puts
constraints on the allowable first bend angles of upstream low energy channels.

Figure l(b) shows a front end configuration consisting of a quadrupole and a bending magnet
situated at 0 degrees to the primary proton beam. This is the optimal extraction configuration
for the lower momentum channels, but does not allow great flexibility when combined with
other channels viewing the same production target.

Figure l(c) shows a configuration incorporating a septum magnet located at 0.75 meters from
the production target as the first element of the secondary channel. This arrangement has the
advantage that the primary beam is left unperturbed. However, the maximum field will be
limited and the septum sheet will create a source of unwanted background for any channels
located downstream.

Figure l(d) shows a configuration with a bending magnet as the first secondary channel
element. This arrangement is very similar to the septum case except the magnet can be
placed closer to the production target, the field strength can be high and background sources
for downstream channels can be minimized. In this arrangement the primary beam will be
effected by the secondary channel and will have to be reconstituted if it is required to be
transported to another production target.

Figure l(e) shows a MAXIM extraction system much as originally proposed by Tschalaer(2).
This system, which has two bends of opposite polarity, has the virtue that rays exiting from
the second bender project back to the production target independent of their original angle or
momentum. This feature makes it possible to construct two secondary channels on opposite
sides of the primary beam which can be independently varied in momentum. The two channels
may be coupled in the sense that if the same secondary particle polarity is required in both,
one of the channels will be seeing a relatively large production angle. In the scheme proposed
here the MAXIM bend system is followed by full aperture quadrupoles as opposed to the half
quads proposed by Tschalaer. This has the advantage of reducing the quad size required for a
given solid angle, and therefore expected higher order aberrations, and also removes material
from the beam axis which may be a source of background. The MAXIM system has a fairly
large intrinsic length, due to the use of two bends, which reduces the solid angle acceptance of
low momentum channels incorporated into this scheme relative to other extraction schemes.

Figure l(f) shows a SEMI-MAXIM extraction scheme which incorporates the advantages of
larger solid angle for a low momentum channel with a single bend with the MAXIM advantage
of an independent channel on the opposite side of the primary beam. This allows low and
medium energy channels to be combined in a more optimum manner than is possible in the
MAXIM scheme and also reduces th* coupling between the channels.

It is anticipated that the above secondary channel front ends will be incorporated into com-
plete channels including DC and RF separators. Possible characteristics of the complete
channels are given in Table l(a). These may be compared with some existing channels listed
in Table l(b).

The vertical acceptance of the channels is determined by the requirement of a good separation
at the mass slit. Investigations at TRIUMF of a multitude of first order designs have resulted
in the selection of the vertical acceptances included in Table l(a) and these are used in the
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calculation of the channel acceptances. It can be seen from Table l(b) that these vertical
acceptances are consistent with existing channel designs.

The horizontal acceptance is determined by the position and size of the first off axis quadrupole
in the channel. In all cases considered here it is assumed that the center of the first off axis
quadrupole must be 2.5 pole tip radii from the primary beam axis to allow a reasonable
possibility that the arrangement is mechanically feasible.

Table 2 gives the physical parameters used for each of the low to medium momentum channels
for the septum, bend only, MAXIM, and SEMI-MAXIM extraction schemes. Non zero take-off
angles where chosen taking into consideration the angular dependence of the production cross
Sections. These cross sections, taken from Lobb(2), are given in Table 3. Inspection of this
table, the take off angles and horizontal acceptances shows clearly that these angles should
not pose a problem for kaon beams but will seriously compromise the expected antiproton
fluxes. The solid angle for each option is compared to that obtainable with a quadrupole at 0
degrees in Table 4. This shows that particle fluxes will be compromised by up to a factor two
by the displacement of the first quad away from the production target caused by the insertion
of a bending magnet in extraction schemes other than a quad at 0 degrees.

The primary proton beam and higher momentum secondary beams can be reconstituted
after one of the above extraction schemes by means of two bending magnets. This is shown
in Figure 2. The effects of secondary channel quadrupoles can be compensated easily by
quadrupoles further along the proton line.

3. EXPERIMENTAL LAYOUTS

Using the above schemes for the front ends of the secondary channels, these channels can be
distributed about proposed primary production targets in a variety of different ways. Three
representative possibilities are given in Figure 3. It is assumed in all cases that the neutral
kaon beams will require a dedicated production target with no subsequent targets.

In Figure 3(a) it is assumed that the primary proton beam will be split two ways and that
two production targets will be situated on each of the resulting proton lines. Further, it is
assumed that only two secondary channels will be taken from any of the production targets.
This allows the .55 and .75 GeY/c beams to be located at 0 degrees and combined with the
6.0 and 15 GeV/c beams respectively. All these channels can therefore be optimized in terms
of solid angle. The 1.5 and 2.5 GeV/c beams are combined with a MAXIM system on a
separate target station.

In Figure 3(b) the primary proton beam is again split in two but it is assumed that three
secondary channels can be located at a given production target. The channels may then be
combined as indicated using the SEMI-MAXIM system for the lower momentum channels. In
this scheme only three production targets are required to provide the full range of secondary
channels. Provision can therefore be made for future channels at a fourth production target
station.

In Figure 3(c) it is assumed that the primary beam is not split and that three production
targets share a single proton beam. This leads to the same distribution of the charged
kaon line as was proposed in layout (b) with the neutral kaon production target positioned
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downstream. This arrangement has the advantage that it is not necessary to split the primary
proton beam. This should lead to significant cost savings in terms of splitting and transport
elements and shielding. However, the operation of all secondary channels will be very closely
coupled.

The solid angles for the various secondary channels in each of the above proposed layouts is
given in Table 5. It can be seen that when three channels are taken from one production
target, the .5, .75, and 6.0 GeV/c channel acceptances are compromised by something less
than a factor two.

It is difficult to determine a quantitative comparison for the efficacy of the above layout pos-
sibilities as there are a multitude of choices for target thicknesses and proton beam splitting.
For illustrative purposes the relative yields expected from each of the channels for specific
choices of these parameters have been calculated. These are given in Table 6(a). The target
thicknesses used are given in Table 6(b). In calculating the relative yields, targeting efficiency
and beam transport between production targets has been taken into account as described in
Appendix A. It should be noted in comparing the numbers in Table 6(a) that columns A and
Bl can be multiplied by any factor up to a factor two by modifying the proton beam split
ratio. Numbers in column C can be modified only by changing the relative target thicknesses.

It appears from Table 6(a) that the layout with three production targets in line provides the
most effective use of the incident proton beam in terms of the total number of secondary
particles produced. In addition, as mentioned above, this is likely to be the least expensive
option. However, individual channels are not fully optimized and the operational coupling
between all the channels is maximized.
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APPENDIX 1

TARGET EFFICIENCY FOR ONE. TWO OR THREE TARGETS IN A ROW

We define the target efficiency 77,. The number of produced secondaries is proportional to TJS. IJI
the absence of absorption of secondaries we have

Tjs = 1 - e" f /A" . (1)

where i is the target thickness, and Xp is the proton interaction length. This is equal to the number
of interacting protons. When there is absorption of secondaries we have:

forXp j£ A,;TJ, = A"1 * t * e~tlx'forXp = X,. (2)

Here, X, is the absorption or interaction length of secondaries. This reduces to (1) if A, is infinite,
which means no absorption of secondaries.

The values of A, have been investigated by Yamamoto et al. (Ref. 3) for a number of situations.
See Table 8.

We assume a platinum production target with Ap = 8.42 cm. (Their value for 12 GeV protons). We
assume Â - = 8.00 cm. Using these values we obtain the efficiency r}l(t) given in the second column
of Table 9. It can be seen that 77I does not increase much more if the target length is increased
beyond 6 cm. Therefor*?, we arbitrarily normalize the yield to the yield at 6 cm and obtain the
renormalized efficiency 77I in the fifth column. The yield for a 3 cm target is 72% of the yield for
a 6 cm target. The KEK data of Fig. 4. obtained from Ref. 3, show also a rapid flattening of the
yield curve.

We define the target efficiency r{l for the second target in a proton beam as follows. Since it is the
last target in layouts A and B we take it to be 6 cm long. A longer target is not very useful. The
effective number of protons interacting in the second target is:

772(1) = e~^XT * 7/1(6) ; t = length of first target.

After normalizing to 171(6) we obtain the renormalized T72{<).

See the fourth and sixth columns of Table 9. Here, A7 is the proton collision length:

Xj a; lf(aet + Oinet) whereas Ap as l/oinei.
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A?- is smaller than Xp because of the elastic nuclear scattering. We take Ax = 842/1.67 = 5.04 cm.
The factor 1.67 comes from Table 10, which gives the collision length and the interaction length
for a number of nuclei obtained from the Particle Data Group book.

In layout C we have three targets in a row. Targets 1 and 2 are 3 cm long. The last target is again
6 cm long.

References

1. C. Tschalaer, Multiple Achromatic Extraction Systems, NIM 249 (1986) 171.
This system is also applied in the AHF and EHF proposals.

2. D.E. Lobb, Sanford-Wang Results for 12.18 and 24 GeV Protons, TRIUMF, VPN-82-5.

3. A. Yamamoto. Study on Low Energy Intense Kaon Beam K2, Thesis. KEK.

678



TABLE 1A
CHARACTERISTICS OF COMPLETE CHANNELS

Beam

K.55
K.75
K1.5
K2.5
K6
K15

P
GeV/c

.40-.55

.55-.T5

.75-1.5
1.5-2.5
2.5-6.0

6.0-15.0

Take-off
angle

0° or 10°
0° or 10°

5"
4°
0"
0°

Vert.
(mr)

±15
±15
±10
±5
±5
±3

Horiz. Ace.
(mr)

±112 or ±175
±100 or ±175

±52
±35

±20 or ±30
±15

solid Angle
(msr)

5.3 or 8.0
4.7 or 8.0

1.65
0.55

0.16 or 0.24*
0.070*

Mom. Ace
%6p/p

5
5
4
4
3
3

Length
m

16
18
30
50

110
160

*To calculate the solid angle for K6 and K15 a factor 2 loss on the beam stopper (to stop
unwanted particles) after the separators has been taken into account.

TABLE IB

CHARACTERISTICS OF EXISTING CHANNELS

LESB1
LESB2

* K26
K3-L
K3-S
K2

** New K2

P
GeV/c

0.5-1.1
0.8
0.55
0.5-1.1
0.5-1.1
1.8
1.8

Horiz.
Ace.
mr

±65
±215
±120
±90
±200
±50
±50

Vertical
Ace.
mr

±11
±15
±16
±10.5
.±10.5
±6.5
±8.0

Solid
Angle
msr

2.2
10.1
6.0
3.0
7.2
1.0
1.3

Lab

BNL
BNL
CERN
KEK
KEK
KEK
BNL

* does not exist any more
** being built at BNL
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TABLE 2A
SEPTUM 10 KG MAXIMUM

Channel

height
K.55
K.75
K1.5
K2.5

Channel

K.55
K.75
K1.5
K2.5

Distance to
Prod. Target

.75 m

.75 m

.75 m

.75 m

BEND

Distance to
Prod. Target

.35 m

.35 m

.35 m

.35 m

Length

.36 m

.50 m

.50 m

.75 m

TABLE 2B
ONLY 15 KG

Length

.26 m

.36 m

.50 m

.50 m

Bend Angle

200 mr
200 mr
200 mr
90 mr

BEND

Bend Angle

200 mr
200 mr
150 mr
90 mr

Take-off
Angle

10°
10*
5°
4°

Take-off
Angle

10°
10°
5°
4°

TABLE 2C
MAXIM AND SEMI-MAXIM

Channe] Bend Angle Take-off
Angle

K.55
K.75
K1.5
K2.5

150-200mr
150-200 mr

70 mr
40 mr

10°
10'
5°
4°
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TABLE 3
RELATIVE PRODUCTION CROSS SECTIONS AS FUNCTIONS OF TAKE-OFF

ANGLE
For 24 GeV Proton Beam

p
GeV/c

.55

.75
1.50
2.50

0°

1.000
1.000
1.000
1.000

1°

.998
1.014
1.180
1.214

2°

.995
1.027
1.372
1.446

4°

.986
1.047
1.708
1.818

8°

.955
1.051
1.747
1.344

16°

.831

.881

.692

.175

KAON'S

.55

.75
1.50
2.50

1.000
1.000
1.000
1.000

.971

.965

.964
1.022

.939

.927

.924
1.032

.869

.844

.832

.988

.712

.663

.611

.650

.398

.326

.203

.092

ANT1-
PROTONS
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TABLE 4

SOLID ANGLE ACCEPTANCE FOR DIFFERENT TAKE-OFF SCHEMES

p
GeV/c

.55

.75
1.50
2.50

SEPTUM
(msr)

4.0
4.0
1.48
0.62

BEND
(msr)

5.3
4.7
1.72
0.6S

MAXIM
(msr)

3.6
3.6
1.65
0.55

SEMI-MAXIM
(msr)

5.3
4.7
1.57
0.59

QUAD
at 0"

8.0
8.0
2.36
0.75
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TABLE 5

SOLID ANGLE ACCEPTANCE FOR THREE LAYOUTS

P A B C
GeV/c (msr) (msr) (msr)

.55 8.0 5.3 5.3

.75 8.0 4.7 4.7
1.50 1.65 1.65 1.65
2.50 0.55 0.55 0.55
6.0 0.24 0.16 0-16

15.0 0.070 0.070 0.070
KO

Ko

For the 6 and 15 GeV/c beams RF separation is used and a factor 2, beam loss on the beam
stopper is assumed.
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TABLE 6A

Bl B2 C

.55

.75
1.5
2.5
G.O
15.0
Ko

Ko

1.00
0.77
1.00
1.00
1.00
0.77
0.77
0.77

0.66 0.88 1.32
0.51 0.67 0.73
1.00 1.34 2.00
0.77 1.02 1.11
0.75 1.00 LCI
0.77 1.02 i . : :
1.39 0.93 0->4
1.39 0.93 0.S4

SUM 7.0S 7.24 7.79 9.56

Relative intensities, for three layouts, taking into account degradation of the proton beam
and kaon absorption.

We assume the stretcher beam to be eveniy split between the two proton beam iir.es. excep;
for case B2 where § is going to T1/T2 and § to T4.

TABLE 6B
TARGET LENGTHS USED

T l
T2
T3
T4

A
cm

3
6
3
6

B
cm

3
6
0
6

C
cm

3
3
6
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TABLE 8

ABSORPTION OR INTERACTION LENGTH Xab, FOR PLATINUM

For a- For 1.16 GeV/c

P Xaba Particle
GeV/c cm

0.525
0.735
0.9-45
1.16
1.47
1.79
2.10

6.35
7.26
7.96
8.52
8.74
8.87
8.81

*+

K+

P
3He
d(+o)

K"
P

8.13
8.67
7.04
2.34
3.48
8.27
7.29
7.11
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TABLE 9A

ten »7i(0 Tfllt)
RenormaJized

W W2

1.0
1.5
2
3
4
5
6
i

S
9
JO

.1048

.1485

.1924

.2478

.2908

.3219

.3435

.3550

.3585

.3571

.3504

.8200

.7426

.6725

.5514

.4522

.370S

.3041

.2491

.2045

.1677

.1375

.2817

.2551

.2310

.1894

.1553

.1274

.1045

.305

.432

.560

.721

.847

.937
1.000

.820

.743

.672

.551

.452
371
.304

1.13
1.18
1.23
1.27
1.30
1.31
1.30

2.69
1.71
1.20
0.76
1.53
0.40
0.30

L- l

where Xp = S.42 cm and
Ap - AK

= 8.00 cm.

T)2(t) = e~'/>r * i)l(6)

where target T2 is 6 cm long.

0.3435

where Xj = 5.04 cm.

T l T2

TABLE 9B

T3 m
6

3

0

6

.721

.721

.551

.398

0

.304

This table gives the target lengths and efficiencies for layouts A. B and C.
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TABLE 10

Fe
Cu
Sn
\V
Pb
U

z

26
29
50
74
82
92

d
g/cm2

7.87
8.96
7.31

19.30
11.35
18.95.

AT
g/cm2

82.8
85.6

100.2
110.3
116.2
117.0

A/
gm/cm2

131.9
134.9
163.0
185.0
194.0
199.0

XJIXT

1.59
1.58
1.63
1.6S
1.67
1.70

NOTE: For PJatinum Z = 78 and d= 21.45 g/cm2
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THE THREE LAYOUTS
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Jack Beveridge

EXPERIMENTAL AREAS

OBJECTIVES (PDS)

- Establish scale and costs

- Establish "footprint" of the initial facility

- Allow for perceived requirements

- Allow flexibility for future expansion

Comment

What will actually be built will be dependent on the
physics program as it evolves.
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ASSUMPTIONS

Require

(1) full range of kaon channels
- 0.5 Gev/c
- 0.8 Gev/c 1 stage DC separation
- 1.5 Gev/c
- 2.5 Gev/c 2 stage DC separation
- 6.0 Gev/c
- 15 Gev/c RF separation
- neutral kaons

(2) 30 Gev/c neutrino facility

(3) polarized proton facility

(4) low energy pi/mu beams
(backward angles)

Expansion Possibilities

(1) Future target stations

(2) 100 Gev/c

(3) antiproton facilities

(4) 3 Gev/c facilities

(5) linac injector

Comments

- K channels will require a dedicated production target

- channels are best optimized with 2 per target
( high with low energy)
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WHERE WERE WE

TRIUMF

- four target stations

- beam splitting (problem?)

- two target complexes

- spread out configuration (flexibility)

LAMPF

- three target stations (MAXIM scheme)

- no splitting (simple)

- target-target transport (problem?)

- congested configuration
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Investigated extraction schemes (Jaap Doornbos)

-(1) quad-bend (optimum for low energy)

-(2) two quads-bend (optimum for high energy)

-(3) septum

-(4) bend-quad

-(5) MAXIM

-(6) Semi MAXIM (combine 4 & 5)

Established

- proton beam transport likely possible
- 40 m between targets
- not sure of beam quality

- two channels the best configuration

- more channels compromise the acceptance (~x2)

- best utilization of protons with targets in line
- lose when the beam is split

Result

- essentially the same two solutions
(split only in two)
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ALL TARGETS IN LINE

Advantages

(1) no beam splitting

(use target lengths)

(2) maximum use of protons

(3) most economical

Disadvantages

(1) channels highly coupled

(2) channel acceptances compromised

(3) limited flexibility

(4) future expansion could be difficult

(5) antiproton fluxes compromised
(non-zero take off angles)
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PROTON BEAM SPLIT

Advantages

(1) channels can be optimised

(2) some decoupling of channels

(3) greater flexibility in channel layout

(4) future expansion more straightforward

Disadvantages

(1) implies a switchyard
(could be a simple bend)

(2) greater costs

(3) less efficient use of protons
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COMPLETE FACILITY

- extraction near begining of straight section

- provision for transporting of polarized protons
- exact requirements unknown (Feb 15-16)
- internal gas target

NEUTRINO FACILITY

- target and horn (beam from driver)

- 50-60 meter decay

- 30 meter stop

- direction may be important

- below slow extracted beam (?)
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Targets in Line

-length provided in the proton line for splitting

- buildings orient along the proton beam

- neutrino facility (?)

- remote handling in either (or both) building(s)

Split Beams

- similar arrangement

- experimental hall oriented perpendicular to the
proton beam

- neutrino beam (?)

- extraction building is narrow

- remote handling facilities in the switchyard building

- size of facilities buildings larger

Comments

- scenarios are similar in scale

- "footprint" of the experimental areas are similar

- cost of the split beam scenario is expected to be higher
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SITE LAYOUT

Contour Plot

- - 20 meter elevation change

- "green field higher

Encirclement Layout

- rings encircle the present site

- facilities located to the south

- booster in the parking lot

Comments

- probably sufficient space for 30 Gev facilities

- facilities are located on lower ground

(less escavation)

- extension to 100 Gev looks limited

- 3 Gev facility has to cross the rings
- future extension into the "green field11 requires
extraction on the east side and long transport
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Green Field

- place rings outside present site

- facilities can be oriented north or south

- booster will remain close to the parking lot

Comments

- extraction to the south will put the facilities close
to the location of the "encirclement" solution

(slightly north)
100 Gev still marginal

- extraction of 100 Gev to the "green field" is direct

- booster is probably outside the rings
(3 Gev facilities easier ? )

- less potential interference with existing buildings

- extraction to the north

- gives the most room for expansion of facilities

- beam will have to be transported closer to the
surface

- perceived to be more expensive
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CONCLUSIONS

(1) Extension to 100 Gev in the "encirclement" layout
will be hampered by limited space

( will likely require extraction north)

(2) 30 Gev facilities could be reasonably costed from
either scenario

- more work is required on the experiments
and areas at the end of the beamlines

(3) The neutrino facility location will have to be determined
after the general layout is chosen

(4) The polarized proton facility requires better definition

(5) More civil engineering information is required to reasonably
assess the layout options

(6) Site layout decision must be taken as soon as possible
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John McGill

Superconducting rf cavities in Secondary Beams:

• Improved cavity detifM available

UMVMi

• DC operation possible (accessary)

• Luge MMvene acc^t—ce (-20 cai)

Momenmm Compression
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X
CO

MR
(AR-1) #1b

Fi«. l. Naxi
KEK.

S3 '84 '8S '86 '87

Year
at the first cold test of 500 Ms ailti-celi cavities in

. 190 i, 2899 j , 294.7 2947 I 294.7 ) 289.9 , 299.6
1953.5

Fit. 2. The shape of 5-cell cavity for TRISTAN Main ling in KEK.

720



rf Separation Modes

Deflection Mode Transverse Longitudinal

Focussing Parallel-to-Point Dispersed

Requirement for
Separation

Restriction on
input beam

# Cavities needed to
reject 2 species

< x > r f > < x > b n

sol id angle

D w - 0

3

Operating Frequency Any

Deflecting fields af(~3MV/m)

Momentum accep.

2

Fixed by spill length

8-10 MV/m
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Explosion-bonded Niobium Copper Single Cell Cavity (500 MHz)
(DESY/lnteratom).
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Energy Compression of a Beam

A2 tgt 6 Achronat

after SCRUNCHER
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1 m.

10
m.

30

40

Collimatort Swplng
Magnets

BNL
E791

Decay
region

Drift chamber 1
Drift chamber 2

Drift chamber 3

Drift chamber 4
Drift chamber 5
Trigger scintillator 1

Cherenkov
Trigger scintillate? 2
Leed-e'sss

Iron (hadron fllttr)

60 L-},*

Muon hodosoope

RtnQt finder

Schematic view of the detector system. The diagram shows
the plan view and is drawn with the indicated vertical and
horizontal scales. The rangefinder detector planes wart placed
in the thirteen positions show <.
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EXPERIMENTAL SETUP

.V-'j-lldJl

MWDC

KL BEAM

DECAY
VOLUME
(VACUUM)

MWDC MWDC GAS CHERENKOV

/ \

MUON FILTER

HELIUM BAG
HELIUM BAG

17
HELIUM BAG

SCALE
MAGNET

BEAM PIPE
(VACUUM)

HODOSCOPE SHOWER COUNTER

I
o

KcK/3?"

3 Detection tppimixM.
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DESIRABLE K°L BEAM

LINE CHARACTERISTICS

SUMMARY

1. Broad Baud Beam.

2. Variable Targeting (Angle + material).

3. Pb Foils for 7 Conversion.

4. ^ 2 Sweeping Magnets.

5. Neutral Beam Transport in Vacuum.

6. Boron Loaded Concrete Shielding.

7. Alignable Collimators.

8. Short Beam Line, not for Kj however.

9. Capability for Differential Absorbers.
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E791 BEAM LINE

High Energy Neutron Collinmtipn—adequate

Low Energy Neutron Background—insignificant

Collimator Adjustment—very important.

Neutron/Kaon Ratio (1° degree) = f̂fi

Neutron Rate? Kaon Rates

Targeting Angle Targeting Anglo

l°/2.75° = 4/1 l°/2.75° £* 1.25

Drift chamber rate limited by K^ decay at 2.75° for **

5 x 1012 ppp.
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Neutron Attenuation Shielding Diagram

(beam's eye view of boron shielding)

Proton b*am

Pb roils

sweeper
(16D72)

(Side View)

l*g*nd:
steel plates
borated concrete
collimation/vacuum pip*
borated polyethylene bricks

boron slurry packed in cans

• Borated concrete blocks: 4 x 2 10', 100 lbs.
"boron frit" p*r yd.

• Borated polyethylene blocks cut to sue for
snug fit around vacuum pip*.

• Boron-water slurry packed in on* gallon
cans to facilitate stacking and prerent
water evaporation.
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MOOCL OATE

«

90 120

in Shielding Ccm)
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Calculation: Neutron Attenuation by Boron

1. Monte Carlo calculation for incident En < 20 MeV (limit of

cross-section tables)

2. Used calculated En spectrum for neutrons passing through Fe

to simulate upstream shielding Oi&TCJ

3. Want Hydrogen-rich material to degrade neutron energy to
less than 1 x 10'2 MeV where the Boron neutron-capture
cross-section becomes important

4. Results:

a) Boron-water slurry is the best neutron attenuator, but
could not be used because the container would have been
too expensive. Low density would not effectively attenuate

> 20 MeV.

b) Borated concrete (100 lbs. "boron fritVyd.) best
cost-effective choice.

c) Borated magnetite concrete better than standard borated
concrete because of higher density, but magnetite was not
readily available.

d) Pure Fe is poor because of low cross-section and low E,, loss.

743



Proton Beam

4 Quadrupoles, 2 Dipoles (left-right) deliver beam to
3 Pitching Dipoles (up-down).

B" target

Monitors: a) Profile monitors
b) SEC (calibrated with activation foils)
c) 3 counter scintillator telescopes viewed

target at 90 degree angle with respect to beam

Target a) 0.25 x 0.28 x 6.9 cm Pt
b) mounted on Aluminum heat sink
c) target, profile monitor, and SEC all mounted

on a stand allowing 3 angles (1,2.75,4.5 deg)
and continuous Z-motion ( 80 cm)
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K° BEAM LINE

Phvsics Requirements

High Kf Rate for Rare Decays

Low Neutron Contamination

Low Photon Contamination

Low Momentum Beam

Low Charged Contamination

High Kf Mass Resolution

and Decay Angle Resolution

Low Singles Rates, Good Track

Reconstruction

Beam Requirements

Broad Baud Beam

0° Degree Production

> 0° Degree Production

Absorbers, C and Pb

Variable Production

Angle

Short Beam Line

Sweeping Magnets after

Absorbers and Targets

Limit Multiple Scattering

iu Decay Volume

Well Shielded Beam Line

for Neutrons and Muons
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Pbiom =28.5 GeV/c
Skubic etaL fits

8 42 46 20

(6eV/c
24 28

fig. 33. Anticipated A'/, flux at various targetting angles, as a function of

'i momentum, based on the data of Skubic et a).(33].
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Dick Boudrie

Momentum
Central @ 17 kgauss
@ + 20% Ap/p

Full Acceptance
Momentum Bite
Resolution

Solid Angle @ ± 20% Ap/p
Reduced Acceptance

Momentum Bite
Resolution
Solid Angle

1500MeV/c
1800MeV/c

± 20% Ap/p
0.2% (FWHM) 5p/p

7msr

±3%
0.08% (FWHM) 8p/p

9msr

800 MEV p

± 250 MeV
2.5 MeV

± 37 MeV
1.0 MeV

L
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en
CO

Item $K

Steei
Copper
Steel Machining
Coil Fabrication
Vacuum Can
Frame
Alignment Mounts
Quad Maching
Quad coil fabrication
Quad Vacuum Pipe
Scattering Chamber
Rigging
Cable bridge
Hall probes/readout
Detectors
Electronics
Misc Hardware

150
64

140
141
60
45
10
32
22
20

100
40

6
13

100
100
50

Total 1093
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William Louis

2. The Detector 17

Figure 8. A perspeciiTe drawing showing the entire detector assembly. In this representa-
tion the magnet is in its open position, and portions hare been cat away to display what
is inside.
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2. The Detector 18

MAGNCT COILS

BARREL VETO

RANGE STACK

ENOCAP
VETO

DRIFT
CHAMBER

ENDCAP
VETO

K'BEAM

Figure 7. Crew-sectioul sketch of E7S7 detector showing the tolcaoid, tuget, drift ehun-

ber, nage stack, band veto u d eadeap subsystems. Tke detector has aoarathal symmetry,

u d oaly the t o p - half is shorn.

aspects of the detector to keep us from mistakenly identifying the /*+ as a ir+ (which
would again make the erent look like K+ —» T+VV).

There are two main weapons available for this job. The first is the ability to
measure the momentum, the rmn§ey and the total enetyy of the particle. These
three quantities can be deduced by combining information obtained from the drift
chamber, the range stack, and the target.

The range stack is, as the name implies, a stack of sdntillator sheets. They are
arranged in twenty four asimuthal sectors subtending 2* of the total solid angle
seen by a K+ at the center of the target. Each sector also contains two MWPC's,
which are used to determine track positions. The radial segmentation of the range
stack combined with MWPC and drift chamber s-slope information allows a precise
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2. The Detector 23

Total iron weight
Total copper weight

365 Tons
47 Tons

The E787 magnet is a large water-cooled copper device, whose usable field
volume is a cylinder 222 cm long with a radius of 146 cm [23]. The current carrying
element of the solenoid is an assembly of 18 coil "pancakes**, each containing one
electrical and two water cooling circuits. Fig. 12 is a photograph showing one of the
pancakes being lifted into place during the assembly of the central magnet section.
The support structure and flux return is constructed of iron salvaged from the SREL
cyclotron, which was flame cut and welded to form the central cylindrical section
and the two end plates.

Figure 12. Pkoto of oae of tke eoib bane lifted iato tkc ceatnl mag***

Fig. 13 is a photo of the central magnet section before the downstream (left)
endplate was rigged into position. Both endplates are identical, each having a
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2. The Detector 25

Figuc 13. Pkotograpk of tke E787 detector before dosiag. Tke ccatral sectioa aad ead-
plates were rigged oat© tracks located ia tke "pit". aDowiag tkeai to be nored iadepea-
dcatly. Tke 24 mage stack sectors caa be seea protradiag froea tke eeatral seetioa, radially
followed by 48 sectors by 4 layers of barrel veto lo§*. Barely visible ia tke foregroaad is ike
central drift ckamber prior to iastaQatioa.

2.4 THE DETECTOR BEAU ELEMENTS

This section will deal with the detector elements encountered by the beam after
it emerges from the last focussing quadrupole (Q6). These can be categorised into
four distinct subsystems: a Cerenkov counter, a beam MWPC, a set of srintillator
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2. The Detector 22

HMTOTUK*

I *UKI ( e
tHOTOTuKS

XIXIX

K M I

Figut 11. A scale esow section] w t of tkc detector afcowiaf mtek of tkc rab-cjrstcnw

detaiL

Coil innde diameter
Cu conductor croti aection

Overall outnde diameter
OTerall length
Innde length
Iron yoke thickness
End plate thickness

296 cm
3.S5 cm x 3.52 cm with
1.58 cm central hole
500 cm
352 cm
221cm
56 cm
30 cm + (2.5 cm gap) + 32 cm
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3. The Data 58

= 32.9 MeV

, 86.5(e))

= 48.8 MeV

22.3(M), 72.2(e))

Fifuc SO. K* -* »+M+M" C*»did»te # 1
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2. The Detector 26

Seporotor Q3 Q4 s f i l

Detector

Figure 14. A schematic pietate of the LESB 1 (low energy separated beun) beamline
•bowing the relative positioning of the elements.

counters, and a degrader. The relative positioning of these components is shown in
Fig. 15. The subsystems are described below.

2.4.1 The Cerenkov Counter

Basic Parameters:

Can diameter
Can length
Kaon phototubes
Pion phototubes
Instrumentation

43.8 cm
46.0 cm
10 two inch EMI 9954KB
10 two inch EMI 9954KB
Discriminators on all channels.
ADC's and TDC's on £ /
discriminator outputs

The beam Cerenkov counter design is based on the fortuitous fact that for
particles in the momentum range of interest to this experiment (~ 750 MeV/c)
the velocities of K's and JT'S are such that the Cerenkov light from IT'S suffers total
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Hywel White

TARGET

DECAY REGION

Figure 1
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AHF WORKSHOP-REMOTE HANDLING CONSIDERATIONS

Donald L. Grisham
Los Alamos National Laboratory

This writeup will present thoughts on topics that will be of
concern for remote handling at the Advanced Hadron Facility.
These are siting, facility design for remote handling, and a
preliminary look at the slow extraction area.

Three possible siting plans were presented at the workshop.
My comments on each are:

1. Mesa Top Layout- Would require a very costly remote
cleanout of the present Area A. It also places the slow
extraction area about 200 feet below the surface and
adjacent to the edge of a very deep canyon.

2. Mesa Bottom Layout- Places the slow extraction area near
the surface, but adjacent to one of the major roads in the
laboratory. It also places the beam dump, an area requiring
remote handling, about 100 feet above the surface.

3. 100 GEV Layout- Places the slow extraction area in an
unused canyon, but flat areas are hard to find so
construction would be costly. The beam dump would be about
400 ft underground, but not far from the accelerator tunnel.

The next comments concern the design of areas requiring
remote handling. If we could do Line A at LAMPF again, the
following suggestions should be used:

1. Anything buried should be heavily overdesigned to
preclude the possibility of replacement during the life of
the facility.

2. In areas where the beam interacts, the designs should be
as simple as possible to minimize the remote time spent in
repair. Also minimize vacuum and water joints in those
areas.

3. Only use welded stainless steel pipes and fittings, avoid
brass and copper.

4. Utilize vertical penetrations with connections in a cold
area, i.e. A-6 at LAMPF.

5. Use low pressure (100 psi) cooling water systems with the
maximum flow rates possible to minimize temperature cycling.

6. Allow remote work access around beamline components. The
present close-in shielding in Line A makes both viewing and
remote operations very difficult.
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7. Remotely controlled crane access to beamline components
is a must. A backup crane should be available to all areas
requiring remote handling.

8. Use large lift-off shielding blocks over target cells,
not movable shield doors with hydraulics above the cells.

9. Provide on-site radioactive material disposal system if
at all possible. The problems of transporting such materials
on public roads is becoming increasingly difficult.

10. Incorporate the use of a three dimensional alignment
system (like AIMS, now used at LAMPF) into the design of the
facility.

11. Minimize pentrations into target cells, only have ones
that are absolutely required and well considered. Limit the
number of beamlines per cell.

12. Minimize, AVOID IF POSSIBLE, electromechanical devices
in hot areas.

, IN BEAM LINE

KICKER1

EXTRACTED BEAM LINE

Figure 1

Figure 1 is a simple-minded layout of a slow extraction line
at AHF. For persons used to 800 MEV, the length of beam line
equipment is mind boggling.
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MAIN BEAM LINE
COLL IMATOR

XTRACTED
BEAM LINE

Figure 2

Figure 2 is a cross-section of that area through the main
beam line collimator. It provides a large capacity crane (x
being a number as large as feasible) for handling shield
cover blocks and beam line components. It should cover the
entire slow extraction area. The remote handling system is
an adaptation of the present LAMPF system, it also should
cover the entire slow extraction area. Its advantages are:
(1) A long sucessful history in maintaining Line A. (2) A
trained set of operators and technicians. (3) It offers the
potential of automated operation for repetitive operations.

This has been only a quick look at remote handling applied
to a facility such as AHF, but offers some ideas about
design criteria of components as well as applying present
sucessful technology and operational expertise to a new
facility.
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ISO 1161-1976 (E)

Width

Bottom corner tittini,
right-hand

Length

NOTE — Overall length, height, and width dimensions are measured
along the appropriate edges.

FIGURE 5 - Awtmbtad corner f i t t i ng* - DiafonM tolarancH
(jee table)
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ISO 1161-1976 (E)

ANNEX B

TYPICAL EXAMPLES OF TWISTLOCK LIFTING DEVICES
(For information)

Dimensions in millimetre*
(Inch valuet in brackets)

0,5 10.02) ^

/? 4 (0.157)

\

Section A-A

\

I
in
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FIGURE 8 - Exampto of Upir tt<«< Iwittlock
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TRIUMF #M^k DESIGN NOTE
KAON FACTORY JcSH TRI-DN-89-K33
PROJECT DEFINITION STUDY f V * ^ A p r i l

EXPERIMENTAL AREA DESIGN WORKING GROUP
SUMMARY

E. W. Blackmore
TRIUMF

Abstract

This report provides a summary of the discussions on the design of experimental areas for

an Advanced Hadron Facility held during the AHF Accelerator Design Workshop which

took place in Los Alamos, February 20-25, 1989. As the recommendations which emerged

from the working group are relevant to the design of experimental areas for the TRIUMF

KAON Factory, they are being presented here as a design note.

The charge to the working group concerned a number of topics related to the optimum

layout of the experimental areas, the design of secondary channels and spectrometers, the

floor space required for experiments and the impact of remote handling requirements on

the site layout.

TRIUMF 4004 WESBROOK MALL, VANCOUVER. B.C. CANADA V6T 2A3
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EXPERIMENTAL AREA DESIGN WORKING GROUP

SUMMARY

Chairman: E.W. Blackmore
Secretary: W. Louis

Participants

L. Agnew D. Lee
J. Amann J. McClelland
J. Beveridge J. McGill
R. Boudrie C. Oram
G. Clark D. Werbeck
J. Doornbos D.H. White
H. Foelsche U. Wienands
D. Grisham

Presentations

1. Jacob Doornbos, "Optimization of Secondary Channel Fluxes"
2. John McGill, "RF Separators in Secondary Beams"
3. Jack Beveridge, "Layout of Secondary Beams at KAON"
4. David Lee, "Neutral Kaon Decay Experiments"
5. Dick Boudrie, "Spectrometer Design"
6. Bill Louis, "Stopping Kaon Decay Experiments"
7. Ewart Blackmore, "Extrapolation of Brookhaven Experience to an AHF"
8. Don Grisham, "Remote Handling at an AHF"
9. George Clark, "Shielding and Beamline Engineering"

10. Hywel White, "Design of a Neutrino Beam"

1. Introduction

The charge to the working group on Experimental Areas concerned a number of
topics related to the optimum layout of the expeximental areas, the design of sec-
ondary channels and spectrometers, the floor space required for experiments and the
impact of remote handling requirements on the site layout. The talks given by the
various speakers provided useful information on these topics and the subsequent dis-
cussions, in particular on the operational considerations of running an experimental
program at an AHF and the methods of beamline design and remote handling in the
target areas resulted in a general concensus on the recommendations which are given
below.
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2. Layout of Experimental Areas

The main question concerning the experimental areas is the best way to share
protons between the production targets to optimize the production of secondary
beams. J. Doornbos summarized the various secondary channel front-end designs
and showed a number of ways in which two or more channels could be combined
at a production target1. Two general arrangements were compared, one with 3 in-
line or sequential production targets and one with 2 proton lines each feeding 2
in-line production targets as shown in Fig. 1. A figure of merit for the different
arrangements was determined based on available proton intensity, target absorption,
channel momentum and production angle. The results are listed in Table 1. Using this
comparison the in-line targets on a single proton line turns out to be the optimum
as far as total kaon production per extracted proton is concerned although it is only
20-30% better than the alternatives. However this figure of merit does not include
such factors as beam quality, coupling between channel operation, flexibility in staged
installation and scheduling, access to experimental areas for experiment set-up and
overall cost.

THE THREE LAYOUTS

T, 10.551 16.00
T f 0.75
* 115.0

Target Lengths Used

B

T /Future
3 \Chonnels

_ f0.55T. { ,.50
- * •

T I 0 7 5
T* 12.50

M5.00

Tl
T2
T3
T4

A
cm
3
6
3
6

B
cm
3
6
0
6

C
cm
3
3
6

Fig. 1. Primary and secondary beam line arrangements used
in study by J. Doornbos. The numbers at each target loca-
tion indicate the channel momenta.

The experimental area for the slow extracted beam (SEB) at the Brookhaven AGS
at present consists of 4 proton lines, 8 production targets, 12 secondary channels and
17 locations for experimental setups. In addition there is a polarized proton beam
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area and a fast extracted beam for neutrino production. This sets the scale for the
number of experimental beams required at an AHF. A single proton line feeding 3
in-line targets can at most provide 6 charged secondary kaon beams and one neutral
beam. This does not appear sufficient for an international facility providing for an
estimated 800 users. Although an additional proton line and target areas is costly it
does seem to be a necessity.

Table 1. Comparison of figures of merit for arrangements A, B and C shown above.
A and Bl have the proton beam equally shared and B2 has 2/3 going to T1/T2 and
1/3 to T4.

p
(Gev/c)

0.55
0.75
1.5
2.5
6.0
15.0
Ko
Ko

Sum

A

1.00
0.77
1.00
1.00
1.00
0.77
0.77
0.77
7.08

Bl

0.66
0.51
1.00
0.77
0.75
0.77
1.39
1.39
7.24

B2

0.88
0.67
1.34
1.02
1.00
1.02
0.93
0.93
7.79

C

1.32
0.73
2.00
1.11
1.61
1.11
0.84
0.84
9.56

Recommendation 1. In the layout of the experimental areas for an AHF plan for a
second proton beamline even if not installed initially.

3. Kaon Beamlines and Spectrometers

John McGill discussed a new idea for rf separators for secondary beamlines.
Present rf separators operate with a transverse field at gradients up to 3 MV/m
using superconducting techniques. With the recent developments on superconduct-
ing accelerator cavities substantially higher gradients up to 15 MV/m are available
in the longitudinal direction. By making use of the rf microstructure in the beam it
is possible to use this field direction to separate particles. A possible design for a 6
GeV beamline would use 12 m of separator operating at 5 MV/m and at 60 MHz,
the rf frequency of the extracted proton beam.

Dick Boudrie described the design and construction of the MRS spectrometer at
LAMPF. Some of the parameters are maximum momentum 1.5 GeV/c, momentum
acceptance 20%, resolution 0.2%, size 150 tons and total length to the focal plane
of 7.1 m. The timetable for the optics and mechanical design were discussed. This
spectrometer although not optimized for kaon experiments represents the type of
device which would be required to support an AHF experimental program.
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Much of the remaining discussion on kaon beamlines centered on the problems of
designing front ends for high intensity. There are many optics designs of secondary
channels which have been presented at previous workshops. The next step is a detailed
engineering design of the beamline components taking into account the additional
complexities of radiation-hard magnets, remote handling requirements, shielding and
extra cooling due to the high thermal loads. The LESB2 channel at Brookhaven was
described as an example of the types of components which should be considered. The
magnets have large apertures and high field gradients which are obtained by using
current densities in the coils up to 60 A/mm2. For example the first quadrupole is
a 12Q16 (aperture 30 cm) with a field gradient of lOT/m and the first dipole has
a maximum field of 2.2T. Designs for radiation-hard magnets have to be developed
which come close to matching these specifications. Copper conductors insulated by a
hard-anodized aluminum sheaths2 is an one possibility for high current densities and
should be explored further.

Recommendation 2. Carry out a detailed engineering design of the components for the
beamlines and target cell for a configuration in which two or more secondary channel
front-ends are combined.

4. Floor Space for Experiments

E791 at Brookhaven (Kl —• pe) was described by David Lee as an example of
the beamline and detector requirements for an in-flight kaon decay experiment. The
dimensions of the beamline, decay region, detector and beamstop are optimized for
K° production with 28 GeV/c protons and the requirement to range out the muons.
Going to 60 GeV would increase the floor area requirements in the longitudinal
direction by about a factor of 2. A schematic layout of the components of such an
experiment is shown in Fig. 2.

K? DECAY IN FLIGHT EXPERIMENT

TARGET

10m 10-20m 10-50m '4-8m'

Fig. 2. Dimensions of components for an in-flight decay experiment. The largest
dimensions refer to requirments for a 60 GeV experiment.



E787 at Brookhaven (K+ —> nt/u) was described by Bill Louis as an example of
a stopping kaon decay experiment. The footprint for this detector is about 8 m x
12 m. An extrapolation of this detector to AHF energies and intensities would not
necessarily lead to larger floor area requirements. The most likely improvement would
be to increase the magnetic field of the solenoid using a superconducting coil which
would in fact lead to a smaller detector. The higher intensities would be handled by
increasing the segmentation of the various components of the detector.

Hywel White presented a useful tutorial on how to build a neutrino beam at
an AHF using the Brookhaven wide-band neutrino beam3 for comparison. Some
straightforward arguments provide the optimium length of decay section and shield
thickness and the useful width of the detector. There are of course technical questions
on the design of targets and pion horns which can operate at the required bean
intensities and repetition rates. A neutrino facility could require the largest amount
of real estate in the experimental area and provision should be made for this. However
it is still an open question as to how the high flux of neutrinos will be used at an
AHF with options ranging from using smaller, more highly segmented detectors to
larger detectors at kilometer distances for oscillation experiments.

At a recent TRIUMF workshop a request was made to provide an rf separated
beamline to the highest momentum available. For 15 GeV the length of such a beam-
line and its spectrometer would be at least 200 m and for 20-40 GeV this would
increase to 300-500 m. This type of beamline should be allowed for in the layout of
the experimental areas. A time-separated antiproton beam would require a similar
or evei* longer length of beamline again depending on the design momentum.

Jack Beveridge presented the latest arrangement of the experimental areas for the
TRIUMF Kaon Factory. The slow extracted proton beam is divided into two lines
each feeding two production targets. Typically two charged kaon lines take off from
each target in the forward direction with provision for low momentum pion and muon
lines in the backward direction. The production targets and hot cell facilities are under
a common crane coverage to ease the servicing of highly radioactive components.

Ewart Blackmore reviewed the evolution of the experimental areas and beamlines
at Brookhaven. Flexibility in handling new designs of beamlines and detectors has
been an important feature of their approach. This has been made easier by having
an experimental area near grade level and sufficient space to expand.
Recommendation 3: Keep the experimental area floor close to grade level to minimize
the cost and simplify future extensions to the building as new beamlines or facilities
are required.

5. Remote Handling and Beamline Engineering

Don Grisham outlined the experience gained in installing and servicing compo-
nents in the target areas at LAMPF where 1 MW of beam is routinely delivered. He
proposed that similar techniques could be used in the target areas for the AHF as well
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as the extraction region of the main ring. George Clark described some of the ideas
for the design of the target cells at KAON and also presented some preliminary costs
and designs for shielding around the primary proton lines. During the subsequent
discussions there developed a clear concensus on the remote handling philosophy in
the high radiation areas:

- provide for vertical access to components
- reduce or eliminate vacuum connections
- move service connections to shielded regions above the components
- construct magnets and shielding as integral components

A typical section through a proposed target cell is shown in Fig. 3. One method
of eliminating vacuum connections in high radiation areas as well as a significant
part of the air activation problem is to put all of the components of a target cell,
target, collimators, magnets and integrated shielding etc. in a large vacuum tank,
sufficiently large so that an elastomer seal can be used for making the vacuum joint.
There are two methods of servicing these components once the shielding is unstacked.
For components which are less than about 10 tons it is practical to remove them in
a shielded flask to nearby hot cells for repairs. For substantially heavier components,
once access to these components is made available by removing shielding blocks,
servicing by a remote manipulator such as the Monitor used at LAMPF seems most
practical.

HANDS ON CONNECTIONS f

Fig. 3. Typical cross section through a primary beam line in the target cell region.



Any beamline region which receives more than 2 kW of continuous beam spill
should be designed for remote handling from above. This includes the extraction
regions4 of the accelerator in those areas where beam is lost such as the extraction
septa and collimators. As this servicing requires the use of an overhead crane it is
most economical if the region is near grade level. This has site implications for the
layout of the rings and experimental areas, in particular for the LAMPF AHF site
where the topography of the mesas is quite varied.

Recommendation 4- Plan to have the extraction region accessible from above for re-
mote servicing.

6. Topics for Further Study

1. Study the problems of beam transport after a thick production target. Try to
understand the operation of the C-line at Brookhaven where there are sequential
targets but with most of the beam on the downstream target obtained by
steering a part of the beam around the upstream target.

2. Carry out a detailed engineering design of a target cell to investigate cost and
other implications of various concepts eg placing the magnets in vacuum.

3. Develop designs for radiation hard magnets suitable for secondary channels
with appropriate large apertures and field gradients.

4. Optimize the depth of the experimental hall by comparing the costs of shielding
vs construction.

5. Develop new codes for particle production from thick targets in particular for
optimizing targets and determining fluxes for neutrino production.
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ELECTRON-PROTON INSTABILITY IN THE PSR AND AHF

David Neuffer and Tai-Sen Wang
Los Alamos National Laboratory

Introduction

Some experimental observations1 and conversations with experienced scientists from
other laboratories2 have suggested the possibility of an electron-proton transverse in-
stability in the PSR. In this instability, electrons are trapped within the space-charge
potential of the proton beam. Coupled oscillations of the trapped electrons and pro-
tons can cause a fast instability with beam loss. In this paper we explore some of the
conditions for the appearance of this instability in the PSR. The same instability may
also appear in the AHF, and constraints on the AHF are obtained. Conditions for
ion-proton instability are also considered.

Conditions for Electron Trapping

The fast time scales of instability in the PSR (10/xs - 1 ms) imply that there should
be a copious source of free electrons within the PSR. Possible sources of electrons are
the stripping foil, beam-gas collisions in the vacuum chamber, and beam-wall inter-
actions. However, electrons from the stripping foil would be confined near the foil,
and a PSR experiment implies that foil electrons are not dominant. Also, if the pri-
mary electron source were the beam-gas collisions, the instability would be a sensitive
function of background gas pressure, but only a weak dependence has been observed.

The electrons may be predominantly derived from beam-halo-wall interactions and
such "slow losses" are indeed common in the PSR. It has still not been determined
whether this source is adequate for the observed fast instability, however. Once ob-
tained, the electrons must be stably trapped within the beam potential well. If the
proton-beam density were uniform, electrons could accumulate until the electron den-
sity equaled the proton density. However, the proton beam is non-uniform and, with
bunched beam, a beamless gap is maintained in the circulating beam.



For trapping, electron motion must be stable against density oscillations. To
obtain approximate stability estimates, we use a simplified model in which the beam
is represented by a uniform distribution of radius a. Bunched beam is represented by
a uniform density of length Li followed by a zero-density region of length L2 (see Fig.
1), with Li + L2 =C/h, and C is the ring circumference, h is the rf harmonic number.

The electrons oscillate while the beam passes through, following2'4

d2y e2Np (l-i/)

dt2 2ireoLna2 m V (1)

where n is the neutralization factor, and Np is the number of protons in a bunch. The
electrons feel only space-charge self-forces as the gap passes through them. In initial
calculations we assume no self-forces (TJ = 0).

The successive passages of beam and gap form a transport system and we require
stability over a transport cell, which can be represented (as rj -+0) by the transport
matrix:

f 1 L, 1 [ cos(k Lt) i sin {k Lt) 1
I 0 1 J [ -k sin (k Lt) cos (k Lt) J { '

[
I 0 1 J [ -k sin (k Lt) cos (k L

re is the electron radius (e2/4irml;eoc
2) and 0 is the beam velocity. Stability requires

I Tr(M) |=| 2 cos (k Li) -L2k sin {k L{) |< 2. (3)

For L\ = L2, stability requires k L\ < 1.721.

With bunched beam in the PSR at typical parameters (a=l .5 cm, Lx =45m, /3=0.85)
electron stability occurs only with Np $ 109, ~ four orders of magnitude less than the
PSR beam intensity. Electrons should not be trapped in the PSR with bunched beam.
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In the advanced hadron facility (AHF), typical parameters are Li=3m (50 MHz rf)
a=l cm, /?=0.99 and each bunch has ~ 1011 protons. The stability criterion implies
Np 5 1.7 x 1010, close to injected intensity; electron trapping is not impossible in the
AHF with bunched beam.

Negative ions could be stably trapped within the beam. A limit on stable trapping
may be obtained by substituting r/ = re/(A mp/me) for re in the above equations. All
ions (except possibly H~ for Np Z 4 • 1012) can be trapped. However, a copious source
of negative ions has not been identified.

With unbundled beam, the beam is still non-uniform, and the electrons must still
be stable against variations in the proton beam density. To gauge that stability, we
simulate a non-uniform beam as two regions with lengths £i , L2 and NPt\, NPi2 protons
in each region. The transport matrix in this case is a product of two focusing regions
and the conditions for stability are

h h
| 2 cos (fci Lt) cos (k2 L2) - (-~ + T 1 ) sin (kt Lx) sin (fc2 L2) |< 2. (4)

At PSR parameters (Np>\ = 5 x 1012,£i = 45), electrons are stable for k2/kt Z,
0.3, or NPt2/NPti Z 0.1 (see Fig. 2). Electron trapping can be maintained with large
fluctuations in proton-beam density.

e-p Effects

Trapped electrons affect the proton beam. The simplest effect is a tune shift
opposing the space-charge tune shift:

riNprpR

where r) — Ne/Np is the neutralization factor. The tune shift is a factor f2 greater than
the beam space-charge tune shift because the trapped electrons have no longitudinal
velocity and produce no magnetic force on the moving beam. At PSR parameters
(7=1.85) this tune shift is not. large and cannot be important. In the AHF, the efFect
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can be quite large (7 —> 65) and beam loss or intensity limitations are probable if
77 » I/72 .

Resonant coupling of proton and electron motions can drive an instability.3 With
a uniform beam density around the ring, the electron and proton transverse motions
can be written as:

^ + Ql ft2 X. = Q\ Q2 Xp (6)

where Xe and Xp are electron and proton positions,

give the coupled oscillations, fl=/?c/R, and Q is the beam tune.

Assuming transverse oscillations of the form

Xe = ae e~iut (8)

Xp = op el*"-*)

obtains a dispersion relation of the form:

(Ql - w2)(Q2 + Q2
P - (n - w)2) = QlQl (9)

where w=a>/fi is the scaled coupled-oscillation frequency. Instability can occur with
w = Qe and n= Qe + Q at PSR parameters. At. typical PSR parameters (Np = 1013,
a=0.015 m, R=14.5 m), Qe = 28 {Qtf0 = 80 MHz). Instability occurs for Qp >
0.075 to 0.014. At the above parameters, this implies a neutralization of 7; > 0.023
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to 0.078. The instability can be induced in the PSR at relatively low neutralization
levels. Growth rates are relatively fast:

— V.Jil {YV)

& y 7/ — y e

well above threshold.

The PSR instability is accompanied by ~80-MHz transverse oscillations consistent
with Qe + Q. Also the growth is very fast with unbunched beam.

Continuing the approximation of unbunched beam, we find at AHF parameters
(a=0.015 m, Np = 2.65 x 1013, R=207 m, Q 3 10.25), that Q, S 150 (34 MHz).
The electron oscillation frequency is therefore similar to that in the PSR. Coupled
oscillations can occur at n = 160 with instability threshold at a neutralization of 77 =
4 x 10~47. As in the PSR, instability can occur at relatively small neutralizations.

Instability Thresholds

While some features of the PSR instability are consistent with an e-p component
of the instability, other features are somewhat less clearly interpreted. The dominant
threshold criterion in the above analysis is the degree of neutralization (TJ), which is
not directly observable. Attempts at changing TJ (foil charging, beam-gas pressure)
have only produced small changes in the thresholds. The major threshold parameters
have been total intensity and the major stabilizing factor has been Landau damping
by increasing the tune spread (AQ).

According to Keil and Zotter3, Landau damping of the e-p instability occurs when
the electron and proton oscillation frequency spreads overlap. The threshold for this
overlap is:

where AQe is the spread in electron oscillation frequencies and AQ is the proton
oscillation tune spread. AQe may be obtained from the variation in proton beam
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size, and AQ from the proton tune spread (AQ = 0.005 with unbuched beam). With
AQe/Qe = 0.10 and AQ=0.005, we obtain a stabilizing threshold

qthre.hold _ Q Q3

which implies a threshold neutralization at Np = 5 x 1012 of 0.0072. The instability
threshold is at relatively low neutralization.

It is therefore plausible that e-p instability is occuring at PSR parameters for un-
bundled beam; it is hoped that future experiments will clarify this possibility.

Whether or not e-p instabih'ty is occuring at the PSR, the calculations show a sig-
nificant possibility of e-p instabih'ty in the AHF with its shorter beam gaps. Preventive
measures (clearing electrodes) are desirable.
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Beam

Beam

Figure la. Schematic view of a beam with alternating high density
and zero density regions passing through trapped
electrons.

Figure lb. Beam with alternating high and low density regions
passing through electrons.
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Figure 2. Stability diagram for alternating high and low density
beam. The horizontal axis is the focusing strength of the
low density beam; electrons are stably trapped if lf(x)l < 2
(eq.4).
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IRRADIATION EXPERIENCE WITH ALUMINIUM OXIDE STRIPPING FOILS

ON THE SPALLATION NEUTRON SOURCE ISIS.

C W Planner M L Yates

Introduction

The synchrotron for the spallation neutron source ISIS, uses
multiturn charge-exchange injection of H- ions to inject up to
5 E13 protons per pulse at 50 Hz. The H- ions are injected at 70
MeV through an aluminium oxide stripping foil, which strips both
electrons to inject protons into the synchrotron. The
synchrotron is presently operating at 100 jiA mean proton current,
extracted at 750 MeV onto a uranium spallation neutron target. A
review is given of the development and operational experience
obtained with the aluminium oxide stripping foils.

Aluminium Oxide Stripping Foils

The stripping foils were developed at RAL. They are made
from aluminium oxide 50 ̂ jg/cm thick, with an area 122 mm x 4O mm.
The foils are coated on each side with 0.01 yxm of aluminium to
prevent charge accumulation.

The foils are made in their support frame by anodising
aluminium in a weak electrolyte to the required thickness and
then dissolving away the unwanted aluminium. Before dissolving
the aluminium, the foil is heat treated to 'stretch' the foil.
This results in a loose wrinkled foil in the support frame which
allows thermal expansion of the frame w'itout overstressing the
foil. The slackness also allows considerable shrinkage to occur
with irradiation before overstressing results in breakage. Foils
made in this way are amorphous films of oxide which have
extremely uniform thickness. They are also stress free — a foil
detatached from its support frame hangs freely in the plane of
the support frame and shows no sign of curling.

Initially, the foils were made with one 122 mm edge
unsupported and the life times of these foils were typically
1500 ĵAh injected current. The injected beam spot is
approximately 25 mm diameter and the spot is swept over the lower
half of the foil during injection. The foil fully strips 98X of
the H- ions to protons, which circulate through the full area of
the foil on average approximately 25 times during injection of
the H- ions. The irradiation of the foil is therefore
approximately 25 times the figure quoted for injected current
life time. Irradiation of the single free edge foils produces
shrinkage which results in a diagonal stress crease across the
foil and eventual splitting of the foil, usually along the top
40 mm edge close to the support frame.

To try to reduce the stress induced by irradiation and
increase foil lifetime, the extent of the free edges was
gradually increased. The results of these experiments are
summarised in the photographs shown in Figure 1.
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In Figure la, the foil is detached from the support frame
along the lower 40 mm edge. This had a significant effect on
foil lifetime, raising the lifetime of the foils to typically
5,000 pAh injected current. When the detachment from the frame
was extended along the back 122 mm edge of the foil, further
improvements in foil lifetime were obtained. In Figure lb, the
detachment was extended 50 mm up the back edge and the lifetime
increased to 15,000 ̂ iAh injected current. With a 60 mm extension
up the back edge of the foil, the typical foil life time
increased to 180,000 jjAh injected current. A foil with this
irradiation is shown in Figure lc and shows a shrinkage of the
foil in the vertical plane of about 5 mm. Shrinkage of the foil
also occurs in the horizontal plane and this can be detected by a
reduction in injection efficiency. To restore the injection
efficiency, the foil is moved radially inward to compensate for
the reduced width of the foil.

Induced stress somtimes results in curling of the
unsupported edges of the foil as shown in the photographs. In
Figure lc, the foil moved back out of the plane of the support
frame rather than curling at the unsupported edge.

Some development work is continuing at RAL on small area
thicker foils (approximately 10 mm x 10mm x 1.25 /jm thick), with
two and three free edges, suitable for use in the higher energy
H- injection systems proposed for KAON factories.

Figure la Figure lb Figure ic

FIGURE 1:Photographs taken in synchrotron of irradiated aluminium
oxide stripping foils: la) Foil detached along lower 40 mm edge,
5,000 pAh injected current; lb) Detachment extended 50 mm up back
120 mm edge,15,000 yuAh injected current; lc) Detachment
extended 60 mm up back 120 mm edge, 180,000 jiAh injected current.
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UNBUNCHED BEAM ELECTRON-PROTON INSTABILITY IN

THE PSR AND ADVANCED HADRON FACILITIES*

T-S. F. Wang, A. Pisent,* and D. V. Neuffer

Los Alamos National Laboratory

Abstract

We studied the possibility of the occurrence of transverse instability induced by

trapped electrons in unbunched beams in the Proton Storage Ring and the proposed

Advance Hadron Facility (AHF) at Los Alamos, as well as in the proposed Kaon Factory

at TRIUMF. We found that the e-p instability may be possible for unbunched beams

in the PSR but is unlikely to occur in the advanced hadron facilities.

Introduction

Coherent transverse instability has been observed in the Los Alamos PSR in both

bunched beam and unbunched beam cases.1 The exact sources causing the instability

have not yet been identified. Spectrum analyses of the vertical beam position monitor

(BPM) signals from unstable beams indicate that the peak of the signal is between

several tens of megahertz and 150 MHz. The fast growth rate and the distribution of the

BPM signals suggest that the instability may be caused by either some kind of resonant

impedances peaked at the observed frequency or by trapped electrons. The results

from previous injection-foil biasing experiments on the stabilization of marginally-stable

beams suggest that the instability in the PSR could be caused by trapped electrons.

Work supported by Los Alamos National Laboratory Institutional Supporting Research, under the
auspices of the United States Department of Energy.

* Present address: PS Division, CERN CH-1211, Geneva 23, Switzerland.
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Because e-p instabilities have been previously observed in the Bevatron at LBL2

and at CERN,3'4 we suspect a similar instability may occur in the PSR; the advanced

hadron facilities under design at Los Alamos and TRIUMF may be vulnerable also.

In this paper, we shall present our preliminary theoretical investigation of the

possibility of e-p instability in the PSR and advanced hadron facilities. The general

theoretical model and formalism will be outlined in the next section followed by some

specific numerical studies.

The Theoretical Model and Formalism

In our theoretical model, the proton beam is unbunched, uniformly populated,

and has a round cross section with radius a. We adopt a local Cartesian coordinate

system such that the z-axis is pointing in the direction of proton propagation and the

y-axis is perpendicular to the ring; the origin of the coordinate system coincides with

the center of the beam cross section. We assume that the proton beam is unstable

against the perturbation in only one transverse direction, say the vertical direction.

We also assume that at equilibrium, all protons experience a linear focusing force in

the transverse direction. In this smooth approximation, the y-motion of the individual

proton can be described by

yt + ti) , (1)

and

py = mpujyhcos(ujyt + i?) , (2)

where h is the amplitude of betatron oscillation, u)y is the betatron frequency, i? is

the phase angle, py is the momentum in the y-direction, and mv is the mass of a

proton including the relativistic factor 7. Protons are assumed to have an equilibrium

distribution described by the following function:
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= PPfy(h2)fz(Pz)

2 A Ap

{Aj + [1 - (pz/p0)}*} '
where pp is the equilibrium proton density, pz is the longitudinal momentum, S(x) is the

delta function, p0 is the averaged value of pz, and Ap is the half-width of the distribution

of the protons' longitudinal momentum.

We assume electrons are distributed uniformly with density pe within the proton

beam. For simplicity, we neglect the longitudinal motion of electrons and assume that

the transverse motions of electrons are nonrelativistic. The trapped electrons will see

a harmonic oscillator potential well that is due to the net charge between the electrons

and protons. We use we to denote the oscillation frequency of an electron and we assume

the averaged value of u>e, u>eo is related to the equilibrium proton density by

where q denotes the unit charge,

is the fraction of neutralization of the proton beam, eo is the permittivity of the free

space, and me0 is the rest mass of an electron. The y-motion of an electron then is

described by

y = fcsin(u>e* + i?) , (6)
and

py = me0L>ehcos(uet + ??) . (7)

We also assume that at equilibrium, the distribution of electrons in the phase space is

described by the function
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where Ae is the half-width of the distribution of the electrons' oscillation frequency.

The stability analysis continues by assuming small perturbations fpi and fei to

the equilibrium distribution of protons and electrons, respectively. The time evolution

of these small perturbations follows the description of the Vlasov equation. For our

stability study, it is sufficient to use the linearized Vlasov equations:

Ofpi dz dfpi dpz dfpi dy dfpl dpy dfpX _ dfpo

dt dt dz dt dpz dt dy dt dPy
 pl dPy ' { J

and

dt dt Oz + dt dPz
 + dt dy dt dPy

 e l dp9 '

where Fpi and Fe\ are the perturbative forces acting on the individual proton and

electron, respectively. To derive the dispersion relation, we assume that all the per-

turbed quantities vary according to exp[i(n8 — ut)], where 9 = z/R is the azimuthal

angle around a ring with radius R. We will consider dipole perturbation only in the

y-direction. The perturbative force experienced by a proton will be written as

a2

Fpi=q(Ely + vzBlx)p = 2-(ppypZpp-peyeZpe) , (11)

where the symbols with a tilde on top indicate the Fouiier contents of exp[—i(wt — nO)],

vz is the velocity of the proton in the z-direction yp and ye are the averaged amplitude

of vertical displacements of protons and electrons, respectively. In Eq. (11), we have

introduced the quantities Zpp and Zpe such that q2ppZpp/e0 is the force that is due to a

unit displacement of the proton beam and q2peZpefeo is the force that is due to a unit
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displacement of electrons. In a loose sense, the quantities Zvv and Zpt are related to

the transverse impedance Z±_ by the relation

where C = 2TTR is the ring circumference, and /3p = po/(MpC), and c is the speed of

light. Similarly we write the perturbative force seen by an electron as

2

Fel = -q(Eiy + voBlx)e = -~(ppypZep - peyeZee) , (13)

where Zep and Zee have the similar interpretation as Zpp and Zpe; Vz is the velocity of

the electron in the z-direction.

Following the conventional stability analysis, we calculate the perturbed distribu-

tion function by integrating over the unperturbed particle orbit. Then the averaged

amplitude of displacements of protons and electrons can be calculated by

1 yoo yoo y

= — / / /
Pp J — OoJ — OoJ —

yoo yoo yoo
yP / / /

(me/mp)u)*pZpeye
e

u;2Q(fi - Vyo + iAp\nr) - uyoQ)(Q + vyo

and

•1 I>OO />OO y>OO 1>OO

ye- — / / / yfeldydpydpzduie
Pe J—00 J-co J—oo J- 00

(1 + t Ae)] '

where wr0 is the averaged proton revolution frequency, £ is the machine chromaticity,

77 = (I/7?) — (l /7 ?) , vyo is the betatron tune of the reference proton,

Q=—-n , (16)
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fPP / <12NV n9>\
upp-\ ~ \ —TFT̂  ' V18)

and

/ q2pe I q2NPx n m

Wep ~ V e m ~ V 2C m '

are the plasma frequencies of protons and electrons, respectively. In arriving at

Eq. (14), we have chosen the integration contours so that both the fast and slow waves

are damped by the energy spread; also, we have used the relations that

Uly = l/yUr , (20)

and

Eliminating yp and ye from Eqs. (14) and (15), we obtain the following dispersion

relation:

L _ n _ j , +>A In - i / f£- )|]
TO ••

[— - n + vyo + iAp\nr) + v90(Z - 77)1] + \^-

x

where the coupling between electrons and protons is included in the last term on the

left-hand side of the equality sign. If this coupling term is set equal to zero, then the
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remaining dispersion relation is equal to the product of the electrons' dispersion relation

and the protons' dispersion relation. Except for the impedance factors Z, Eq. (23) is

similar to the dispersion relations derived previously.5"8 Equation (23) is a fourth-order

algebraic equation; instability occurs when at least one of the solutions of Eq. (23) has

a positive imaginary part.

The mode with the strongest coupling between electrons and protons has its fre-

quency near the averaged frequency of the electrons' transverse oscillation. Thus, if u>c

and nc are, respectively, the frequency and the harmonic number of the proton mode

at the highest coupling, then

wc « wro(nc - Vy0) , (24)

and

For Im(oj) •< Re(w), Im(u;) •< u>eoAe, and \Zee\ <C 2Ae(u£O/wej)
2, a very crude solution

for the imaginary part of uc is given by

Im(wc) « -D + Gz + Gep , (26)

where

D = uroAp\ncr] + !/„„({ - TJ)\ , (27)

is the damping rate that is due to the energy spread among protons,

<»>

is the growth rate that is due to the impedance factor Zpp,

and
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(29)

is the growth rate that is due to the coupling between electrons and protons. For

stability, we need

Using Eqs. (12), (18) and (19), we can derive crude scaling relations as in the following:

D 2~fvyoAp\ncr] + vy0(£ —

and

Gep yiV^Re[(i?.L) e j >(ZL)p e]
D °C 4*YVyoC(l - x)AeAp |nc77 + vyo{£, - rf)\ ' l ]

Note that the ratio Gep/D scales like 1/(^0). Therefore, the e-p effect could be dev-

astating in the low-energy accelerator or a storage ring like the PSR but less serious in

high-energy machines like the advanced hadron facilities.

Electron-Proton Stability in the PSR

The PSR has the following parameters: 7 = 1.85, vy = 2,22, £ = -1.0, rj = -0.19,

and C = 90 m. The first example of the numerical calculation using Eq. (23) is given in

Fig. 1, where we have assumed that Np = 1013, x = 0.18, Ap = 7.5 x 10~4, Ae = 0.15

and a = 0.015 m. Because the impedance of the PSR is not known at present, we

assume the following transverse impedance:
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(Z±)P, = {[224.4({n - vy\)
1/2/(n - vy) + 136L] x 103 + £1.1 x

(Z±)ee = {[299.2(|n - uy\)
1/2/(n - uy) + 1361] x 103 + i3.3 x

(Z±)pe = {[299.2(|n - vy\)
1/2/{n - vv) + 136£] x 103 + .1.1 x

and

(Z±)ep = {[224.4(|n - vy\)
1/2/{n - vy) + 136L] x 103 + i3.3 x

where the broad-band impedance factor is given by

• ( 3 2 )

In Fig. 1, the imaginary part of the unstable proton-mode solution of the dispersion

relation, normalized by the revolution frequency of protons, is shown for the azimuthal

harmonic number up to 50. Unstable solutions have imaginary parts greater than zero.

Thus, the peak near n = 31 with a width extending about 10 harmonic numbers indi-

cates that the frequency of the unstable modes can range from 68 MHz to 96 MHz with

the most unstable modes near 87 MHz. The peak height shown in Fig. 1 indicates that

the growth time of the most unstable mode is about 8 ^s.

To compare with experimental observations, we recall that when the beam is unsta-

ble, the spectrum of the beam's vertical signal always has a peak between several tens

of megahertz and 150 MHz with a broad bandwidth of a few hundred megahertz. We

have noticed that the observed peak in the vertical beam signal may shift many tens of

megahertz from one experiment to another. The observed growth time of the instability

may range from a few microseconds to some ten microseconds. The theoretical results

shown in Fig. 1 seem to agree with the experimental observation qualitatively.

As another example for the PSR, we consider a case with fewer particles and higher

neutralization, thus we consider Np = 2.5 x 1012 and \ = 0.32 and all other parameters
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have the same values in the previous case. The results are shown in Fig. 2, where

we see that the peak is moved to a lower harmonic number near 12 and the width

becomes narrower than the last case. The shifting of the spectrum peak suggests that

the e-p effect probably can be detected by varying the beam intensity and the fraction

of neutralization.

Electron-Proton Stability in the Advanced Hadron Facilities

(A) Los Alamos AHF

The design parameter values of the Advanced Hadron Facility synchrotron at Los

Alamos are Np = 2.6 x 1013, 7 = 64, vy = 12.7, rj = -0.002, f = -1.5, C = 1300 m

and a = 0.01 m. If we assume that x = 0.18, Ap = 7.5 x 10~4, and Ae = 0.15, we have

the imaginary part of the least stable proton-mode solution of the dispersion relation

shown in Fig. 3. In this case, we have chosen the same impedance as we have used for

the PSR except that the following broad-band impedance factor was used:

= 1.0+ 4'°
1 + [(a - 800)/200]2 '

We find no unstable mode near the electron oscillation frequency in this case.

(B) TRIUMF Kaon Factory

For the Kaon Factory at TRIUMF, the design parameter values are Np = 6 x 1013,

7 = 32, I/J, = 14.2, r/ = -0.01, f = -1.43, C = 1000 m and a = 0.01 m. Assuming

the same values of x, Ap, Ae, and the transverse impedance as in the example for the

Los Alamos Advanced Hadron Facility, we have the solution of the dispersion relation

shown in Fig. 4. Again, we find there is no unstable mode near the electron oscillation

frequency.
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Conclusions

We have examined the possibility of instability caused by the trapped electron in

the proton beams for the PSR and advanced hadron facilities. The results indicate that

the e-p instability may possibly occur in unbunched beams in the PSR but may not be

an important effect in the advanced hadron facilities.
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Figure Captions

Fig. 1. The imaginary part of the frequency of the unstable proton mode is shown as

a function of the azimuthal harmonic number for the PSR parameter values with 18%

neutralization. The frequencies are normalized by the revolution frequency of protons.

Frequencies with positive imaginary parts indicate unstable modes.

Fig. 2. The imaginary part of the frequency of the unstable proton mode is shown as

a function of the azimuthal harmonic numbers for the PSR parameter values with 32%

neutralization.

Fig. 3. The imaginary part of the frequency of the least stable proton mode is shown

as a function of the azimuthal harmonic numbers for the AHF parameter values with

18% neutralization.

Fig. 4. The imaginary part of the frequency of the least stable proton mode is shown

as a function of the azimuthal harmonic numbers for the TRIUMF Kaon Factory pa-

rameters with 18% neutralization.
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System stability for beam loaded

cavity with fast feedback

Shane R. Koscielniak

TRIUMF, 4004 Wesbrooh Mall, Vancouver, B.C., Canada V6T 2AS

Abstract

We introduce a matrix formalism for the description of'beam-loading'. The geometric
and dynamic cross-coupling of phase and amplitude modulations, that occurs in the accel-
erating cavity, is shown explicitly. The formalism is first used to find the dipole/quadrupole
hybrid mode stability criterion, and then applied to a system equipped with fast feedback
(dynamic beam-loading compensation).

1 Beam-loading transfer matrices

The first step is to find the beam current phase and amplitude response to modulations
of the gap voltage and phase. Let <f>i, be the equilibrium bunch phase. The Laplace
transform of the dipole mode equation is :

[(s/ft)2+cos<£6]A<£6 + (sin^6, cos<j>b)-(AV, VA<f>v)/V = 0. (1)

Here s is the complex modulation frequency and ft is the unperturbed synchrotron (an-
gular) frequency. Let 6Q be the equilibrium half bunch length. The quadrupole mode
equation is :

[(s/Q)2 + 4 cos <j>b)AB + 90(cos<f>b, 0 ) • (AV, VA<j>v)/V = 0 . (2)

Now It,f(00)A9 = Alb where the form factor f(0) is derived in the appendix. Thus we
may write (1) and (2) in matrix form :

( AI*>
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In an obvious symbolic notation we summarise (3) by ib = Yv. Note (3) is diagonal for a
non-accelerating beam (fa — 0). The matrix equation relating output voltage modulations
to input current modulations is :

AV Gc
-Gs

Gs

Gc )0 -1 hA<j>T) (4)

In symbolic notation : v = Zix. This is the dynamic cross-coupling. Explicit expressions
for Gc and Gs are given below. The rotation matrix which pre-multiplies the total current
vector occurs because the senses of rotation of fa and ^y, as defined in Fig. 1, are opposite.

image
c u r r e n t

Fig. 1 : Phasor diagram, showing co-relation of current vectors and accelerating voltage.

Close to resonance the cavity behaves like a lumped parallel resonance circuit with
shunt resistance R, quality factor Q = R^/C/L, and resonant (angular) frequency UQ =
1/VLC. The cavity time constant is rc = (2Q/u?o). Steady state beam-loading com-
pensation is achieved by detuning. The drive frequency is u>c = u>o + Aw, where Aw is
negative below transition energy. Suppose TC£2 « 1. Let us define the denominator
D = (1 + STC)2 + tan2 rp. Thence the modulation transfer functions are :

Gc(s) = [(1 + STC) + tan2 rj>]/D and Gs(s) = +src tan tf;/D .

Under the condition of minimum power the detuning is :

= (-)Aw x — = — cos<
Wo lo

where l0 = — .
R

(5)

(6)

To the accelerating cavity, the generator current and the beam image current are
indistinguishable - and so the 'drive' signal is their phasor sum, as shown in figure 1.
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This is the geometric cross-coupling. For small displacements, the superposition principle
applies and so the total current modulation induced by simultaneous modulations of beam
and generator currents is :

AIT _ (Sb -Ch

~ \cb sb

AIb

where

where

Cb = COS((J>T - <j>b)

*>T + <f>g)Cg =

and

and

In an obvious symbolic notation : IT = R-b*b +

Cg -Sg

Sb =

AIg

- <t>b) •

Sg =

(8a)

(Sb)

Note, under optimal detuning

2 Robinson stability

Consider the system block-diagram which shows the beam positive feedback loop.

V

Fig. 2

The gap voltage modulation is given by :

v = ZiT = Z(Rgig + R b i b ) = Z(Rg ig + RbYv) . (9)

Rearranging and pre-multiplying by an inverse, we find : v = [I — ZRbY]"1 ZR g ig .

The system is unstable if the determinant |I — ZR b Y| = 0, which leads to a characteristic
equation. To find the instability threshold we substitute s = 0. This is a powerful method,
and derives from the (auxiliary) Routh-Hurwitz condition that all coefficients appearing
in the characteristic polynomial must be greater than zero for stability. In the limit s —> 0,
Gc —*• 1 and Gs —> 0. Hence the system of coupled motions is stable provided that :

h (10)
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The form factor f{9) depends on the bunch shape, but in the limit of short bunches goes
roughly as (—)0o/4. Taking the limit f(6) —> 0 gives the usual Robinson stability condition
for oscillations of the bunch centre. However, in general, the coupled system is more stable
than the dipole mode in isolation. The physical reason is easy to see. Suppose the system
is 'seeded' with a pure dipole mode. As the mode grows it will 'set off' a quadrupole mode
oscillation because of the cross-couplings between phase and amplitude modulations. Thus
energy will be transferred to the quadrupole mode, at the expense of the dipole mode which
stops growing.

3 Fast feedback

The most widely advocated method for increasing the instability threshold beyond
that given in (10) is 'fast feedback'. The feedback does not change the equilibrium detuning.

Fig. 3

(I-ZRY)ZR

Consider the block diagram (Fig. 3) for a system with high-power feedback around
the accelerating cavity. We have represented the combination of power-tube and pre-
amplifier by the matrix G, and the feedback path (with delay T) by an attenuation matrix
B. Assuming sufficiently broad-band components, the transfer functions are real and the
transfer matrices diagonal.

Then G = and B = be-'T 1 0\
o i) • (11)

Note that in the diagram we have replaced the beam-cavity loop (of Fig. 2) by a single
transfer function : H = [I — ZRbY]~1ZRg. The matrix relation between control signal
(vo) and gap-voltage is :

v = [1 + HGBj^HGvo = [I + HGB] r[I -

We use the matrix relation between inverses A~XB~X = {BA)~X and substitute a second
time for H to give :

v = [I + Z(RgGB - (12)
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This clearly shows the 'competition' between the beam feedback (—R-bY) and the dedi-
cated high-power feedback (RgGB). Let us define A = GB. The system will be unstable
if the determinant |I + Z(Rg A — RbY)| = 0. The instability threshold is found by setting
s = 0 in the characteristic equation. We find the condition (13) :

Provided that A > 1 and ij; < n/2 the system is much more stable than the dipole mode
in isolation.

Note that the stability criteria above, equations (10) and (13), are necessary but not
sufficient conditions. A full prescription for stability requires a complete Routh-Hurwitz
analysis.

4 Appendix

We here show the relation of variations in bunch length to changes in the beam-current
harmonics. Let the bunch shape be written X(9, x) where x is rf-phase and 9 is the bunch
half-length. We define the normalised bunch shape as :

X*(9, x) = X(9, x)/J ^ X(9, x)dx . (14)

Under the conditions X(9,x) = X(9,—x) and X(9,9) = 0, we find to first order that
AIb(n) = lh(n)fn(0)A0 where

/

6 dX*(0 x) I te

^ ' cos(nx)dx I I X*(0, x) cos(nx)dx . (15)
00 I JQ

Note that lengthening the bunch also flattens it out, so all harmonics except the dc term
(n = 0) will diminish and so f(9) must be negative.

Parabolic bunch
For an example we take the bunch shape A(#,z) = (92 — x2) for \x\ < 9. We find the

form-factor :
0sin0 3 , ,0

sin9-9cos9 0

The approximation is good for 9 < 2 radian.
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TRANSVERSE COLLECTIVE INSTABILITY
IN THE PSR

E. P. Colton, D. Neuffer, G. Swain,
H. A. Tliiessen, A. Lombardi*, and T.-S. Wang

Los Alamos National Laboratory

Abitract

An instability in the proton storage ring (PSR) is observed as
fast loss of beam during accumulation and storage when the injected
beam current exceeds a threshold value. Instabilities are observed
during both coasting-beam and bunched-beam operation. Large co-
herent transverse oscillations occur prior to and during the beam loss.
The growth times are rapid, typically in the range 10-100 /is. The
instability threshold is observed to depend strongly upon rf voltage,
beam size, injected momentum spread and nonlinear fields. Weaker
dependences upon betatron tune, vacuum pressure, and stripping-
foil bias voltage have also been observed. A possible e-p oscillation
component of the unbundled beam instability is suggested. Growth
times suggest a significant Jte(Z±) of ~0.2-0.5 Mfi/m; the source of
this is not yet precisely identified.

Introduction

In this paper, we describe the current status and understand-
ing of collective transverse instabilities observed in the Los Alamos
Proton Storage Ring (PSR) at high intensities.1 The PSR m de-
signed to provide 100-fiA average current at 12 Hz, which implies
accumulating 5.2 x 1013 protons from a ~1 ms linac pulse (sample
PSR parameters are shown in Table I). Storage of high-intensity
beam hax been limited by an instability which appeim when more
than ~1.5 x 1013 particles are stored with bunched beam and when
~0.5 x 1013 are stored in unbundled mode, and causes beam loss
on a time scale of ~10-100 ps. The instability is accompanied by
transverse oscillations at ~ 100 MHz. Figure 1 shows beam loss
caused by instability and the accompanying transverse oscillations.
More detailed measurements are reported below.

Table I. PSR

Proton kinetic energy
Circumference
Average beam-pipe radius
Betatron tune
Transition gamma
Betatron amplitudes
Dispersion
Chromaticities (measured)
Buncher harmonic, frequency
Design peak rf voltage
Maximum synchrotron tune
Design stored beam
Design peak current
Maximum stored beam
Filling time

Parameter!.

T

b

IT

•hiinThux
«x,f,
h,f
V
",

/m« = 27
N
Ta

797 MeV
90.2 m
0.05 m
3.2,2,2

3.1
2.0 m, 14.2 m
1.1 m, 2.5 m
-1.3 , -1.0

1, 2.795 MHz
15 kV
0.0006

5.2 x 1013

46.3 A
4.0 x 1013

<975 ps

Instability Thresholds

The PSR normally operates with a single 2.8-MHz bunch, and
the unstable oscillations are at much high frequencies. The threshold
for an impedance-driven instability would be:

]Zx\<

where / is the peak current, Z± is the transverse impedance, F is a
factor of order unity, £b is the rest energy, 0± is the mean betatron
amplitude, and Av is the tune spread.

Well above threshold the growth rate is

(2)

TSi ? PSR is a space-charge dominated machine and the space
charge impedance is:

iRZv [hi] • (3)

f present address: Laboratori Nazkmali di Legnaro,
Legnaro, Italy.

where a is the beam radius and b is the pipe size. This is
~»10 Mfi/m, and the PSR operates above the threshold of Eq. (1).
The observed growth rate most be driven by x real impedance,
and a growth time of 10-100 ps at / = 10 A implies Re{Z±) >
1.6-0.16 Mft/m. We have been unable to identify a conventional
impedance which can be associated with the faster growth rates.

Properties: of the Instability

In 1986, a series of experiments exploring the instability showed
strong dependences of the threshold on rf-buncher voltages, momen-
tum spread, sextupole and octupole strengths, at well as beam size.1

The rf voltage increases the momentum spread, thereby increas-
ing Landau damping for any instabilities. It also forms the beam
into a confined bunch, maintaining a beamlen gap which can dear
trapped electrons. Increasing rf voltages from ~0 to 12 kV increases
stable stored beam from ~0.5 to 1.5 x 10 u protons.

Increasing sextupole strengths increases the tune-spread and
Landau damping for transverse motion. Optimum strengths place
the vertical sextupoles at maximum (—20 A) and the horizontal
sextupoles at half strength (10 A), so that the chromaticities are:
£„ 2 - 5 , fx 3S 0. The same optima are found for bunched and
unbundled beam. The vertical tune spread is then maximized, con-
firming BPM observations that the dominant instability is vertical.
Increasing octupole strengths also increases tune spread, and im-
proves stability. Figure 2 displays some results of PSR experiments.

The vertical beam size can be increased by steering the injected
H° beam off the stripping-foil center. Increased beam size reduces
the space charge impedance [Eq. (3)] and increases tune spread and
also reduces the electron/ion trapping potential. Empirically, larger
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beam is more stable, and the improvement if more marked with
unbundled beam.

A dependence of stable current upon vertical tune has also been
observed. The stable current is less when the tune is decreased
below the integer.'

Investigations of Electron-Proton Driven Instabilities

Experience at other accelerators and comparisons with the PSR.
data have suggested the possibility of an electron- or ion-driven trans-
verse instability. The instability requires a source of electrons (or
ions) which must then be trapped within the beam potential well.
Interaction between the beam and trapped electrons can cause un-
stable oscillations.3

The PSR stripping foil, beam-gas collisions, and beam-halo—
wall interactions can all produce electrons. The beam space-charge
potential is large enough to trap electrons with energies in the 0-100-
eV range in unbundled operation. With bunched beam, however, a
large beamless gap (~100 ns) is maintained and would pass through
the electrons on every turn. The gap is sufficient to clear electrons.
The electrons will not be trapped, and are not stably held in the
beam-gap oscillations.

However, with unbundled beam, electrons can be trapped sta-
bly, even with large beam-density fluctuations. These electrons af-
fect the proton beam dynamics. They cause a tun« shift directly
opposing the space charge tune shift Av,c

(4)

where 17 is the neutralization factor (17 < 1), (7 = 1.85, 0 = 0.84) are
the proton kinetic factors, and v is the tune (2.25 at PSR). Since 7
is not far from unity, Au. is not large a: PSR parameters.

A more important effect in the PSR should be coupled transverse
oscillation of the proton and the electrons. A linearized analysis of
these coupled oscillations obtains the resulting dispersion relation,
similar to the plasma physics "two-stream" instability:3

(5)

where

_ / M,r.R

is the electron oscillation frequency (in units of the revolution fre-
quency) and x is the coupled oscillation frequency. Instability can
occur at frequencies near Qt + v at relatively small neutralizations
(2-10%), and the growth rates can be quite fast (3-10 its,).

Some observations at the PSR are consistent with an e-p source
of unbundled beam instability.

1. Instability is accompanied by ~60-80 MHz transverse oscil-
lations [~(Q, + f )/o], and the fast growth rates are consis-
tent with those possible with the e-p two-stream instability.

2. An experiment in which a voltage was placed on the foil
(300 V), sufficient to dear electrons in the vicinity, increased
the instability threshold by ~10%. However, the smallness
of the improvement does indicate that the instability is not
dominated by electrons from the foil that are trapped in its
vicinity. In another experiment, background gas pressure
was increased from ~10~7 Torr to 2 x 10"8 Torr and the
instability appeared earlier. However, with rf on, changing
the foil and spoiling the vacuum had little effect on the
bunched beam instability.

3. In another experiment, the beam was injected bunched with
rf on, and the rf was switched off in storage. Instability oc-
curred ~250 /it later, which is approximately adebuncfaing
time later. Figure 3 shows the instability developing after
the rf is turned off.

While the studies and calculations indicate an e-p component of
the unbunched-beam instability, the bunched-beam instability source
is not known. Further studies are indicated.

High Intensity Operation

At the end of the 1988 run, new records in maximum stable
stored and extracted beam were established in an optimization run.
At usual operating parameters, a beam of 1.5 x 10" protons is stable
for > 500 (is after injection with Va = 9 kV.

Increasing Vrf to 11.5 kV, adding a second-harmonic rf voltage of
4 kV, optimizing rf phases, aad resteering beam injection and closed
orbit increased stable beam to 2.5 x 1013. Increasing sextupole
strengths to obtain a maximal negative vertical chromaticity of £v =
—4.5 and a slightly negative horizontal chromatidty increased stable
beam to 3.2 x 1013. Adding a small octupole field and readjustment
of the tunes to vz = 3.18, u, — 2.19 increased stable beam to 3.6 x
1013.

Direct extraction after accumulation obtains > 4.0 x 1013 pro-
tons. The exercise demonstrated that the current goal of 3 x
1013/pulse can be reached by manipulation of the existing PSR pa-
rameters, even without a definitive cure of the bunched-beam insta-
bility. Slow losses in this development run were an order of magni-
tude too large for routine operation. However, the planned injector
upgrade (H~ injection) and improved collimation may make this in-
tensity usable.

Search for Impedance Devices

Searches for a possible impedance source or sources which could
drive the observed instability have so far been unsuccessful. The
orbit bumpers were removed without effect, and the rf cavity was
shorted without changing the coasting-beam instability. Measure-
ments of PSR component impedances have not obtained any suffi-
ciently large resistive impedance.4 The PSR beam position-monitor
impedances are in close agreement with calculated values. However,
the impedance of the largest devices, the PSR extraction kickers, has
not been measured and may be large enough to drive the bunched-
beam instability.
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COUPLING-IMPEDANCE AND RESPONSE-CHARACTERIZATION
MEASUREMENTS OF A PROTON STORAGE RING WALL-CURRENT MONITOR*

Linda S. Walling, D. E. McMurry, H. A. Thiessen, and David Neuffer
MS-H817, Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

This paper describes a method to measure the response of a beam current

monitor and reports response and impedance measurement results for a Proton

Storage Ring (PSR) wall current monitor.

Introduction

We have reported a Through-Short-Delay (TSD) cali-bration method for making

coupling-impedance measure-ments.1 We now describe extending this method to

measure the response of a current monitor that is imbedded within hardware that

interfaces to a network analyzer (Fig. 1). We utilize error correction parameters that

are generated using the TSD-calibration to calculate the actual current present at

the current monitor.
Method

The measurement has five steps:

1. Perform the TSD calibration (Fig. 2). This yields the scattering parameters of

the two error networks, SA and SB.

2. Insert the current monitor (Fig. 3), terminating its readout terminals in their

respective characteristic impedances. Measure the s-parameters and apply the

*Work funded by Los Alamos National Laboratory Institutional Supporting Research, under the
auspices of the United States Department of Energy.
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calibration (de-imbed S, the s-parameters of the current monitor, from the measured

s-parameters using SA and SB).

3. Calculate i, the current at the monitor. This can be done by analyzing the flow

diagram of the three networks (Fig. 4) to yield the forward (a) and reverse (b) waves

at the reference plane. Analyzing the flow diagram yields the following:

and
"in

*£n

D

where

The current and voltage at the reference plane are then

D = 1 - S 2 2 A S U - S 1 1 B (

a.
in °in

•= and

1 *in

a_ _6_
a. a.

in in

where Zx is the characteristic impedance of the transverse electromagnetic (TEM)

line formed by the center conductor and the test device.

4. Next, the current is transformed to the plane of the actual pickup element within

the current monitor. Using the ABDC matrix,

^corrected
a i n

^corrected
a i n

jZj singe

cos&t

a in

the corrected current is calculated:
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'corrected . / i; \ sin 01 / i

~~Z. ~J\a. ) Z, \a. .in in 1 in

5. Finally, the network analyzer is connected to the output signal port of the

current monitor (Fig. 1), the disconnected end is terminated in its characteristic

impedance, and transmission 7* is measured, yielding

where Zo is the characteristic impedance of the network analyzer. The response is

then

v v J a.
out out in

corrected in

where
V

r
in

Measurement Results

Figure 5 is a diagram of the wall current monitor that we measured. It has

eight 50-fi pickups. The entire monitor is enclosed in a box lined with ferrite. Four of

the pickups are connected to one four-way combiner, the other four to another four-

way combiner. Then, the outputs of the two four-way combiners are connected to a

two-way combiner. The monitor was measured both with the combiners and without

(terminating connectors at the case). A wire of diameter 1.59 mm was used for the

center conductor, yielding a line impedance Zt = 248 Q. The line impedance in the

regions where ceramic is present are slightly different, Z\ = 257 Q.

Figures 6 through 9 show the results of the coupling-impedance measurement.

Without combiners, the measured resistance agrees well with the expected value,

calculated from the resistance of thirty-two 200-ft and eight 50- £2 resistors in
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parallel. The reactance resulting from the ceramic and steps in the outer conductor

at the ceramic insets is 10 Q at 300 MHz. The response for a single pickup is

shown in Fig. 10. The response for the combined pickup signals is shown in Fig. 11.

These are corrected data, as described in the methods section. In addition, all data

has been corrected for line attenuation between the pickup port and the network

analyzer.

The results show a marked increase in impedance that is due to the cables and

combiners.
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Network
Analyzer

Fig. 1. Physical representation of experiment. Note that the matching
sections on either side of the test device do not necessarily represent a
lowSWR.
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Plane

Fig. 2. Error-correction network to perform TSD calibration. Note
that the error networks SA and SB include all effects starting from
the reference plane (the plane of insertion of the test device) ill the
way back into the network analyzer.
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RAPPORTEUR REPORT

Lee C. Teng
Fermilab

This rapporteur report consists mainly of two parts. Part I is an

abridged review of the status of all High Intensity Hadron Accelerator projects

in the world in semi-tabulated form for quick reference and comparison. Part

II is a brief discussion of the salient features of the different technologies

involved. The discussion is based mainly on my personal experiences and

opinions, tempered, I hope, by the discussions I participated in the various

parallel sessions of the workshop. In addition, appended at the end is my

evaluation and exposition of the merits of high intensity hadron accelerators as

research facilities for nuclear and particle physics.

Part I Review of Status of Projects

(In descending order of certainty of funding)

A. ISIS (RAL) 50 Hz, 800 MeV, (operating since 1985). The intensity

records are as follows:
13

Highest per pulse intensity = 1.64 x 10 p/p (= 136 pA.)
13Normal operation intensity ~ 1.3 x 10 p/p (5 100 /»A)

Highest one-day average current = 97 fiA

13Highest injection intensity = 2.68 x 10 p/p

The machine is down at the moment for repair of damage caused by beam

accidentally hitting the vacuum pipe.
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B. AGS (BNL) 1/2 Hz, 30 GeV, (being modified for higher intensity).

The modifications and the expected intensity gains are' as follows:

• Present operation: ~ 0.9

• Add booster (7.5 Hz, 1.5 GeV, ~ 2 x 1013 p/p) and AGS

modifications - complete in 1991

Resulting operation: 4 booster pulses injected into AGS on

~0.5 sec front-porch, 3 sec AGS cycle time with 1.5 sec flat top,

4 jiA (50% duty).

• Add beam stretcher ring (racetrack having AGS circumference and

housed in separate tunnel, with d.c. solid core magnets and no RF,

cost ~ M$ 57, proposal just submitted)

Resulting operation: 1.5 sec AGS cycle time with no flattop,

8 fkk (100% duty).

C. KAON (TRIUMF) 30 GeV, 100 /*A, 5 rings, polarized p.

• Rings are:

A (accumulator, d.c.), B (booster, 50 Hz)

[A and B in same circular tunnel]

C (collector, d.c.), D (driver, 10 Hz), E (extender, d.c.)

[C, D and E in same racetrack tunnel]

• M$ 11 for R & D in 1988, 1989. Topics include:

Accelerator design

Cyclotron beam extraction

RF cavities: both perpendicular & parallel biased (with LANL)

Beam pipe & vacuum (with SAIC)

Magnet prototypes and power supplies

Controls and instrumentation
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Beam manipulation devices

Experimental areas

• Expecting construction start in 1990 and seeking foreign participation.

D. MKF (Moscow Kaon Factory. TROITSK)

• Architecture (using KAON terminology)

Linac: 0.6 GeV, 100 Hz, (inject every other pulses)

B: 7.5 GeV, 50 Hz, 250 pA

(with C) 12.5 Hz, 250/»A-
D+E: 45GeV •

,(w/O C) 6.25 Hz, 125fiA.

• Schedule

1989 1992 1994 1999

R&D Design Construction

(lOxlO6 rouble) (500 x 106 rouble)

E. JHF Compressor/stretcher ring

As so far proposed the project consists only of a d.c. storage ring

which can be used either as an Extender ring or as a compressor ring for a

spallation neutron facility. Future extension into a full fledged hadron facility

is possible.

Injector: 1 GeV H" linac

Compressor circumference = 174.88 m

Repetition rate = 50 Hz

Injector linac pulse duration = 400 fisec

Pulses in compressor = 2 x 200 n sec (charge exchange

injection)
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As pulse stretcher: slow extraction to give high duty

factor (essentiaHylOO%) & high efficiency
-3

(10" loss) beam spill.

As compressor: One or both pulses can be compressed to

20 nsec and fast extracted.

F AHF (LANL)

* Historical evolution

This project has gone through a number of transfigurations, with

each transfiguration the capability in terms of energy and/or intensity was

extended. The top energy has risen from 30 GeV to 45 GeV and now, to 60

- 100 GeV in response mainly to the desire of studying the Drell-Yan

processes. The capability of the facility considered now also consists of a

super-intense spallation neutron source driven by proton pulses from a 1.6 GeV

compressor.

* The single ring scenario now being discussed is shown in the following

diagram:

(800 Mev, 1 mA, H") {presently available from LAMPF}

(|| [800 MeV SCC linac section]

(1.6 GeV, 500 /*A, H") •» {compressor ring for spallation n source}

HI [600 MeV SCC linac section]

(2.2 GeV, 500 /»A, H")

[6 Hz Driver synchrotron with
charge-exchange injection and
flattop]

(60-100 Gev, 25 fiA, p) {50% duty factor beam spill}
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• Two different sitings of the Driver synchrotron are being considered:

If located on the Mesa Top, at least a part of the present LAMPF

experimental areas can be used for 60 GeV experiments. But the limited

space available on the Mesa Top would require 2.2 T bending dipole field at

60 GeV. If located on the Mesa Bottom one will need a long transport

(called the waterfall) for the 2.2 GeV injection beam from the Mesa Top down

to the Bottom. But then one can use the more leisurely field of 1.4 T even

for 100 GeV. The various dipole field strengths required are summarized

below.

2.2 GeV 60 GeV 100 GeV

Mesa Top 0.11 T 2.2 T 3.6 T

Mesa Bottom 0.042 T 0.84 T 1.4 T

• For the Mesa Top siting 100 GeV does not look feasible. For the

Mesa Bottom siting the 0.042 - 0.84 T for 60 GeV is almost optimal for the

cost of the bend magnets and power supplies.

Discussions of technology will appear in Part II. It is however timely

to provide the following comments here.

• Although possible, it is difficult to provide a flattop for a 6 Hz

synchrotion at 2.2 T. Problems include the regulation and stability of power

supplies, the necessity of shorting out the RF cavities on the flattop, the

debunching and the stability of the beam etc. It is simpler to add a d.c.

Extender ring, E. Advantages are:

1. Factor ~2 increase in average beam intensity and spill duty

factor.
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2. Much better regulation and stability obtainable by the d.c.

power supply.

3. Need to short out the Driver RF cavities eliminated.

4. Beam debunching & stability in £ much better controlled.

5. Beam loss and radioactivity more easily coped with in E.

6. High efficiency slow extraction system easier in E.

The cost of the d.c. Extender could be minimal especially since it is offset by

cost savings due to the simplifications mentioned above.

• In extending the capability of a multipurpose facility the increased

complexity of operation and scheduling, and the reduced availability for each

purpose must be considered and weighed against the cost savings from adding

separate single or a-few purpose facilities.

G. EHF-at-Legnaro (Italy)

The original 45 GeV, 100 /lA EHF did not receive support and was

replaced by the EHF-at-Legnaro which is described by the following diagram.
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16 MV Tandem
Van de Graaff

ALPI - L
100 individual
superconducting
cavities

rSi, 20 Mev/n)

LU, 6 Mev/u

Pre-booster
(PB)

b Facility being construction
at Legnaro

200 MeV
p linac

Proposed addition to
k provide both high energy

heavy ions and high
intensity protons

First
holding-ring
(FHR)

Proton parameters of PB (B in KAON terminology)

Racetrack synchrotron

Circumference = 256 m

Repetition rate = 50 Hz

Peak kinetic energy = 1.26 GeV

Intensity = 1.25 x 1013 p/p (100 pA)

FHR (C in KAON terminology)

D.C. storage ring to store beam from PB and inject into future
next-stage high energy synchrotion.
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Circumference and lattice same as those of PB.

Part II Evaluation of Technology

This part contains expositions of my own personal formulation of design

considerations and principles, evaluation of important factors and assessment of

technological requirements and difficulties for the component systems of a High

Intensity Hadron Facility. For a list of component systems and technologies I

will simply use the headings of the workshop groups.

1. Architecture

For beams of tens of GeV and tens of pA. the only viable

Driver, D (main accelerator), is a rapid cycling synchrotron. If a high current

injector such as a linac is available which can fill the driver (generally by

charge exchange injection) in a time much shorter than the cycle time, then

the basis structure is simply

BASIC: Linac • D •» E

where the Extender, E, is added to provide a 100% duty factor for

experiments.

If the momentum (magnetic field) range required of D is much

larger than a ratio of, say, 40 or if the application desires the availability of

an intermediate energy one will want to add a Booster (B), and the boostered

structure becomes

BOOSTER: Linac + B * (C)D •> E

where a Collector, C, is needed to collect the pulses from B for injection into

D.
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If furthermore, only a cyclotron is available as injector one

must add an accumulator, A (a collector) to collect pulses from the cyclotron

for injection into B.

CYCLOTRON: Cyclotron + (A)B • (C)D * E

and we have the "5-ring circus". The architecture of a high intensity hadron

facility is, thus, seen to be entirely logical, straightforward and unique.

The energy stops after the injector and the booster are chosen

to optimize cost and experimental utilization. Generally, the ranges of field

strength required in the synchrotron do not impose any limitation on the

choice. It is desirable to avoid transition crossing in the synchrotrons. This

can always be accomplished fairly readily by appropriate lattice design.

2. Magnet and Power supply

Technologically conventional magnets can be made applicable

over a very wide range of field strength. The lower limit can be pushed

down to 200 G or lower and the upper limit can be pushed way into

saturation, say, beyond 2.5 T by using shaped and cranulated poles, and pole-

face coils. However cost optimization gives B „ < 1 T for fast cycling
max

magnets. Thus the choice of B depends largely on economic, utility, and

other non-technical factors.

Economic and operational factors should be considered also in

the choice of power supplies. Magnet ramp gymnastics such as asymmetric

up-and-down pulsing and flattopping can certainly be done by switching

between power supplies of different frequencies, but the gain/loss of these

arrangements should be evaluated. For example, the cost, complexity and

reliability of the dual frequency power supply for asymmetric pulsing should be

weighed against the savings in RF, and the cost savings of a, say, 50% duty
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factor flattop arrangement should be compared to the factor 2 higher intensity

and 100% duty obtainable from an Extender ring.

3. RF System

Next to the slow extraction system the rf system is perhaps

the most demanding. On the other hand, the LANL/TRIUMF rf research and

development program is progressing well. Both the perpendicular and the

parallel biased ferrite tuners are being studied and compared. There is, so

far, no unsurmountable problems for either configuration. For example, it was

shown that the leakage field from the perpendicular biased ferrite can indeed

be adequately shielded from affecting the beam.

Damping of the higher-order-modes in the cavities must be

studied and carried out with a great deal of care.

4. Beam Instabilities

It appears that only transverse instability (principally vertical)

will be present. This implies that the transverse coupling impedance (Z/n)

budget should be strictly controlled during construction. Even then, the use

of vertical feed-back damper is likely to be unavoidable. But the over all

problem of high current beam instabilities is not expected to be troublesome.

Compared to electron machines the peak bunch-current of the hadron facility

accelerator is still rather low.

The instability due to trapped electrons is present only for an

unbundled beam. Clearing field may be necessary for the Extender ring.
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5. Injector Linac

The by-now "standard" linac seems to be quite adequate.

This is shown in the diagram below:

Beam parameters:

Energy =

Current = 33 mA

RF parameters:

Frequency =

Power =

Length =

400 MHz

0.25 MW

2.9 m

400 MHz

6.1 MW
+ beam

45 m

800 MeV
(lSOOMeV)

30 mA

1200 MHz

40 MW
+ beam

326 m

6. Polarized Beam

Full and partial Siberian snakes can be applied to suppress

depolarizing responances in all synchrotrons. The effectiveness of these

Siberian snakes will be demonstrated and studied in an experiment soon to be

performed at the Indiana University Cyclotron Facility. If the actions of full

and partial snakes are as expected the acceleration of polarized beam will be

simple and straight forward.

Efforts are being spent in developing high current polarized

proton sources. It appears that xnilliampere currents may be feasible. The

availability of high intensity polarized beams will greatly enhance the usefulness

of the hadron facility.
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7, Beam Pipe and Vacuum

The R&D effort by LANL/SAIC has resulted in some very-

good metal coated ceramic beam pipes which should be entirely satisfactory in

all aspects: electromagnetic, structural and vacuum properties.

8. Slow Extraction

This remains to be the most difficult problem. The solutions

so far proposed are either unrealistic or at best marginal and difficult to

implement. All of these schemes employ some kind of pre-septum to reduce

the beam loss.

• The magnetic pre-septum discussed by MKF needs a great deal more

detailed study. It is not clear at all how the magnetic pre-septum

which is simply a very small aperture quadrupole, works.

• The electrostatic pre-septum discussed by KAON works in a

straightforward manner. To make the effective thickness small it is

clear that the septum must be short and the wires must be thin.

The KAON design attains a 20 fim effective thickness with 10 /tm

diameter wires and 1/2 m septum length. With a 10 mm step-size

this should give a beam loss of only 0.2% (The experiences at

Fermilab, however, show an unexplained factor of 2 to 4 greater beam

loss than calculated in this manner). Even for 0.2% we have a beam

loss of 0.2 fiA at 30 GeV which is larger than the total AGS beam

current before the upgrade.

This points out clearly that

1. New ideas and more efforts are needed.

2. It is likely that remote handling is necessary.
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3. It is perhaps easier to cope with the beam loss in the d.c.

Extender ring than that in the Driver synchrotron.

Appendix The Need for High Intensity Hadron Accelerators

Historically, as the energy of accelerator increases the intensity or

luminosity that can be provided decreases as one goes from linac to cyclotron
2to synchrotron to colliding beams. With the 1 mA and 1 cm cross-section

38beam of LAMPF on a 1 mole target one gets a luminosity of ~ 4x10
2 1 30 31 -2 -1

cm sec . This should be compared to the 10 -10 cm sec luminosity
o

of high energy colliders. With the 100 /»A, 10 mm cross-section beam, say,
38of KAON on a 1 mole target we can get back the luminosity of M 4x10

-2 -1cm" see' thus covering the so far unexplored parameter space of energies up
38 -2 -1to 30 GeV and luminosities up to "4x10 cm sec .

To obtain higher energies, one needs to go to higher field strength or

larger size. With SSC one will have reached the practical limits in both

directions. One is then left with the only option of going to higher precisions.

For this one needs higher luminosities and more sophisticated experimental

designs and detectors.

It is interesting to note that even if one's interest is to reach high mass-

scales, incident luminosity can be traded for energy. For hadron interactions

at high energies the cross-sections vary roughly as

' f (JL) co ±(JUL)J
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where

E = center-of-mass energy

M = mass-scale reached

f = rapidly decreasing function which is related to the quark-

gluon structure function in the hadron. The inverse 6th

power dependence is the approximate scaling suggested by

Llewellyn-Smith.

The luminosity L required is inversely proportional to O or

Solving for M we get

where E~ a E is the laboratory energy. Thus we see that luminosity trades

as E ' or E-, ' even for reaching high mass-scale (energy) phenomena.

For experiments aimed at high precision observations of minute effects, with

all other factors equal, precision (hence the value of the experiment) is directly

proportional to luminosity.
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Concluding Remarks:

an advanced hadron facility workshop

at Los Alamos

by
Arch Thiessen
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Effect of AHF Workshop!

00
as

Milestone for Participants
- preparation of contributions

Training for Young and Old Students
- judged by peers
- more people needed whatever site is chosen

Mixing of Ideas
- among many groups from all the world
- part-time or occasional participants
- many divisions at Los Alamos

A Step Towards Final Design of Hadron Facility
- wherever in world it may be constructed

Improved Understanding of PSR

Los Mm
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A Revelation for Me |

Baseline Shift in BPM Difference Signal at PSR
- possible indication of electrons

Once again, no clear signature
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Prognosis!

No Hadron Facility Approved Next Year

- a few more years needed

Physics Case is Clear

Politicians not ready for a New Facility

- with budgets and trade deficits to be balanced

Los Alamos
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Next Year's Workshop)

Here in Study Center at Los Alamos

February 26- March 3, 1990

Reserve These Dates

Hasta la Vista!

U
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