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Overview of Proposed Projects on Accelerator R&D 
 
The linear collider is an ambitious project.  The center of mass energy will be a factor of 
5 to 10 larger than that achieved at the SLC, and the required luminosity is four orders of 
magnitude larger than the SLC luminosity.  Minimizing the length of the machine places 
difficult demands on the accelerating structures and their associated RF systems.  The 
need for high luminosity places extreme demands on all of the accelerator systems due to 
the need to produce and maintain a very low emittance beams with very large bunch 
energy and beam power.   
 
Two technological solutions using conventional RF sources, a normal-conducting design 
(NLC/JLC-X) and a superconducting design (TESLA) have been extensively developed.  
Most of the research and development work has been done at the large laboratories, 
which have the engineering resources for large-scale prototyping (of, for example, 
accelerating structures, modulators, klystrons, and RF distribution systems) and the 
resources to build large test facilities (e.g., FFTB, NCLTA and ASSET at SLAC, ATF at 
KEK, and TTF at DESY).  
 
These test facilities have demonstrated that the NLC/JLC-X and TESLA approaches are 
feasible.  However, considerable additional work is required before a 0.5 to 1.0 TeV cms 
linear collider can be successfully constructed and operated.  Challenges exist in beam 
dynamics, source technology, RF technology, magnet and kicker technology, ground 
motion and vibration suppression and compensation, instrumentation and electronics, and 
control systems.  
 
Summary of R&D Covered by the Proposal 
 
The sub-proposals presented here represent an initial overlap of what university groups 
can do and what the lab groups have suggested is needed.  Since linear collider 
construction is expected to be underway in several years, these sub-proposals are 
expected to bear fruit on a commensurate time scale. 
 
Although these sub-proposals represent an early step in the development process, they 
span a rather significant part of the work that needs to be done. We present below a brief 
summary, organized by major topic, of the how the sub-proposals meet the R&D needs of 
the Linear Collider program.  
 
Among the topics still needing attention are ultra precise (~1 nanometer) beam size 
monitors for the interaction point, cryogenic sensors (for superconducting final doublet 
vibration control), and superconducting quadrupole vibration system tests. 
 

Beam simulations and calculations 
 
The linear collider must produce and maintain a beam with unprecedented low emittance, 
with low jitter, low losses, and few halo particles.  It must also preserve the polarization 
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of the electrons (and possibly positrons).  Beam dynamics simulations and calculations 
are needed to learn to control the effects that cause emittance growth, jitter, particle and 
polarization loss, and halo production. The beam in the injector system, comprising 
sources (A, E), damping rings (F,G) and bunch compressors, is susceptible to space 
charge effects; dynamic aperture limitations from damping wigglers and chromaticity 
correction; emittance growth from misalignments and intrabeam scattering; instabilities 
from electron clouds, ions, and wake fields; and coherent synchrotron radiation (B).  In 
the main linac the emittance must be preserved in the presence of wake fields and 
alignment errors (C,H).  The transport and collimation of the beam halo is a serious 
concern for detector backgrounds (H). The beam delivery system (D) must minimize 
backgrounds and keep the beams in collision in the presence of vibration.  Each of these 
areas requires substantial additional calculational work before a linear collider can be 
successfully built and operated.  
 
A. LCRD Simulation Study of Source Issues for the 

Linear Collider  
Dan Amidei, 
J.Rosenzweig 

Michigan, 
UCLA 

B. LCRD Coherent Synchrotron Radiation James Ellison New Mexico 
C. LCRD Low Emittance Electron Beams for 

Wakefield Measurements  
Kwang-Je 
Kim 

U Chicago 

D. UCLC Simulation of Nonlinear Beam Dynamics 
and Interconnection to Beam Monitoring 
Subsystems 

Martin Berz Michigan 
State,  Illinois 

E. UCLC Improved simulation codes and diagnostics 
for high-brightness electron beams 

Court Bohn Northern 
Illinois  

F. UCLC Damping ring studies for the LC Sekazi 
Mtingwa 

MIT and 
NCA&T 

G. UCLC Experimental, simulation, and design 
studies for linear collider damping rings 

Joe Rogers Cornell 

H. UCLC Beam simulation: main beam transport in 
the linacs and beam delivery systems, beam 
halo modeling and transport, and 
implementation as a diagnostic tool for 
commissioning and operation 

Dave Rubin Cornell 

 
 

Electron and positron source technology 
 
Positron sources for the linear collider could be of the conventional type, with several 
operating in parallel to avoid fracturing targets, or could be based on undulator radiation 
striking a thin target. The latter idea has advantages including the possibility of producing 
polarized positrons, but suitable undulator prototypes must be produced, and a beam test 
of the principle is desirable (B,C). 
  
The electron damping rings might become considerably simpler with the development of 
a very low emittance polarized flat beam source (A). 
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A. LCRD Flat beam generation in Photocathode and 

Advanced Beam Manipulations  
S. Y Lee Indiana 

B. LCRD Study of Polarized Positron Production for the 
LC  

William 
Bugg 

Tennesee 
SouthCarolina 

C. UCLC Development of Super-conducting Helical 
Undulators for Positron Production 

Kwang-Je 
Kim 

U Chicago 

 
RF Technology 
 
The design of the X-band main linacs is limited in accelerating gradient performance by 
electrical breakdown of the rf structures.  On the other hand, the gradient performance of 
superconducting cavities is limited by the Q of the cavities.  The cost of the X-band 
design would be reduced if the power output capability of the X-band klystrons were 
increased. Understanding the sources of the breakdowns in the X-band structures and 
increasing the performance of the klystrons are important for demonstrating the technical 
performance of NLC main linacs and reducing their costs (A, B, C, D, G). Understanding 
the limitations of superconducting cavities and extending their performance will allow for 
an enhanced energy goal for the TESLA main linacs, reduced cost, or both (E, F).  
 
A. LCRD Investigation of acoustic localization of rf 

cavity breakdown  
George 
Gollin 

Illinois 

B. LCRD Investigation of Breakdown in 17 GHz 
Accelerator Structures  

Michael 
Shapiro 

MIT 

C. LCRD RF Cavity Diagnostics, Design, and Acoustic 
Emission Tests  

Lucien 
Cremaldi 

Mississippi 

D. LCRD Control of Beam Loss in High-Repetition Rate 
High-Power PPM Klystrons 

Mark Hess MIT 

E. LCRD Nonlinear electrodynamic response and 
nanostructural chemical analysis of RF 
superconducting cavities  

Alex 
Gurevich 

Wisconsin 

F. UCLC Research in Superconducting Radiofrequency 
Systems 

Hasan 
Padamsee 

Cornell 

G. UCLC Breakdown Experiments at 34 GHz J. Hirshfield Yale 
 
 
Kicker and Magnet Technologies 
 
One of the novel and controversial features of the TESLA design is its large damping 
rings which require fast kickers to inject and eject bunches one at a time.  The 
circumference (and presumably the cost) could be reduced if faster kickers were available 
(A, D). 
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Permanent magnet technology is attractive for many parts of any linear collider complex.  
These include the fixed energy damping rings, beam transport lines, and the X-band main 
linacs.  This technology offers the possibility of eliminating costs associated with 
electromagnets which require power supply systems, and may require cooling water 
systems. The performance capabilities of magnets based on permanent magnet materials 
(especially their radiation resistance) must be understood before considering them for 
reducing the costs of several subsystems throughout linear colliders (B, C). 
 
A. LCRD Investigation of Novel Schemes for 

Injection/Extraction Kickers  
George 
Gollin 

Illinois 

B. LCRD Ring-tuned, permanent magnet-based Halbach 
quadrupole  

James 
Rosenzweig 

UCLA 

C. LCRD Radiation Damage to Permanent Magnets Lucien 
Cremaldi 

Mississippi 

D. UCLC Investigation and prototyping of fast kicker 
options for the TESLA damping rings 

Gerry Dugan Cornell 

 
 
Ground Motion, Vibration, and Mechanical Support Systems 
 
The choice of a site for a linear collider will include consideration of the vibrations 
inherent at the site.  The characterization of ground vibrations as a function of depth will 
help determine the depth at which a linear collider will have to be located (A). 
 
The rf structures and magnets in the NLC main linacs will have to be accurately moved 
and, due to their great number, the development of an inexpensive system to do this will 
reduce costs.  The final focus magnets in NLC and TESLA also require movers with even 
greater accuracy but their number is smaller (B). 
 
A. LCRD Ground Motion studies versus depth Mayda 

Velasco 
Northwestern 

B. LCRD Linac and Final Doublet movers: 50 - 10 nm 
step, low vibration, radiation hard 

David 
Warner 

Colorado 
State 

 

Instrumentation and electronics 
 
The very small vertical and longitudinal emittances of a linear collider beam are near or 
beyond present beam size resolution limits. The linear collider will require the 
development of monitors surpassing the performance of present designs (A, B, E, F, G). 
Sensitive monitors for transverse-longitudinal beam “tilt” would improve the ability to 
minimize emittance growth (D). Control of the beam halo requires a monitor which can 
detect low intensity halo despite the presence of a high intensity beam core. 
  
The linear collider will have special requirements for electronics: radiation hardness, 
speed and depth of data acquisition, reliability, and remote serviceability (C, H, I). 
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A. LCRD Beam Halo Monitor  Lucien 

Cremaldi 
Mississsippi 

B. LCRD Beam Test Proposal of an Optical Diffraction 
Radiation Beam Size Monitor at the SLAC 
FFTB  

Yasuo Fuki UCLA 

C. LCRD Design and Fabrication of a Radiation-Hard 
500-MHz Digitizer Using Deep Submicron 
Technology  

K. K. Gan Ohio State 

D. LCRD RF Beam Position Monitor for Measuring 
Beam Tilt  

Young-Kee 
Kim 

UC Berkeley 

E. UCLC Non-intercepting electron beam size diagnosis 
using diffraction radiation from a slit 

Bibo Feng Vanderbilt 

F. UCLC Single-shot, electro-optic measurement of a 
picosecond electron bunch length 

Bill Gabella Vanderbilt 

G. UCLC Prototype Synchrotron Radiation Telescope for 
Beam Size Monitoring 

Jim 
Alexander 

Cornell 

H. LCRD Machine Serviceable Electronics Standards  Michael 
Hanley 

Illinois 

I. LCRD Radiation damage studies of materials and 
electronic devices using hadrons  

David Pellett UC Davis 

 
Control Systems 
 
The international nature of the linear collider collaboration lends itself to the possibility 
of a truly global accelerator network for controlling the machine. Exploration of the 
capabilities of such a network and its basic unit (the virtual control room) will help 
demonstrate the feasibility of this technique (B, C).  The successful and efficient 
operation of a linear collider will require a control system which is carefully specified to 
meet the needs of the machine operators and other users of its diagnostic information.  An 
understanding of the fundamental requirements and tools of the control system are 
required (A). 
 
 
A. LCRD Investigation of Linear Collider Control 

System Requirements and Architecture  
Gerry 
Abrams 

Berkeley 

B. LCRD Virtual Accelerator Control Room S. Y Lee Indiana 
C. UCLC Investigation of GAN Techniques in the 

Development and Operation of the TTF Data 
Acquisition System 

Don Hartill Cornell  
Ohio State 

 
Non-e+e- collisions 
 
A major facility like the Linear Collider should enable a broad spectrum of physics 
programs. In addition to the high energy e+e- operation, other possible programs include 
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Z-pole studies at a separate collision region, e-e- or γγ at the high energy region, or 
Compton backscattered photons from the spent beams. In the latter case, there is a novel 
program with polarized photons on fixed target, and also a platform for prototyping the 
laser-beam issues for γγ without disrupting the initial high energy e+e- program. 
 
A. UCLC BACKGAMMMON: A Scheme for Compton 

backscattered photoproduction at the Linear 
Collider 

Sekazi Mtingwa MIT and 
NCA&T 

 
 
We now present the accelerator R&D sub-proposals. 
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BEAM HALO MONITOR-     Accelerator Physics 
Institution:  U. Mississippi 
Names: Lucien Cremaldi*, Igor Ostroskii 
Email:  cremaldi@phy.olemiss.edu 
Phone:  662-915-5311 

 
I. OVERVIEW 
 
Beam representing  represent 1 part in 106  of an e±  beam or proton beam core is often 
the major cause of detector background problems  and unwanted secondary radiation into 
beamline areas. Beam profile monitors generally focus on the core and loose sensitivity 
in the halo “tail” region where a large dynamic range of detection efficiency  is 
necessary.  Beams of order 1014 particles per beam  are being proposed for future linear 
colliders. As sensitive probe of halo particle rates of (106-108)s-1 through a small detector 
just a few sigma from the beam core could help to reduce beam halo related backgrounds 
substantially.  
 
In a most common implementation of a beam profile monitor a thin wire is moved across 
the beam and a correlation is formed between secondary emissions and mechanical 
position of the wire.  This wire can suffer irrevocable damage in cased of high power 
density beams 1014/s. A few techniques are still plausible in these situations, (1) a “laser 
wire scanner” in which a laser beam is scanned across the beam and scattered emissions 
are detected and correlated[1], (2) A low density vapor-jet  is sprayed across and 
detected[2]. (3) A carbon wire/graphite sensor is moved in to the beam and direct 
ionization or displacement current is recorded as a function of sensor position [3].  
 
Systems of type (1) are being proposed for the NLC and may well lead to a successful 
profiling device but may have difficulty in the halo region where particle densities have 
dropped. Perceived difficulties in implementation of (2) leads to an interest in developing  
a carbon wire/graphite system with possible improvements in efficiency, signal-to-noise, 
and dynamic range if CVD diamond sensors are used.   
 
 
II. LEDA PROTON BEAM INSTRUMENTATION [3] 
 
At the “Low Energy Demonstration Accelerator” LEDA at LANL a 100ma@ 6.7 MeV 
proton in injected in to a 52 quad FODO lattice for studies of beam halo. Monitoring of 
sufficient detail must be accomplished in order to understand mismatches from upstream 
lattice dynamics. The “halo” monitor is based on a 33µm carbon wire mounted on a 
mechanical frame. As secondary electrons are emitted from the carbon wire in collisions 
with the e/p beam a displacement current is amplified and measured.  
 
The carbon wire passively cooling by radiation is quickly moved across (scanned) the 
proton beam providing a coarse measurement of the beam profile . Care is taken to keep 
the carbon filament temperature below Tc=1800K to prevent the onset of electron being 
emitted by thermionic emission which produce bogus readings. Based on this profile a 
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pair of water-cooled graphite scrapers can be moved to within 2 σ  of the beam 
centroid  before overheating at Tc. The 6.7MeV protons stop in the water-cooled graphite 
scrapers after penetrating about 300µm. Again the displacement current is amplified and 
the halo profile can be measured . The analogue noise floor is measured to be about 
~30fC ( 500K e) permitting a 3 :105 halo/core discrimination.  
 

 
III.  CVD  DIAMOND MONITOR 
 
Diamond pixel detectors have been successfully operated in particle beams  as ionization  
detectors [4].  CVD diamond displays a number of unique properties that makes it ideal 
for use in high radiation envirionments :  
(1) High thermal conductivity,  >1400 W/m-K .  
(2) Low thermal expansion coefficient (2 x 10-6) / oC.  
(3) Good mechanical rigidity, 
(4) Radiation hard, > 1015 hadrons/cm2 
(5) High dark current resistivity > 1011 Ω,  
(6) High dielectric strength, 100 V/µm .  
 
 
About 3600 eh pairs are produced per 100µm per minimum ionizing particles (mip).  The  
polycrystalline structure may hamper full charge collection when used as a tracking 
detector, but this inefficiency  will not be so important when used as a ratemeter.  The 
high thermal conductivity makes thermal management easier.  
 
CVD diamond offers great advantages over carbon/graphite wands described in [3] in 
that it is sensitive at the single particle (mip) level.   The polycrystalline behaves as a 
solid state ionization chamber through its intrinsic semiconductor properties.  When 
biased,  charge released in to the conduction band from collect charge, sensitive to single 
particle levels (mips) and not just charge displacement. The mip energy deposited in the 
diamond may be to effectively form a sensitive ratemeter. With signal rise times on the 
order of 2ns we can expect sensitivity out to rates of > 108 s-1 .  
 
Small sub-millimeter size detectors or films [5] can be micro-fabricated.  Or complex 
electrode patterns (via masks) can be deposited onto a CVD diamond substrate forming 
1D or 2D pad arrays.  A 300µm detector could give enough detectable charge in single 
pulse mode, possibly a much thinner detector (50um film) could be used in integral 
mode? Pads as small as 50µm linear dimension are practical.  
 
 
 
 
 
 
 

1/2mm 
20mm 

C:\Linear_collider\LCRD_UCLC_proposal\assembly area\cremaldi2.pdf

2.1.3



DraftDraft

As in the LEDA detector the central beam core transverse dimensions (σxy)  could be 
sensed with a carbon wire apparatus. A CVD diamond cold-finger could then move to 
with a few  σxy  of the beam and monitor the halo rate. The size of this monitor could be 
quite small if cooled efficiently. Or a pad detector could be utilized to take multiple 
readings when in the lead pad is in place.  A number of options are available. The device 
might be flipped in to the beam in a more complex design. The wand can be made of high 
thermally conductive carbon materials ( CVD, c-c, C-fiber, pyrolytic graphite). These are 
all light weight and excellent thermal conductors.  
 
 
 
 
 
 
 
 
 
 
 
 
In a less intrusive, but unproven, approach MeV electrons from a β gun would be placed 
opposite a linear array and electrons scattered by the intense beam. A diffraction 
(scattering)  pattern would be indicative of the beam shape when unfolded.  This 
technique might replace the C-wire for determining σxy and may be sensitive enough to 
detect halo at some level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IV.  EXPERIENCE and INFRASTUCTURE 
 
Our group has been working with Si/Diamond pixel detectors for a number of years. We 
have developed mechanical and cooling schemes, worked with high Tc carbon materials 
and fibers. In 2000 we participated in a successful test beam run with Rutgers University 
(member of RD42), successfully reading out a 150µm x 150µm diamond tracker.  who 
have extensive experience with CVD diamond, metalization of pads, wire bonding, and 

Beam 
Linear Array 

C-Wire 

Flipper 

10 σ 

β− 
linear  
array beam spot 
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working with vendors. Igor Ostrovskii, listed on the proposal, is a materials expert and 
able to obtains some CVD diamond detectors in Kiev. We also have physics equipment 
(amplifiers, ratemeters, etc. )  to begin development of single detectors.   
 
Machine shop time for fabrications would be donated by the department as well as some 
matching funds from overhead. 
 
 
V.  WORK, GOALS, DELIVERABLES 
 
(A) Enter into discussions with the  LEDA group at Los Alamos on the graphite scraper 

approach. 
 
(B) Enter in discussion with the  RD42 Collaboration  on rate capabilities and saturation 
    effects in CVD diamond .  
 
(C) We will obtain diamond detector samples from sources (Norton Diamond, Rutgers 
U., Kiev, etc.) for elementary testing As metallisation and attachments of leads is 
nontrivial, we will rely our colleagues.  
 
These first detectors will be tested in a simple setup depicted below. A Sr90 beta gun will 
provide the source. Some rate tests are envisioned as a function of amplifier integration 
time (fast-25 ns, slow- 2µs). The Sr90 profile will be measured determining halo 
sensistivity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(D) As we become experienced with the single detectors, we will look in to fabricating a  
a linear array and readout. At this time we will begin development of a fully cooled 
prototype.  which may be inserted into an electron beam  at SLAC.  

Sr90 

Trigger 

V
b

Detector

PreAmp 

Shaping 

Rate 
Meter 

ADC 
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(E) The question of β-particle cross scattering from the intense beam core is intriguing.  
Additional calculations of rates and backgrounds are in order. 
 
(F Future) We are also interested in the Laser Compton Scattering technique when 
applied to the beam halo region. We would focus on detection of 106-108/s-cm2 beams 
from radioactive sources with laser scattering techniques.  The beam intensity is very low 
in halo regions where the technique is less applicable. Never-the-less it should be thought 
through.  We would propose to join our colleagues from the US, UK, German, and Italy 
focusing on data recording and analysis of data in the beam halo  regions.    
 
 
VI.  BUDGET    FY03/04 DESCRIPTION 
 
A. CVD Diamond samples    8000  CVD detectors from De Beers, etc.. 
B. Metallisation and leads     2000  Pad etching and attach leads.  
C. Sr90  source      2000  Intense β source. 
D. Fast Integrating Amp     3000  Fast Amp for rate tests. 
E. Materials&Supplies    3000   
F. Student Labor     5000  Undergraduate (2 semesters) 
G. Indirect Cost (34% on A,B,C,E)   5100 
H. Fringe (3% on F)       150 
     29,150  
 
 
REFERENCES 
 
[1] “Proposing a Laser Based Beam Size Monitor for  the Future Linear Collider”,  
T. Kamps  et al.,  PAC 2001Conf Proceedings, p1339. 
 
[2] “Non-Destructive Heavy Metal Jet Profileometer for High Power Beams”,  A. 
Aleksandrov et al.,  PAC 2001Conf Proceedings, p1330. 
 
[3] “CVD-Diamond-Based Position Sensitive Detector Test with Electron Beam from a 
Rhodotron Accelerator”, Deming Shu, et al. PAC 2001Conf Proceedings, p2435.  
 
[4] IEEE Transactions in Nuclear Science, Volume 49,  p277, ‘Thin CVD Diamond 
Detectors With High Charge Collection Efficiency”, A Brambilla et al,  NIM 49 277 Feb 
2002,  
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Project name     Beam Test Proposal of an Optical Diffraction Radiation Beam Size  
                            Monitor at the SLAC FFTB 
 
Classification     Accelerator 
 
Institutions and Personnel 
 
University of California at Los Angeles, Department of Physics and Astronomy : 
David B. Cline (Professor), Yasuo Fukui (Assistant Research Physicist),  
Feng Zhou (Postgraduate Research Physicist) 
 
Stanford Linear Accelerator Center : 
Marc Ross (Staff Scientist), Paul Bolton (Staff Scientist) 
 
KEK, High Energy Accelerator Research Organization, Japan : 
Junji Urakawa (Associate Professor), Makoto Tobiyama (Assistant Physicist) 
 
Tokyo Metropolitan University, Physics Department: 
Ryosuke Hamatsu (Associate professor), Toshiya Muto (Graduate student), 
Pavel V. Karataev (Graduate student) 
 
Tomsk Polytechnic University, Russia: 
Alexander P. Potylitsyn (Professor),  Gennady A. Naumenko (Postgraduate Research 
Physicist), Alexander S. Aryshev (Grad. Student) 
 
Contact Person 
Yasuo Fukui 
fukui@slac.stanford.edu 
(650) 926-2146 
 
Project Overview 
  
The Optical Diffraction Radiation(ODR) is generated when a charged particle bunch 
passes by inhomogeneous boundaries, and is considered as the wakefield of a beam 
bunch. By using a tilted conducting slit where a beam bunch passes through the center of 
the slit aperture, we can observe the interference pattern of the backward scattered ODR 
from two edges of the conductive slit. The ratio of the photon intensity at the peak of the 
interference pattern of the ODR and that at the valley of the photon intensity gives the 
information of the transverse beam size.  Because the distances of the edges of the slit 
from the beam central trajectory is typically 10 times or more larger than the transverse 
beam size, this beam size monitor is non-invasive, which is essential to minimize the 
beam loss in beam size monitor.  This beam size monitor measures the beam size of a 
single bunch, and the fraction of the sampling of the beam bunches depends on the speed 
of the readout system of the interference pattern of the ODR. 
     Most of the experiments on the use of the ODR for a beam size monitor has been done 
only recently with electron beams up to around 1 GeV at TTF(Tesla), and at ATF(KEK) 
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 2 
[1 - 3]. With the 28.5 GeV e-/e+ beam at the SLAC FFTB (Final Focus Test Beam), the γ 
factor of 5.8×104 allows us to use much larger aperture size than those with lower beam 
energy, which contributes to reduce the background photons significantly. The test of the 
beam size monitor by using ODR at the SLAC FFTB provides a unique condition for a 
non-invasive beam size monitor with the highest beam energy electron and positron 
beam. The transverse RMS beam size of electron and positron beam at a focal point of 
the SLAC FFTB are 2 -10 µm in horizontal and vertical. The FWHM bunch length is 0.7 
mm. The intensity of electron and positron beam is 1-3 × 1010 particles/pulse. The 
normalized transverse emittances are 3 - 5 ×10-5 m-rad in horizontal and 0.3 - 0.6 ×10-5 
m-rad in vertical. 
    The international collaboration, with researchers at KEK, Tokyo Metropolitan 
University, and at Tomsk Polytechnic University who have done significant R&D on the 
beam size monitoring with the ODR at the KEK ATF in Japan with the 1.3 GeV electron 
beam [3], allows us to understand the dependence of the beam size measurement with the 
ODR on the beam energy and on the level of the background radiation. The experience of 
groups of UCLA and SLAC on the use of the SLAC FFTB in the recent E150(plasma 
lens) Experiment benefits the design, preparation and the beam test of the ODR beam 
size monitor. 
 
Description of the project activities 
 
     A schematic diagram of the beam size monitor with the ODR interference pattern 
measurement and a conventional wire scanner for a cross calibration is shown in the right 
hand side figure. Because the wavelength of the diffracted optical photon, around 0.5 µm, 
is much longer than the beam bunch length, 0.7 mm, the observed optical diffractive 
radiation is incoherent, where a simple CCD camera can be used. The CCD camera is 
trigger-able with 1000×1000 pixels with 14-16 bits resolution in each pixel. The size of 
the CCD is 16 ×16 mm2. The target slit is made of crystalline wafer/block with 3-5 µm 
thick Au conductor coating on the top plane. The slit aperture is around 0.2 mm. 

 
 

                                                       A Schematic Diagram 
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     Assuming the typical transverse beam size of 5 µm(horizontal) ×5 µm(vertical), at 
the SLAC FFTB focal point, the measurement error of the transverse beam size is 
expected to be around 0.06 µm in an ideal case by using the interference pattern of the 
optical diffraction radiation with a bandwidth of 480 - 520 nm.  The size of the error of 
the transverse beam size measurement depends on the level of the background photons 
into the CCD camera and the stability of the transverse beam size and shape and the 
location of the transverse center of gravity of the beam.  The transverse tail part of the 
beam interacts with the target slit which generates the optical transition radiation (OTR). 
Scattered synchrotron radiation of the target slit can also contribute to the background 
optical photons. The downstream end of the closest dipole and quadrupole magnets are 
20 m and 1 m away from the target slit respectively.  The total path length of the ODR 
photons between the target slit and the CCD camera is around 30 m where the CCD 
camera is located in a measurement room located outside of the FFTB tunnel shield wall. 
     The expected number of photons of the optical diffraction radiation in the 1 
dimensional angle range of 10/γ  rad with the bandwidth of 480 - 520 nm is around 1 
×106 / (electron/positron) which is roughly the same as that of the optical transition 
radiation, if the conducting plate is placed directly in the beam. The number of ODR 
photons in the bandwidth has weak dependence on the beam energy. Study is underway 
to investigate the possibility of using the polarization of the optical diffraction radiation 
in order to suppress the background optical photons into the CCD camera with a 
polarization filter. 
 

 
                            Top View of the Experiment Area in the SLAC FFTB Beam Line 
 
     The goals of the beam test for the beam size monitor with optical diffractive radiation 
at the SLAC FFTB are : 
 

1. establish the measurement system of the transverse size of the 28.5 GeV electron 
and positron beam with the optical diffraction radiation, 

2. obtain the size of the systematic error of the transverse beam size measurement by 
using the conventional wire scanner with multiple beam bunches, or by using the 
optical transition radiation from a single beam bunch off a slant target plate 
directly placed in the beam path, 

3. optimize the slit plate angle, gap size, and the bandwidth of the optical diffractive 
radiation for a precise non-invasive beam size monitor, 
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4. study on the measurement error of the transverse beam size due to the 

background photons into the CCD camera by: 
i) optical transition radiation off the target slit which is generated by the 

transverse beam tail particles, 
ii) scattered optical photons off the target slit material associated with the 

beam halo,  and 
iii) synchrotron radiation at the upstream dipole magnets and quadrupole 

magnets. 
    The key issues are to use conventional wire scanners and the optical transition 
radiation for cross-calibration of the beam size measurement, and to understand the 
background optical photons at the SLAC FFTB. The challenges of this beam test are to 
achieve the required flatness of the conductive slit surface, and to resolve the small 
opening angle between the interference pattern peaks within a reasonable distance 
without distortion.  We plan to reuse as much available equipment of the completed 
E150(plasma lens) experiment as possible. 
      
FY2003 Project Activities and Deliverables 
 
     In the first half of the year, we plan to complete the design of the target slit, the optics 
system including the alignment scheme of the target slit and the ODR photon path, based 
on the extensive calculation/simulation of the ODR photons by a beam bunch and the 
background OTR by a beam bunch through magnetic elements of the FFTB beam 
channel. The experience and skill of the Tomsk Polytechnic University, Russia, and 
experience of the groups of SLAC, KEK, and Tokyo Metropolitan University at the KEK 
ATF will be advantageous in this stage.  A project design report will be published. In the 
latter half of the year, we start building elements of the beam size monitor, the vacuum 
chamber, and the target slit and its alignment system. Installation of the mirrors in the 
ODR photon path, a part of the alignment system of the optics path, and a recycled 
gamma calorimeter in the downstream of the vertical bending magnet, will be planned in 
the beam down time. Skill of Paul Bolton(SLAC) on the laser optics, and the experience 
of David Cline, Marc Ross, and Yasuo Fukui on using the SLAC FFTB beam line in 
previous experiments will benefit the project. 
 
FY2004 - 2005 Project Activities and Deliverables 
 
     We will be ready to install a CCD camera, the vacuum chamber with a target slit, a 
conventional wire scanner in the beam line to have an initial test run of the beam test 
whenever a beam time is assigned to this project. After the first beam run, we will 
analyze the first set of data and make necessary improvements in the beam size monitor 
and in suppressing the background.  We also plan to test the ODR beam size monitor 
with the 28.5 GeV positron beam at the SLAC FFTB.  Within 6 – 9 months after the last 
test beam run, we will complete the analysis of the beam data and the comparison with 
the simulation. We then publish results in major journals. This project can be thesis topics 
for graduate students. 
     Two projects are scheduled alternatively at the SLAC FFTB in the years between 
2003 and 2005. One project is SPPS (Short Pulse Photon Source), where a generation 
scheme of the short X-ray through an undulator with a short beam bunch. Another project 
is E164 (Plasma Wakefield Acceleration) where an acceleration scheme with a goal of 
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the acceleration gradient of 1 GeV/m is tested with the laser - electron beam wakefield. 
The FFTB can run all year long, and there exists enough  beam time for this beam test 
proposal of the beam size monitor. 
 
Budget 
 

Institution Item FY2003 FY2004- 
 2005 

 Total 

     
UCLA Salaries and Wages $  23,000 $  46,000 $  69,000 
 Vacuum chamber 

modification 
$    3,000 $     0 $    3,000 

 Remote controlled 
precision slit 

$    6,000 $     0 $    6,000 

 CCD camera/Filter $    0 $ 25,000 $  25,000 
 Phototubes/gamma 

calorimeter 
$    1,000 $    0 $    1,000 

 Optics parts/Calibration 
System 

$    7,000 $   2,000 $    9,000 

 Indirect costs $    3,000 $   5,000 $    8,000 
 UCLA total $  43,000 $ 78,000 $121,000 

SLAC SLAC total $    0 $    0 $    0 
KEK KEK   total $    0 $    0 $    0 
Tokyo 
Metropolitan 
University 

Tokyo Metropolitan 
University Total 

$    0 $    0 $    0 

Tomsk 
Polytechnic 
University 

Travel for the 
experiment set-up/data 
taking 

$   3,000 $   6,000 $   9,000 

 Tomsk  Polytechnic 
 University Total  

$   3,000 $   6,000 $   9,000 

 Grand Total $ 46,000 $ 84,000 $130,000 

 
References 
 

1. Y. Dnestrovskii, et al.,  
“Radiation from Charged Particles Passing Near a Perfect Conductor” 
 Sov., Phys., Dokl. 4(1959)132. 

2. A. P. Kazantsev, et al., 
“Radiation of a Charged Particle Passing Close to a Metal Screen” 
Sov., Phys., Dokl. 7(1963)990. 

3.  T. Muto, et al.,  
            “First Stage Experiment on Optical Diffraction Radiation at KEK-ATF” 

       ICFA Laser Beam Interaction Workshop, NY, Stony Brook, June 2001 

C:\Linear_collider\LCRD_UCLC_proposal\MSWords\LCRD_subproposals\fukui1.pdf

2.2.6



DraftDraft

 3 
   

C:\Linear_collider\LCRD_UCLC_proposal\pdfs\LCRD\gan1.pdf 

2.3.1 

 
2.3. Design and Fabrication of a Radiation-

Hard 500-MHz Digitizer Using Deep 
Submicron Technology 

(LCRD) 
 

Accelerator Physics 
 
 

Contact person: K.K. Gan 
email: gan@mps.ohio-state.edu 

phone: (614) 292-4124 
 
 

Ohio State 
SLAC 

 
 

FY 2003: $43,400 
 
 

 
 
 

 



DraftDraft

K.K. Gan, The Ohio State University 1 9/4/02

Project name

Design and Fabrication of a Radiation-Hard 500-MHz Digitizer Using Deep Submicron
Technology

Classification (accelerator/detector: subsystem)

Accelerator

Institution(s) and personnel

The Ohio State University, Department of Physics:
K.K. Gan (professor), Mark Johnson (electrical engineer), Richard Kass (professor),
Chuck Rush (electrical engineer), Mike Zoeller (research associate)

Stanford Linear Accelerator Center:
Steve Smith (staff scientist)

Contact person

K.K. Gan
gan@mps.ohio-state.edu
614-292-4124

Project Overview

The Next Linear Collider (NLC) will collide 180-bunch trains of electrons and positrons
with bunch spacing of 1.4 ns.  The small spot size (sy < 3 nm) at the interaction point
requires precise control of the emittance, which in turn requires the alignment of
individual bunches in the train to within a fraction of a micron. Multi-bunch beam
position monitors (BPMs) are to determine the bunch-to-bunch misalignment on each
machine pulse.  High bandwidth kickers will then be programmed to bring the train into
better alignment on the next machine cycle.  A multi-bunch BPM system using an 11-bit
(effective) digitizer with 500 MHz bandwidth and 2 G samples/s is needed to distinguish
adjacent bunches.  The digitizers are also needed for the low level RF controls in the
damping rings and main and injection linacs.  Without the digitizers, a redesign of the
low level RF technology will be needed.  Thousands of channels of digitizers are needed
for the NLC.  At the present time commercially available digitizers cost $10,000 per
channel and are most likely not radiation resistant1.

We propose to design a digitizer chip using the deep-submicron technology that has
proven to be very radiation hard (at least 60 Mrad).  This mitigates the need for costly
shielding and long cable runs while providing ready access to the electronics for testing
and maintenance.  Once a digitizer chip has been successfully developed via several
prototype runs, an engineering run at a cost of ~$150,000 will produce all the chips
necessary for the NLC.  This project will be performed in close collaboration with SLAC.

                                                  
1 See Project 25 in www-conf.slac.stanford.edu/lcprojectlist/asp/projectlistbyanything.asp
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Current State of the Art in Digitizers

We compare the requirements for the digitizer with the current state of the art to assess
the feasibility of this project.  Figure 1 compares the requirements on precision (bits) vs
sampling rate (GHz) to those in existing digitizer (ADC) prototypes.  Figure 2 shows a
similar comparison to the existing track and hold circuits.  It is evident that the
requirements are somewhat beyond what has already been achieved.
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Fig. 1. Comparison of LC requirements on precision and sampling rate with current digitizer
prototypes.

Project Plans

The digitizer chip is very challenging: large bandwidth (500 MHz), high precision (11
bits), and fast sampling speed (2 G samples/s).  We plan to capitalize on the experience of
our engineering staff that, over the last ten years, has designed radiation hard chips for
ATLAS, CLEO III, and CMS. Our most recent design of the DORIC and VDC chips for
the ATLAS pixel detector uses the IBM deep submicron technology with feature size of
0.25 mm to achieve radiation hardness.  In addition, we have extensive experience
designing fast analog electronics systems such as those used in high-resolution drift
chambers.

We plan to prototype the chip in Multi-Project Wafer (MPW) runs.  Submicron BiCMOS
processes with high speed Hetrojunction Bipolar Transistors are good candidates for this
project.  IBM has three such processes available through MOSIS.  TSMC also has similar
processes and offers MPW runs.

We will investigate two possible implementations of the chip: Fast analog storage
followed by a slow digitizer (Fig. 3) and a direct digitizer (Fig. 4).  The analog storage
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scheme is probably more compatible with present technology.  However, we should not
eliminate the direct digitizer at this stage of development.  Perhaps some of the BPM and
RF electronics can be included in the digitizer chip allowing for a more systematic
approach to the overall accelerator needs.
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Fig. 2. Comparison of LC requirements on precision and sampling rate with current track and
hold prototypes.

Fig. 3. A digitizer design using a fast analog storage followed by a slow digitizer.

Fig. 4. A direct digitizer design using a fast digitizer.  De-multiplexing is needed to handle the
fast throughput.
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Some Design Details
• Input Amplifier/Shaper
The signal from the beam position detector is a clean current doublet. The input
amplifier therefore should consist of an integrator stage followed by a semi-Gaussian
shaper.  The output response expected from this design is shown in Fig. 5.

Fig. 5. Response of the semi-Gaussian shaper (Figs. 3 and 4) for various orders (N).  TC is
chosen so that the output peaks at half of the bunch spacing for N = 4 and allows the collection of
most of the charge.

• Sample and Hold Circuits
Most sample and hold circuits in the literature are open loop schemes which
depend strongly on cancellation and component matching.  With bipolar
transistors having current gain-bandwidth, ft, approaching 100 GHz, we would
also like to explore a closed loop design. At 2 GHz, allowing half of the
period for sampling and half for holding, there is precious little time for 11-bit
digitization.  Thus we will probably be forced to interleave two or more
slower but more accurate circuits.  This is necessary regardless of whether the
sample and hold is followed by an analog storage or a fast digitizer.

• Analog Storage
The analog storage system needs to store 504 (180 bunches • 1.4 ns • 2 GHz)
analog values at high accuracy for 50 to 100 ms.  We believe that this sub-
system should be built from several smaller 32 or 64 bit CMOS arrays.

Description of First Year Project Activities

We need to design a 12-bit digitizer to achieve 11 effective bits. Due to the complexity of
the project, we expect it would take three years and six prototype runs before developing
a chip that meets the design specifications.  We will concentrate on the design and
simulation of the front end of the digitizer that is common to both digitizer designs during
the first year:

• Continue our literature search to understand what has already been accomplished.
• Choose a process for the project. It may be necessary to perform a radiation

hardness test on this process if this information is not available.  The IBM
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0.25um 6FS process, which is the foundation for the BiCMOS 6HP process, has
been demonstrated to be radiation hard up to 60 Mrad.

• Design and simulate an input amplifier/shaper stage.
• Design and simulate one or more fast sample and hold circuits.
• Design and simulate a modest analog storage array.
• Investigate the possible implementation of a direct digitizer.

Budget Description

We believe that the design work is sufficiently complex and must be done by an
experienced senior electrical engineer. The budget request pays for a senior electrical
engineer that has retired from the Physics Department of The Ohio State University but
works part time.  He will be assisted part time by a research associate paid from our base
program and by an engineer paid by the Physics Department.  The travel budget allows
the engineers to make two trips to SLAC.  The first trip is to learn first hand about the
system requirements (beam position monitor and low level RF control algorithm) and the
second is for discussion of the design and simulation results near the end of the first year
of the project (“project review”).  Although it was suggested that this proposal be limited
to just study and simulation for the first year due to budgetary constraints, it should be
emphasized that feedback from an actual prototype device as soon as possible is highly
desirable.

Budget

Institution Item Cost
OSU Engineering Time (4 months) $28,000
OSU Travel $2,000
OSU Indirect costs $13,400
OSU OSU total $43,400
SLAC SLAC total $0

Grand total $43,400
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Proposal Name:

RF Beam Position Monitor for Measuring Beam Tilt

Classi�cation (accelerator/detector: subsystem):

Accelerator: beam position monitor

Personnel and Institution(s) requesting funding:

Young-Kee Kim and Yury G. Kolomensky, University of California, Berkeley

Collaborators:

John Corlett, LBNL
Marc Ross, SLAC
H. Henke, Technical University Berlin
Michael D. Hildreth, University of Notre Dame

Contact Persons:

Young-Kee Kim ykkim@lbl.gov (630)840-2405
Yury Kolomensky YGKolomensky@lbl.gov (510)486-7811

1 Project Overview

Controlling the beam emittance is important for future linear colliders as well as high-
brightness light sources. There are two principal sources of emittance dilution in an X-
band linac: transverse wake�elds (from beam-to-RF-structure misalignments) and disper-
sion (from beam-to-quadrupole misalignments). Both lead to an emittance dilution that
is correlated along the bunch length (i.e., the tail of the bunch is deected relative to the
head). The ability to detect beam pitch or yaw is important in order to identify the primary
sources of emittance dilution. For single beam bunches at an NLC, 2 � 15 mrad beam tilt
corresponds to 10% emittance growth. Detecting beam tilts in a few mrad range would also
be useful for TESLA, future synchrotron radiation sources, and Free Electron Lasers.
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Similar to inducing single-bunch tilts, transverse misalignments can also create intra-
bunch position variations, such as \banana" e�ects (head-tail position di�erences) and \beam
breakup" e�ects (tail instabilities). Maintaining high luminosity at a future linear collider
requires compensation of such intra-bunch e�ects before the interaction point. Intra-bunch
IP feedback systems being designed require measurements of beam position along the bunch
train with precision of a few micros. Such feedbacks are needed for both warm copper and
superconducting linear collider technologies. Also, since the overall size of the wake�eld
and quadrupole misalignment e�ects typically depends on the relative position of the beam
centroid in accelerating or quadrupole structures, precise measurements of beam positions
are needed along the length of the linac. For the X-band, the beam position along the
linac needs to be measured with the precision of about 1 �m, while for the superconducting
technology design the requirements are looser.

Resonant RF cavity beam position monitors[1] can be used to measure the average
position of the bunch train with high precision, as well as determine the bunch-to-bunch
variations. In a single-bunch mode, i.e., in the mode where the time interval between the
bunches is signi�cantly larger than the �ll time of of the cavity, the same cavities can be
also used to measure the head-to-tail position di�erences, or bunch tilts. In the following
section, we will briey describe the RF beam position monitors and associated electronics,
and outline the R&D plans for the cavity system.

2 Beam Position Monitors

A typical beam position monitor consists of three copper cavities, two (X and Y ) cavities
for monitoring the horizontal and vertical displacements of the beam, a Q cavity to pro-
vide an in-situ measurement of beam charge and phase. The position cavities are typically
tuned to the quadrupole TM210 mode while the Q cavity uses the dipole TM110 mode. The
BPMs constructed at SLAC in 1960s[1] use three independent cavities which are easy to
manufacture and tune, although some new monitors use a single-cavity design which is more
compact.

The resonance frequency of the cavities is typically a multiple of the carrier RF frequency.
To achieve good position resolution and stability, the cavities are tuned to a high value ofQ >

1000 which increases the resonant pickup. Custom RF electronics with I/Q demodulation[2]
provides information on both amplitude and phase of the beam-induced signals. Measuring
both amplitude and phase of the RF signals reduces systematic e�ects and increases position
sensitivity. Figure 1 shows the schematic of the BPM processor.

Resonant RF BPMs with the custom electronics similar to what is shown in Fig. 1
have been successfully used in experiment E158 at SLAC. The cavities used in the test were
standard SLAC linac cavities tuned to 2856 MHz, the carrier frequency of the SLAC linac.
In the series of beam tests in the ASSET region at SLAC in 1999 and 2000, the pulse-to-pulse
position resolution of better than 500 nm was achieved with dynamic ranges of 0:5� 1 mm
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Figure 1: Schematics of the custom BPM signal processor.

for � 300 ns bunch trains. The phase resolution was about 0:5o.

3 Beam Tilt Measurement

The main objective of this proposal is to demonstrate that the RF cavities can be used
for measuring small tilts of individual beam bunches. This can be done by measuring the
imaginary part of the beam-induced RF pulse, or a phase di�erence between the RF signals
from a dipole and Q cavities.

A short beam bunch of charge q centered the distance x0 from the electrical center O of
the cavity (point O in Fig. 2) induces an RF pulse with voltage

V (t) = Cqx0 exp(j!t) (3.1)

where C is a calibration constant, ! is the resonant frequency of the cavity, and time t is
computed from the time the center of the pulse passes through the cavity. If the bunch is
pitched by amount Æ from head to tail, the RF voltage is instead

V (t) = Cq exp(j!t)

"
x0 � j

Æ�!

16c

#
(3.2)

The beam tilt introduces a phase shift

�� =
�x

x0
= �

Æ�!

16cx0
(3.3)

equivalent to an o�set of �x � 13 nm for a typical beam size of � = 400 �m and a tilt of
Æ = 2 �m. For small o�sets of x0 � 1 �m, the phase shifts of � 0:7o should be measurable.
It is clear that for this measurement the phase information is vital: it would be hard to
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Figure 2: Tilt of the bunch relative to the z axis of the cavity.

extract the small o�set from the amplitude signal alone (for example by measuring the RF
power). For the phase measurement, the challenge is to be able to keep the beam centered
at the cavity with high accuracy, and to be able to maintain the phase stability. The former
requires being able to position the electrical center of the cavity near the beam axis (by
either moving the beam or the cavity), and the latter requires precise temperature and
environment control, as well as good cancellation of the dominant monopole mode in the
dipole X cavity[2].

4 Scope of the Project

We plan to construct the high-frequency (X-band) cavity for position measurement with
high quality factor Q and strong monopole mode suppression (for example by using sym-
metric outputs). In addition to suppression of the monopole mode, we must ensure that the
degeneracy of the TM110 and the TE 010 modes is split, since the tilted beam also couples
to the TE mode. The phase stability would be achieved through precision temperature con-
trol of both the cavity and associated electronics. We would assemble the I/Q demodulator
electronics similar to the circuit shown in Fig. 1. The assembly and the electronics could be
tested at SLAC ASSET area or at the KEK ATF facility.

The approximate cost for the cavity and electronics is $100k. The �rst year's involvement
will be designing the cavity and electronics. We request a full-time graduate student for this
e�ort. Another involvement in the �rst year will be to join SLAC sta� members (Marc Ross
et al.) for testing the concept of the tiltmeter at the KEK ATF facility. We request travel
funds for working with them in Japan. The second year will involve fabrication of the cavity
and electronics. Installing and testing the new cavity requires travel funds as well.
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Item FY 2003 FY 2004

Equipment � $100,000
Graduate Students $25,000 $25,000

Travel $10,000 $10,000
Materials and Supplies $2,000 $2,000

Total $37,000 $137,000

5 Cooperation

A proposal for the TESLA energy spectrometer by H. Henke (Technical University Berlin),
located downstream of the detector, relies on a high precision microwave cavity BPM. The
design of the spectrometer must include an analysis of beam tilt and angled beam trajectory
e�ects. We intend to coordinate their design e�orts with the tiltmeter R&D.

We also intend to coordinate our e�orts with M. Hildreth (University of Notre Dame)
who proposes the electronic and mechanical stability of a BPM-based energy spectrometer
for the NLC.
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Proposal to the University Consortium for a Linear Collider

August 30, 2002

Proposal Name

Single-shot, electro-optic measurement of a picosecond electron bunch length.

Classification (accelerator/detector: subsystem)

Accelerator Instrumentation: non-destructive electron bunch length measurement.

Personnel and Institution(s) requesting funding

William E. Gabella, Bibo Feng, John Kozub, Free-electron Laser Center, Vanderbilt University, Nashville,
TN 37235.

Collaborators

Court Bohn, Department of Physics, Northern Illinois University.

Contact Person

William E. (Bill) Gabella
b.gabella@vanderbilt.edu
615-343-2713

Project Overview

In next linear collider designs, the effort to create and maintain short electron/positron bunches requires
a robust technique to measure bunch lengths. Designs have bunch lengths as short as 100 µm, or 330
fs, and a desirable goal is to measure the length to 10% or better. Short bunches have the advantage
of avoiding the “bow-tie” degradation of the luminosity while using strong focusing and small spots
at the interaction region. The bunch length also needs to be short compared to the RF wavelength
in the linac to avoid nonlinear effects from the accelerating gradient. Control of the bunch length in
the magnetic bunch compressor after the damping rings requires accurate measurement of the length.
The variation of length with position in the bunch train is also important to create uniform luminosity
over the collision time and to correct any “long-range” wakefield or other effects on the bunch train.

Currently measuring electron bunch lengths with coherent transition radiation (or coherent diffraction
radiation, or coherent synchrotron), requires scanning a mm-wave interferometer and thus acquires
signal over many electron pulses[1]. A technique using the perturbing effects of the passing electron
bunch’s electric field on a crystal (electro-optic, or EO, effect) measured by a fast Ti:sapphire laser
has been demonstrated at the free-electron laser center (FELIX) in the Netherlands[2]-[5]. A non-
destructive, single shot measurement of a 1.7 ps long electron beam is performed with an estimated
accuracy of 0.37 ps. The wakefields behind the electron beam are also measured with this technique. In
Refs.[6, 7], there was difficulty in measuring the direct fields because of the strength of the wakefields
following the electron bunch; their charge was much greater than in the FELIX experiment. They plan
to build a low-impedance structure to house the EO crystal for future measurements.1

1See the UCLC proposal by C. Bohn, Northern Illinois University and Fermilab.

1
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The goal of this proposal is to perform EO measurements of both (FEL) laser and electron bunch
lengths, but make several improvements. One is to use a shorter pulse Ti:sapphire laser, approximately
8 fs instead of 30 fs, and another is to increase the spectrometer resolution. This should yield an error
of less than 180 fs on a single-shot measurement of a 1 ps electron beam (assume a chirped pulse
length of about 4 ps for good signal to noise); chirped for a shorter electron pulse of 0.3 ps (assume
a chirp of 1.2 ps) this would result in a resolution of less than 100 fs. Ref. [5] gives the minimum
intrinsic resolution as ∆t =

√
t0tc, where t0 is the unchirped pulse length and tc is the chirped pulse

length. Improvements toward the desired 30 fs resolution could come from improving the sensitivity
and resolution of the spectrometer, allowing shorter chirps closer to the actual electron bunch length.

It is important to point out that if timing jitter can be kept smaller than the probe laser pulse length,
that length, 8 fs, would be the ultimate resolution in a sampling (many pulse) measurement. This is
an important aspect of the research, synchronizing the probe laser to the electron bunch on the 30 fs
level.

A Ti:sapphire oscillator will be installed at the Vanderbilt Free-electron Laser Center. It will be
synchronized with the electron beam (and FEL laser beam). It appears that a laser with an 8 fs
pulse length and approximately 10 fs synchronization are possible[8, 9]. The first measurements will
be the longitudinal profile of the FEL laser pulse which is about 1 ps long. On a bench in the lab,
refinements will be made to the spectrometer and pulse picker and resolutions estimated. The EO
crystal holder and the laser beamline to our electron beam will be designed and built. The chamber
design will be aided by the low-impedance chamber effort at Fermilab’s AØ photoinjector, a part of
the UCLC proposal by Court Bohn. Electron bunch length measurements will follow. For linac physics
reasons, it is interesting to measure the evolution/change of the electron bunch through the electron
macropulse; this will be an issue with the linear collider too. Comparisons will be made to coherent
transition radiation measurements of the bunch length, as well as sampling measurements with the EO
technique. At the FEL, a geometrically flat beam can be made with about 10:1 aspect ratio and the
bunch length measured; the AØ photoinjector may be available for experiments on truly flat beams
with aspect ratios of 50:1, or better. The electron beam at the FEL has a single pulse charge of 50
pC, however the monochromatic xray machine at the Center has single bunch charges of 1-5 nC in 8
ps and is available for experiments.

The current budget below does not yield a complete laser that can be moved from lab to lab for
experiments. This would be desirable to explore both flat geometry, different electron pulse energies,
and especially very high bunch charge effects. With extended funding, a laser could be made that can
be moved around for experiments, or at least, the efforts with Kapteyn and KMLabs should yield a
source for such lasers at what appears a more reasonable price than other options.

The EO measurement is sensitive to all externally applied electric fields, including the wakefield the
electrons induce in the structure. This can be a novel way to measure the wakefields. It is important to
point out the EO bunch length measurements on FEL’s do not seem to suffer from excessive wakefield
effects; the bunch charge is typically less than 0.2 nC. While in the Fermilab experiment on the
AØ Photoinjector, the currents were 1-12 nC and the direct bunch signal was overwhelmed by the
wakefields.

The Vanderbilt FEL Center has the needed expertise for these experiments. The Center routinely
runs a 45 MeV electron linac with high average power as a driver for the FEL. The Center also runs a
tunable, back-scattered xray source that uses a high-charge, 45 MeV electron bunch and a Ti:sapphire
driven glass laser capable of 20 TW in 8 ps. The electrons and the laser are synchronized on the
picosecond level. An optical parametric generator system capable of tunable light from UV to mid-IR
is also run by Center personnel. That system is based on a Ti:sapphire oscillator and amplifiers driving
nonlinear interactions in crystals.

FY2003 Project Activities and Deliverables

Activities: Purchase and install a Ti-sapphire laser system, synchronized with the Vanderbilt free-
electron laser. Using the infrared laser from the FEL as a convenient picosecond pulse on a bench,

2
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perform measurements of the laser pulse length with the electro-optic technique. Refine and explore
the single-shot techniques. Design a low-impedance vacuum chamber for measuring the electron bunch
length. Measure the electron bunch length using coherent transition radiation (CTR) which is averaged
over many pulses of the electron beam.

Deliverables: Papers describing the electro-optic measurement of the FEL laser and exploring methods
of single shot measurements (pulse stretching/chirping or geometric). Design of a low-impedance
vacuum chamber in collaboration with Court Bohn.

FY2004 Project Activities and Deliverables

Activities: Build and install the low-impedance vacuum chamber for the electron measurements. Also
design and build a laser beamline from our laboratory floor to the “vault” containing the electron
linac and FEL. Measure the electron bunch length with the EO technique and compare with CTR.
Measurement of the wakefield following the electron bunch will also be performed. Measure the bunch
length as a function of position in the macropulse on separate succeeding macropulses.

Deliverables: Papers describing the laser beamline, the low-impedance vacuum chamber, and the
electron bunch length measurements. Macropulse evolution of the electron bunches will be described.

FY2005 Project Activities and Deliverables

Activities: Continue increasing the resolution of the EO measurement. The ultimate goal is 10 µm
for the 100 µm bunch lengths. Measure wakefields for model impedances. Investigate moving laser to
Fermilab to measure flat electron beams.

Deliverables: Paper describing any improvements to the resolution. Paper detailing the wakefield
measurements.

Budget justification

The first year of the budget is mostly the fast Ti:sapphire laser needed for the experiment. The
laser synchronized with a 3 GHz source is the greatest unknown in the budget. H. Kapteyn from the
University of Colorado and from KMLabs reports that it is possible to buy such a laser and is interested
in working a real bid; this number is just an educated guess. Other resources may need to be drawn
on to complete the laser; the laser is seen as a good tool for the Vanderbilt FEL Center.

In year 2, several other optical devices need to be built or improved: a stretcher to lengthen and chirp
the oscillator pulse, usually one diffraction grating and a mirror are required; a pulse picker which is
a fast rise and fall time Pockels cell (10 ns) capable of selecting out one pulse from the Ti:sapphire
oscillator train which typically delivers pulses at 80 MHz; and a spectrometer made with a good quality,
sensitive CCD camera to image the laser beam after being diffracted. Travel to collaboration meetings
is also included as well as general optical mounts under materials and supplies. The vacuum chamber
that will house the EO crystal and optics for the electron measurements and the laser beamline to that
chamber need to be designed and constructed.

In year 3, equipment is for modifications of those devices or the spectrometer, as needed. Travel in
those years includes collaboration meetings and conferences. Half a post-doctorate is budgeted and
will be shared with Dr. Feng’s effort in the UCLC for generating and measuring diffraction radiation
from the electron beam.

Three-year budget, in then-year K$

Institution: Vanderbilt University2

2Fringe rate used is 25.6% actual is likely to be less; indirect cost rate is 51%. Values rounded to nearest 0.1 k$ .
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Item FY2003 FY2004 FY2005 Total
Other Professionals 0 25 25 50
Graduate Students 0 0 0 0

Undergraduate Students 0 0 0 0
Total Salaries and Wages 0 25 25 50

Fringe Benefits 0 6.4 6.4 12.8
Total Salaries, Wages and Fringe Benefits 0 31.4 31.4 62.8

Ti:sapph oscillator with synchronization(est.) 70 70
improve Diffraction grating for pulse stretcher 10 10

improve Diffraction grating and CCD for spectrometer 15 15
improve Pulse picker, 10ns 9 9

electro-optic crystals 6 6
miscellaneous, computers 6 6

Equipment 76 40 0 116
Travel 1 1 1 3

Materials and Supplies 0 10 10 20
Other direct costs 0 0 0 0
Total direct costs 77 82.4 42.4 201.8

Indirect costs (51%) 0.5 21.6 21.6 43.8
Total direct and indirect costs 77.5 104.0 64.0 245.6
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[8] H. Kapteyn, Dept. of Physics, University of Colorado, Boulder and KMLabs, LLC, private communica-
tion.

[9] L.-S. Ma, R. K. Shelton, H. C. Kapteyn, M. M. Murnane and J. Ye, “Sub-10-femtosecond active syn-
chronization of two passively mode-locked Ti:sapphire oscillators,” Phys. Rev A 64, 021802-1 (2001).

4

C:\Linear_collider\LCRD_UCLC_proposal\pdfs\UCLC\stamped pdfs\Gabella1.pdf

2.6.5



DraftDraft

 7 
   

C:\Linear_collider\LCRD_UCLC_proposal\pdfs\UCLC\alexander1.pdf 

2.7.1 

 
2.7. Fast Synchrotron Radiation Imaging 

System for Beam Size Monitoring 
(UCLC) 

 
Accelerator Physics 

 
 

Contact person: Jim Alexander 
email: jima@lns.cornell.edu 

phone: (607) 255-5259 
 
 

Albany 
Cornell 

 
 

FY 2003: $27,000 
FY 2004: $43,000 
FY 2005: $27,000 

 
 
 

 



DraftDraft

Proposal to the

University Consortium for a Linear Collider

August 28, 2002

Proposal Name

Fast Synchrotron Radiation Imaging System for Beam Size Monitoring

Classification(accelerator/detector: subsystem)

Accelerator: Beam Monitoring.

Personnel and Institution(s) requesting funding

Jim Alexander, Cornell University
Jesse Ernst, State University of New York, Albany

Contact Person

Jim Alexander
email: jima@lns.cornell.edu
phone: 607-255-5259

Jesse Ernst
email: jae@mail.lns.cornell.edu
phone: 518-442-4538

Project Overview

With the high intensity, low emittance beams needed to reach the luminosity goals of the linear
collider, beam size monitoring will play an important role in machine operation. In the damping rings,
synchrotron radiation emitted by the bunch can provide a means of measuring transverse bunch size
and shape[The ZDR for the NLC; SLAC report #474, pg. 237]. With suitable imaging and high
speed detection of the SR, bunch size, shape, and position may be determined with single bunch
discrimination and minimal disturbance to the passing beam. A system fast enough to capture such
a ”snapshot” of a single beam bunch would be a useful addition to the Linear Collider diagnostics
package and also be a valuable contribution to general accelerator physics and technology.

We propose to develop imaging and detection techniques that could be used to directly image the
synchrotron radiation.

In the NLC(TESLA) designs of the damping ring, the vertical bunch size at the midpoint of the dipole
magnets is ∼ 5(7)µm and the horizontal size is ∼ 35(45)µm. Beam energy is ∼ 2(5) GeV. The emitted
synchrotron radiation is cast forward in a narrow cone of opening angle 1/γ and has a critical energy
of about 3γ3

�c/ρ = 8(6) keV. An imaging system working in the optical region would be diffraction
limited and incapable of resolving the small vertical size of the beam, but wavelengths below 10nm (ie
X-rays above ∼0.1keV) will provide sufficient resolution [The ZDR for the NLC; SLAC report #474,
pg. 237]. An optimal choice for the working energy is thus constrained from below by diffraction,
from above by critical energy, and must be chosen to permit maximal transmission by the optical
components yet maximal absorption by the detector.

1
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Imaging and detecting these photons poses interesting technical challenges. A system suitable for
damping ring use requires three principal components:

1. A point-to-point imaging optical system suitable for ∼ 1 − 10 keV X-rays. Several technologies
exist, including grazing angle mirror systems, diffracting aluminum or beryllium lenses, and Fres-
nel zone plates. Each has advantages and disadvantages. Grazing angle systems are inherently
achromatic, but require high precision control of the surface figure. Diffracting lenses and zone
plates are wavelength specific and would require a monochromator upstream, but are mechani-
cally less demanding. (A monochromator has the useful side-effect of reducing flux and therefore
reducing thermal load on the dimensionally sensitive optical elements.) Diffracting systems also
introduce absorption which must be kept low by suitable choice of material.

2. A low-noise, high speed, high resolution two-dimensional detector with sufficiently fast response to
cleanly separate the closely spaced bunches that one will encounter in a Linear Collider damping
ring (1.4 ns for NLC, 20ns for TESLA). Silicon pixel detectors are a plausible detector choice,
offering 2-dimensional imaging and high granularity, as well as a low capacitance, low noise source
adaptable to the needs of high speed readout. Careful study of the signal transmission character-
istics, starting from the absorption processes, through the drift, diffusion, and charge collection
in the detector, and the subsequent transport, switching, amplification, and measurement of the
signal charge must be undertaken to fully understand the factors that determine achievable bunch
resolution time. 1ns resolution may be achievable in silicon, but subnanosecond resolution likely
demands higher mobility materials such as GaAs. The intrinsic spatial resolution of the detector
and the magnification of the optical system must be optimized together to achieve best resolution.

3. A high speed data acquisition system to extract signals from the detector, perform signal process-
ing and pass results to accelerator control systems in real time. Appropriate software would be
required to render the results in a form easily interpreted by an operator.

A well developed literature exists for X-ray optics of the varieties mentioned above [see for instance
Handbook of Optics, Vol III, Michael Bass, Ed. and references therein]. Applications are typically
related to focussing X-rays to maximize intensity. Techniques for high speed time-resolved detection
of an imaged low emittance beam will require additional development. Further, conventional detection
systems use flourescent screens to convert X-rays to optical photons which are then detected by a
standard CCD camera, offering no useful time resolution.

A system that would offer 10ns resolution could usefully image single TESLA bunches, and is within
the range of today’s technology but not actually available. A system that would offer 1ns resolution
could image single NLC bunches, but would require technological development. A system that would
offer 10ps resolution could permit intrabunch resolution, i.e., bunch tomography, but will demand both
technological advance and a deep understanding of the physical processes of the detection mechanism.

We propose to investigate a range of existing imaging technologies that could be applied to Xrays in
the appropriate energy range. We also propose to study the detector and readout options that could
be combined with this optical system to form a high speed bunch imaging device. We expect that the
timing requirements on the detector and readout scheme will create significant technical challenges. We
will study existing techniques, and where needed develop our own, including the possibility of combining
a pixel detector with two amplifiers per channel to allow for a pair of closely spaced ”snapshots.” For
each option, we will explore in detail the fundamental physical processes that determine its ultimate
time resolution.

We build on our ten year’s experience with silicon detectors and high speed data acquisition technology.
We also have ready access to appropriate facilities, including Nanofabrication facilities at both Cornell
and SUNY Albany, the X-ray lines at the Cornell High Energy Synchrotron Source (CHESS), and of
course the CESR storage ring itself, whose energy and beam size parameters, and bunch spacings are
relevant to the existing LC damping ring designs. We also expect to use readily available simulation
tools include PISCES (for signal development and transport in solid state detectors), SPICE (for
general electronics design), and SHADOW (for xray optics design). We will use these, or others as
necessary, and will also develop our own Monte Carlo simulation of the entire chain from the point of
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radiation to the final step of detection. We also have available an extensive stock of small prototype
silicon detectors and a well equipped detector development laboratory (including probe station, wire
bonder, etc.) which can be used to empirically study general properties of signal development in silicon
detectors and cross check the simulations and calculations.

FY2003 Project Activities and Deliverables Review existing techniques for X-ray imaging and
use standard software to explore possible optical layouts for the most promising technologies. Evaluate
relative merits of each and proceed to design the actual imaging system. Simultaneously, develop
software tools and physics basis to simulate signal development in solid state detectors and signal
processing electronics to design detector system with optimal response time. Write a technical report
on results.

FY2004 Project Activities and Deliverables Pursue most promising design options and confirm
essential details of simulations with empirical measurements on existing silicon detectors using available
hardware and the CHESS Xray lines. Write a technical report on results.

FY2005 Project Activities and Deliverables Optimize design details and write final design re-
port.

We request funding only for purchases of computers for design and simulation efforts and for the silicon
readout systems. The proposed travel budget covers travel for one of us (JAE) to come to to Ithaca 4 times
per year ($2K) and for one of us (JPA) to travel to Albany 4 times per year ($2K).

3
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Cornell University

Item FY2003 FY2004 FY2005 Total
Other Professionals 0 0 0 0
Graduate Students 0 0 0 0

Undergraduate Students 0 0 0 0
Total Salaries and Wages 0 0 0 0

Fringe Benefits 0 0 0 0
Total Salaries, Wages and Fringe Benefits 0 0 0 0

Equipment 5 10 5 20
Travel 2 2 2 6

Materials and Supplies 2 2 2 6
Other direct costs 0 0 0 0
Total direct costs 9 14 9 32

Indirect costs (57%) 5 8 5 18
Total direct and indirect costs 14 22 14 50

Institution: State University of New York, Albany

Item FY2003 FY2004 FY2005 Total
Other Professionals 0 0 0 0
Graduate Students 0 0 0 0

Undergraduate Students 0 0 0 0
Total Salaries and Wages 0 0 0 0

Fringe Benefits 0 0 0 0
Total Salaries, Wages and Fringe Benefits 0 0 0 0

Equipment 5 10 5 20
Travel 2 2 2 6

Materials and Supplies 2 2 2 6
Other direct costs 0 0 0 0
Total direct costs 9 14 9 32

Indirect costs (49.9%) 4 7 4 15
Total direct and indirect costs 13 21 13 47
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Michael J. Haney, University of Illinois 1 9/3/02 

Project name 
 
Machine Serviceable Electronics Standards 
 
Classification (accelerator/detector: subsystem) 
 
Accelerator 
 
Institution(s) and personnel 
 
University of Illinois at Urbana-Champaign, Department of Physics: 
Michael J. Haney (electrical engineer) 
 
Rice University: 
B. Paul Padley (physicist) 
Mikhail Matveev (research associate) 
 
Lawrence Berkeley National Laboratory: 
Lawrence R. Doolittle (electrical engineer) 
Alessandro Ratti (electrical engineer) 
 
Robert W. Downing (consultant) 
 
Others, to join 
 
Contact person 
 
Michael J. Haney 
m-haney@uiuc.edu 
(217) 244-6425 
 
Project Overview 
 
This project will examine the feasibility of a machine serviceable alternative to VMEi. A 
successful result would be extremely advantageous to NLC or TESLA, as well as to other 
accelerator physics projects, to high energy physics in general, and to a wide range of 
embedded applications beyond. 
 
The linear collider (regardless of design) will require large numbers of standard 
electronics modules. Large numbers, for the measurement and control of a large complex 
electrical device, and standard, to manage costs. 
 
Many of these modules will not be readily accessible for human service, either due to 
short-term limitations (e.g. radiation), or due to perpetuating limitations (e.g. located in a 
small diameter tunnel). If these modules can be readily removed and replaced by an 
automated or tele-operated machine functioning in the hostile environment, then the 
repair of the module can be performed in a convenient/human-friendly shop environment. 
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At present, VME is a standard in common use within the high energy physics 
community, and is the archetype for this discussionii. VME has found its way into many 
embedded applications, where service access is problematic.  Further, its typical 
implementation has many shortcomings, such as large heavy boards that are difficult to 
insert (especially 9Ux400mm size boardsiii), or uncomfortable levels of noise that limits 
analog applications (especially with 3-row DIN-connectors used on 6U size boards).  
 
Beyond the linear collider context, there are countless embedded applications for a 
standard that supports high performance electronics while aggressively addressing 
electromagnetic compatibility (EMC), in a packaging format suitable for remote 
manipulation. From seabed electronics, to orbital satellites - if it can be made easier to 
service, then more performance will be delivered. 
 
Independent of application, the key elements include: 
 

- low insertion force, because it is expensive to make strong robots; this may imply 
high-speed serial communication protocols, and high-voltage distribution with 
DC-DC conversion, to reduce pin-count. A compromise would be to provide a 
mechanical advantage solution (e.g. jack screws, or injector handles) to allow a 
modest insertion force to be overcome by a low torque rotation or a large lever 
arm motion. 
 

- self-alignment of modules, or strong registration of the service unit, or tactile 
feedback; one or more of these are required to deal with the 3 rotational axes of 
the module, and the 3 additional axes of the insertion force vector. Further, 
alignment is critically coupled to insertion force, both because misalignment can 
radically increase the insertion force, and because mechanical advantage solutions 
to overcome modest insertion force can easily destroy pins and guide rails in the 
event of even minor misalignment. 
 

- “complete” solutions. It will not be sufficient to simply make the modules easy to 
service. It will also be necessary to consider cabling and cable connections, 
backplanes, power supplies, cooling, and even the racks and subracks themselves 
(if there are racks and subracks...). As an axiom, it can be presumed that there will 
be some simple mechanical structure in place, as complex as a DIN railiv, or as 
simple as an eye-bolt anchored in concrete; every additional aspect of the system 
must be machine installable, removable, and serviceable.  
 

- native monitoring with remote access. As something fails, or begins to fail, it will 
be important to remotely detect the failure and schedule service. Moreover, the 
localization and diagnosis of the failure will need to be performed either remotely 
or via assistance from the service unit; it will not be possible for a technician to 
“poke around” with an oscilloscope or logic analyzer. There are several low-cost 
solutions for monitoring voltage, current, and temperature, on each modulev. The 
addition of vibration sensors (microphones) may allow cooling fan failures to be 
detected, or even predicted. The use of switched serial communications opens the 
door for remote access to information streams; routing analog copies of these 
signals could allow signal integrity analysis from an embedded “oscilloscope” (A-
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to-D converter). There are many options for remote monitoring, made possible by 
inexpensive networking infrastructure. It will be important to find a natural 
“basis” set from which specific solutions can be readily implemented. 
 

- intelligent “backplanes” (or perhaps switch fabricsvi), to relax the constraint of 
getting each module into a dedicated “slot”; long-term delivered performance will 
be improved if modules can be readily moved from defective positions to “spare” 
positions. 
 

- well designed and tested grounding and shielding approaches, to aggressively 
address EMC concernsvii. 
 

- compatibility solutions that address existing VME and/or CPCI designs; one 
example is a parallel-to-serial conversion adapter, which converts parallel VME 
bus access (to/from an existing VME board) into serialized packets to be routed 
across a switch fabric (see VITA 34, below). 
 

- hot-swap, plug+play, and related high-availability concerns, to reduce the impact 
of service on the remaining electronics in the subsystem.  
 

- low cost standard solutions. To be viable in a climate of constant or diminishing 
financial support, it is vital that the solution not incur unnecessary additional 
expense. Problems should be solved by taking advantage of mechanical and 
electronic opportunities, rather than unnecessarily adding components and 
features. Standardization, and the adoption by industry, will help considerably to 
keep costs down. 

 
While this project is inspired by a need to address embedded electronics in limited access 
environments, the features listed above would be of considerable value in human-
serviceable contexts as well. Reduced insertion force and relaxed alignment would insure 
that even at 2 a.m., the post doc on duty would be able to swap a module without 
damaging the connectors. Native monitoring and remote access would simply the 
determination of which module needed to be replaced; intelligent “backplanes” would 
accommodate for the replacement module being put in the slot next to the one where it 
belonged; plug+play would obviate the need to turn the power off, or remembering to 
turn the power back on. This project could have profound impact on electronics for high 
energy physics in general. 
 
And beyond physics, machine serviceability (or that option) could find applications from 
the bottom of the ocean (oil rigs, and telecommunications) to the heaven above (satellite 
repair, and space station systems). Whether performed by a service unit (robot), or by a 
human operator with an end-effecter worn over a poorly articulated glove (dry suit, or 
space suit), the ability to readily service complex electronics systems in an inconvenient 
environment will find applications in countless arenas. If a solution can be found that is 
as convenient as plug+play USBviii, it will find acceptance everywhere. 
 
Description of first year project activities 
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The first objective of this project is to form a study group, to identify the primary features 
required. The elements listed above are simply a starting point. Participants will be 
solicited from universities, laboratories, and industry, with the understanding that this is 
primarily a voluntary effort. The first deliverable associated with this project is the list of 
primary features. 
 
The second objective is to examine existing candidate solutions, as well as works in 
progress. One specific work in progress is VITA 34, “A Framework for an Embedded 
Architecture” (see www.vita.com/vso/draft_stds.html). Many of the elements listed above 
(low pin count, DC-DC conversion, strong EMC packaging, VME-serialization) are also 
being considered by VITA 34; we have much to learn from them, and others. The second 
deliverable associated with this project is a review of existing candidate solutions, as 
measured against the primary feature list. 
 
The final objective for the first year is to draft a feasibility report and preliminary 
specification. This feasibility report is the third, and final deliverable associated with this 
project. It will reference both the primary feature list and the existing candidate solution 
review, as well as provide direction and recommendation for future work. 
 
Future work could begin with a prototype implementation of the preliminary 
specification provided above. As considerable mechanical engineering may be involved 
with respect to packaging, shielding, and cooling, it may be educational to offer the 
prototype development as an undergraduate design challenge. The University of Illinois 
has “senior design” projects, and many schools offer design “contests” to promote 
creativity. The actual solution of the registration/self-alignment problem may well be 
addressed by student competition.  
 
Also, the University of Illinois (for example) hosts an annual Engineering Open Houseix, 
which frequently demonstrates undergraduate-developed robotics projects. With little 
more than inspiration (as corporate funding is often available), it may be possible to 
promote undergraduate participation in developing a prototype/example of a service unit 
(robot). 
 
Thus, while this project may not immediately engage student participation in the first 
year, there are multiple approaches to future involvement, at little or no expense. 
 
Budget 
 
The budget assumes modest but regular communications. Electronic mail and (audio) 
teleconferencing will be the primary mechanisms; web conferencing (e.g. NetMeetingx 
“whiteboard”) may also be employed, to minimize expense. Physical group meetings will 
be coordinated with regular physics activities, to minimize travel expenses. However, as 
indicated, some funding is required for the University of Illinois, Rice University, and for 
an independent subject-matter specialist. As LBNL is a national lab, no funding is 
requested through this proposal, even though their participation will be invaluable. 
 
Each of these groups, and people, bring considerable expertise to the project, with many 
years of experience building electronics designs for high energy physics projects. And 
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our subject-matter specialist additionally has considerable experience with the 
standardization effort of FASTBUS, as well as the VME for Physics (VIPA) initiative ii. 
 
The budget also includes one line identified as “other”. Given the limited time available 
to construct this proposal, it is difficult to identify all of the participants. However, due to 
the nature of the project, it is expected that other universities will become interested in 
participating as the project progresses. One “unit” of travel and telecommunications 
support is requested, to be subcontracted through the University of Illinois, exclusively 
for use by some group other than the University of Illinois. 
 
Institution Item Cost 
Illinois Travel, telecommunication $1,500 
Rice Travel, telecommunication $1,500 
consultant Travel, telecommunication $1,500 
other Travel, telecommunication $1,500 
 Indirect costs $3,240 
 Grand total $9,240 
 
Endnotes 
                                                 
i ANSI/IEEE Std 1014; popular references include “The VMEbus Handbook”, by Wade D. Peterson, 

published by the VMEbus International Trade Association (VITA);  a useful “frequently asked 
questions” list can be found at http://www.vita.com/vmefaq/index.html 

 
ii ANSI/VITA 23, “VMEbus for Physics Application”, is available form VITA; VITA 23 “Design and User 

Guide” is available online; see http://www.vita.com/vso/stds.html 
 
iii see IEEE 1101.10-1996 “IEEE Standard for Additional Mechanical Specifications for Microcomputers 

using IEEE 1101.1-1991 Equipment Practice” for board dimensions. 
 
iv British Standard BS5584 and/or DIN EN 50022, “Specification for Low Voltage Switchgear and 

Controlgear for Industrial Use - Mounting Rails - Top Hat Rails 35mm Wide for Snap-on Mounting of 
Equipment”, in common use for industrial electronics. 

 
v Maxim Semiconductor as a wide array of “1-wire” sensors (http://www.maxim-ic.com/1-Wire.cfm) 

suitable for low cost monitoring; other solutions are available, from National Semiconductor 
(http://www.national.com/catalog/AnalogThermalManagement.html), Texas Instruments, and others  

 
vi for example, http://www.infinibandta.org/ibta/ or http://www.starfabric.org/ 
 
vii at the very least, EN 55022 and/or FCC part 15, subpart B, concerning conducted and radiated EMI, as 

well as EN 55024, concerning susceptibility to EMI, should be embraced; satisfying EN 61000-4-2 
concerning vulnerability to ESD, is also well advised. 

 
viii marketing hype is available from http://www.usb.org/features.html, but the underlying message is the 

same: if it is simple (and cheap) enough, everyone will use it. 
 
ix http://eoh.cen.uiuc.edu/eoh.cfm 
 
x http://www.microsoft.com/windows/netmeeting/ 
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Project name      
 
Radiation damage studies of materials and electronic devices using hadrons 
 
Classification 
 
Accelerator 
 
Institutions and personnel 
 
University of California Davis: Maxwell Chertok, David E. Pellett (professors) 
SLAC: James E. Spencer, Zachary R. Wolf (staff scientists) 
Fermilab: James T. Volk (staff scientist) 
 
Contact person 
 
David E. Pellett 
pellett@physics.ucdavis.edu 
(530) 752-1783 
 
Project Overview 
 
Many materials and electronic devices must be tested for their abilities to survive in the 
radiation environment expected at the proposed linear collider (LC). Radiation-sensitive 
components of the accelerator and detectors will be subjected to large fluences of hadrons 
as well as electrons and gammas during the lifetime of the accelerator. Examples are 
NdFeB permanent magnets which are being considered for the damping rings and final 
focus, electronic and electro-optical devices which will be utilized in the detector readout 
and accelerator control systems and CCDs which will be required for the vertex detector. 
   
UC Davis has two major facilities which can be used to provide needed information on 
hadron radiation damage, the McClellan Nuclear Reactor Center (MNRC), located in 
Sacramento (approximately 50 mi. round trip from the Davis campus), and the radiation 
test beam at the UC Davis Crocker Nuclear Laboratory (CNL) cyclotron (on campus).  
 
The MNRC reactor has a number of areas for irradiating samples with neutron fluxes up 
to 4.5 x 1013 n/cm2s. A specialized area allows irradiation with 1 MeV-equivalent 
neutrons in a flux of 4.2 x 1010 n/cm2s while suppressing thermal neutrons and gammas 
by large factors. Other areas allow irradiating very large objects at lower fluxes. In 
conjunction with physicists from the University of Oregon, we have used MNRC to 
irradiate CCDs. 
 
 

The CNL radiation test beam consists of protons of up to 63.3 MeV kinetic energy spread 
over a rather uniform beam spot 7 cm in diameter. A typical central flux is 4.2 x  109 

protons/cm2s (0.56 kRad/s (Si)). A secondary emission monitor calibrated with a Faraday 
cup is used to measure the beam fluence to an accuracy of better than 5%. The beam 
profile has been established by a variety of means, showing the dose to have fallen by 
only 2% at a radius of 2 cm. We have used the CNL facility for a wide variety of tests on 
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electronic devices and detector components. The laboratory can also produce neutron 
beams of up to 60 MeV kinetic energy. 
 
Description of first year project activities 
 
In the first year, we plan to study radiation damage due to neutrons in samples of  NdFeB 
permanent magnet materials using the MNRC facilities. 
 
Permanent magnet beam optical elements have been in use in the SLC damping rings at 
SLAC since 1985. They are also candidates for use in final focus quads, damping rings, 
wigglers,  and possibly elsewhere in the LC. It would be advantageous to use NdFeB for 
such magnets due to its lower cost and its higher energy product, (BH)max, relative to 
SmCo. Its Curie temperature, TC, is lower than that of SmCo, however, so one must 
evaluate the degradation of its magnetic properties due to radiation damage.  
 
Neutrons from photonuclear reactions are an important source of radiation damage to 
permanent magnets at LC in beam tunnels and damping ring enclosures. The radiation 
doses have been estimated in the NLC beam tunnel using a simulation based on electron 
losses [1]. These losses create showers of secondary particles dominated by electrons, 
positrons, photons and neutrons. The neutron energy spectrum is broad but peaked near 1 
MeV. In a region  under a magnet, approximately 25 cm below the beam line, the 
equivalent fluence of 1 MeV neutrons (normalized to radiation damage in silicon) was 
estimated to be 1.9 x 1014 cm-2  for 10 years of operation. The magnets themselves are 
likely to see much higher neutron fluences, especially in other locations, such as the 
damping rings. 
 
Brown and Cost [2] have shown that the remanence of NdFeB permanent magnets may 
be reduced significantly for neutron fluences of this order of magnitude and higher when 
irradiated at an elevated temperature (350 K). The rate of reduction with fluence 
depended on the magnet operating point during irradiation, the intrinsic coercivity of the 
material and the manufacturer of the material. It is necessary to characterize candidate 
materials for LC NdFeB permanent magnets using neutron fluences comparable to those 
expected during the useful life of the magnet. The proposed measurements appear to be 
unique in their ranges of coercivity, loading and neutron energies and to complement the 
measurements of Ito, et al. using 200 MeV protons [3]. This work must be started now 
for NdFeB magnets to be considered in the baseline LC design. 
 
High doses of gammas and electrons are also present in these locations, of course, but the 
associated radiation damage is expected to be much less than from the neutrons. (SLAC 
is in a good position to verify this with candidate materials if desired. Samples of NdFeB 
have already been tested to a gamma  dose of 277 kGy (Si).) 
 
Measurements of the radiation environment are in progress in the SLAC damping rings 
that will allow us to estimate the neutron fluences in the LC damping ring magnets. These 
are being done on a time scale that is consistent with our proposed neutron damage 
measurements. Fermilab is also estimating beam loss distributions and particle fluxes for 
LC collimation systems which will help specify the requirements elsewhere. 
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For the NdFeB tests, simple assemblies of magnet blocks will be made at Fermilab or 
SLAC that fit into the reactor test chambers and provide as broad a variation in operating 
points over the different constituent blocks as possible. We plan to study materials with 
two different values of coercivity and from two different manufacturers. The damage due 
to 1 MeV-equivalent neutrons will be the focus of the study. The presence of 10B in the 
material with its large thermal neutron capture cross section greatly increases the 
radiation dose delivered for a given thermal neutron fluence relative to fast neutrons, so 
this of interest as well. Thus, magnet assemblies will be irradiated and measured at 
increasing doses using 1 MeV-equivalent neutrons, supplemented with separate thermal 
neutron irradiations as necessary. After each dose, the induced radioactivity will be 
monitored by MNRC personnel. SLAC personnel will then transport the magnet 
assemblies back to SLAC to evaluate changes in magnetic properties. A Hall probe will 
be needed to monitor the magnetic  fields at MNRC. 
 
As an example, the times required at MNRC to reach a fluence of 1015 n/cm2 are 7 hr for 
1 MeV-equivalent neutrons and 30 min for thermal neutrons. An initial estimate shows 
that the radiation fields would be well below 1 mR/hr at a distance of 1 ft after such a 
thermal neutron irradiation for pure Nd2Fe14B. Some materials contain substantial 
percentages of Dy or Tb, however, which have large activation cross sections for thermal 
neutrons. This may limit our ability to irradiate samples with thermal neutrons in these 
cases.  
 
We do not propose to test SmCo samples in this program. There is already a proof of 
principle for the use of SmCo in the SLC and evidence from Ito et al. [3] that the material 
is considerably more radiation-hard than NdFeB. Further, SmCo presents a severe 
handling and disposal problem due to the copious production of the long-lived  
radioactive isotopes 153Sm and 60Co by thermal neutrons. We also note that SmCo 
damage studies are continuing in the SLAC damping rings by the SLAC people in this 
proposal. 
 
Future Plans 
 
In addition to possible continuation of magnet material tests, future plans include testing 
of CCDs and other electronic and electro-optical devices and materials for LC accelerator 
and detector applications using neutrons at MNRC or in the 63 MeV proton radiation test 
beam at CNL. 
 
Budget 
 
This proposal includes an estimated UC Davis budget for the first year, as follows: 
• a Hall probe is needed for monitoring the sample magnetic fields at MNRC; 
• additional supplies will be required for the iradiations, such as materials for 

supplemental dosimetry; 
• a part-time assistant is needed to help in performing the irradiations and 

measurements at MNRC; 
• travel funds are needed for trips by UC Davis personnel to MNRC and occasional 

trips to SLAC; and 
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• funds are required to cover incidental MNRC costs associated with the tests. Note that 
the MNRC cost estimate is preliminary and could change as the requirements become 
better known. MNRC does not charge UC Davis for beam time. 

 
The cost of the part time assistant is based on an undergraduate student working half time 
during the academic year. The assistant must drive to and from the off-campus facility 
and be qualified to deal with the potentially radioactive samples. 
 
Item Cost 
GMW Assoc. Model 133 Digital Teslameter + MPT 132-2s Hall Probe $ 3443 
Assistant (part time) (including benefits) $ 8899 
Travel $ 1590 
Supplies $ 1000 
MNRC incidental expenses (preliminary) $ 1000 
Indirect costs $ 3218  
Total $ 19180  
 
Relevant Experience of Personnel  
 
Maxwell Chertok is Assistant Professor of Physics UC Davis working mainly on the 
CDF experiment at Fermilab. During the CDF Run II upgrade, Chertok helped develop a 
radiation-hard fiber optic readout (Dense Optical Interface Module) for the new silicon 
vertex detector for CDF.  As part of this project, Chertok performed several radiation 
damage tests on various prototypes of these devices and on fiber ribbon at the Fermilab 
Booster. 
 
David E. Pellett is Professor of Physics at UC Davis working mainly on the CDF 
experiment at Fermilab. He has performed a number of radiation damage studies on 
silicon detectors and electronics for SSC, LHC and Tevatron applications at the UC 
Davis cyclotron. A brief bibliography follows: 

D.E. Pellett and J. Bacigalupi, “Study Of Radiation Damage To PIN Photodiodes 
Using 63-Mev Protons,” Symposium on Detector Research & Development for the 
Super Collider, Fort Worth, TX (1990). 
D.E. Pellett and S.T. Liu, “Performance of Honeywell RICMOS-IV SOI Transistors 
After Irradiation to 27 Mrad(Si) by 63.3 MeV Protons,” Nucl. Phys. Proc. Suppl. 78 
(1999).  
G.P. Grim, D.E. Pellett et al., “Measurement of SEU Cross Sections in the CDF SVX3 
ASIC Using 63 MeV Protons,” Nucl.Instrum.Meth.A447 (2000). 

 
James E. Spencer is a Staff Scientist at SLAC. He has had long experience with 
permanent magnet optical elements, having made the first proposal for a permanent 
magnet (PM) final focus system in 1984. He proposed, designed and built the first SLAC 
PM multipoles for injection, extraction lines and damping rings for the SLC. He made the 
first comparison of SmCo and NdFeB in PM multipoles. He measured the induced 
radioactivity and showed methods to mitigate radiation effects in such magnets. A brief 
bibliography follows: 
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James E. Spencer, “Some Optics Alternatives for the SLC FFS,” SLAC-CN-264 
(1984). 
James E. Spencer, “PM Protocol and Tolerances for the SLC Damping Rings,” SLAC-
CN-300 (1985). 
James E. Spencer, SLAC-PUB-4090 (1986). 
James E. Spencer, “Experience with the SLC PM Multipoles,” SLAC-PUB-6558 

 
James T. Volk is a Staff  Scientist at Fermilab. He has had long experience with design 
and construction of PM beam optical elements. He built the Fermilab recycler, which 
uses 500 strontium ferrite magnets for storage of antiprotons. He developed prototype 
magnets and set up the factory to build the Recycler magnets and perform all production 
measurement of these magnets. The main field in all the recycler magnets were adjusted 
to be within 5 parts in 10,000 of the ideal field. He has presented papers on this work at 
PAC 2002, MT16 and MT17. Since 1999, he been working on prototype adjustable 
quadrupoles for the LC. He has designed and build three different styles of PM 
quadrupoles using both NdFeB and SmCo.  He has presented papers at MT-17 on 
adjustable PM quadrupoles. He has also designed and built many smaller special purpose 
permanent magnets for the recycler and other experiments at Fermilab. 
 
Zachary R. Wolf is a Staff Scientist at SLAC and is in charge of the SLAC magnetic 
measurements group. He built the current measuring apparatus for accurate single block 
magnetization measurements and made all of the current-generation measurements of 
individual blocks and PM multipoles at SLAC. His measurements of the SLC damping 
ring PM sextupoles are reported in SLAC-PUB-6558. Also, see, for example,  

J.T. Volk, Z.R. Wolf, et al. “Adjustable Permanent Quadrupoles for the Next Linear 
Collider,” SLAC-PUB-8859 (2001). 

 
References 
 
[1] S. Roesler et al., “Dose to Electronics in NLC Beam Tunnel,” SLAC RP 99-15, 

Dec. 1999. 
 
[2] R.D. Brown and J.R. Cost, “Radiation-Induced Changes in Magnetic Properties of 

Nd-Fe-B Permanent Magnets,” IEEE Trans. Magnetics Vol. 25, 1989. 
 
[3] Yoshifumi Ito et al., “Magnetic flux loss in rare-earth magnets irradiated with 200 

MeV protons,” Nucl. Instr. and Meth. B 183, 2001.  
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Proposal Name

BACKGAMMON: A Scheme for Compton backscattered photoproduction at the Linear
Collider

Classification (accelerator/detector: subsystem)

Accelerator: beyond the interaction point

Personnel and Institution(s) requesting funding

S. Mtingwa, Department of Physics, North Carolina A&T State University

Collaborators

M. Strikman and E. Rogers, Dept. of Physics, Pennsylvania State University

Contact Person

S. Mtingwa
mtingwa@mit.edu

Project Overview

We propose to investigate the possibility of Compton backscattering low energy laser
pulses off the spent electron and positron beams at the Linear Collider.  The hot
backscattered photons would then scatter off fixed targets for a rich variety of physics
studies in a scheme dubbed BACKGAMMON, for BACKscattered GAMMas On
Nucleons.  The first objective would be to operate a heavy quark factory, since the cross
sections for charm and bottom quark production would be favorable for producing large
numbers of these flavors.  Secondly, if the incident laser pulses are circularly polarized,
the backscattered photons would be circularly polarized as well, allowing the possibility
of producing polarized τ pairs on fixed targets. Also, BACKGAMMON�s polarized hot
photons could scatter off polarized targets and play an important role in elucidating the
spin structure of nucleons. Finally, there is the possibility of studying the photon structure
function in spent electron beam scattering on laser photons.

The original idea for using the Linear Collider for producing Compton backscattered
photon beams for operation of a heavy quark factory is described in Reference [1].  There
it is shown that, if one had an electron beam of hundreds of GeV energy, then one could
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produce greater than the 109 B meson pairs per year that the theorists said were needed to
elucidate CP violation in the B meson system.  That was before the advent of the current
generation of B factories using electron-positron colliders.  Soon after the description of
BACKGAMMON for heavy quark production, it became clear that this scheme could be
used to operate a polarized τ factory as well.  This and subsequent ideas are contained
References [2-6].

Milburn [7] and independently Arutyunian and collaborators proposed the original idea
of using Compton backscattering in accelerators  [8-10].  The detailed theory of Compton
backscattering, incorporating the accelerator lattice functions of the initial electron beam,
was derived in Reference [1].  The first practical application of Compton backscattering
in a physics experiment was the measurement by Ballam et al. of γp hadronic cross
sections in a bubble chamber at SLAC [11].  Since that initial experiment, there have
been a number of studies using Compton backscattered photons, including the
Brookhaven National Laboratory�s Laser Electron Gamma Source (LEGS) Facility
[12,13] and applications of Compton backscattered photon beams to measure the
polarization of electron beams [14-19].  Thus, Compton backscattering has enjoyed a rich
history.

This project describes research that is unobtrusive to the baseline Linear Collider design.
It should be viewed as an add-on experiment to the Linear Collider that is worthy of
further study.  Accordingly, in this project, three physics objectives initially would be
pursued:

BACKGAMMON I
Unpolarized laser pulses would be incident on the spent electron beam to produce
unpolarized hot photons for the photoproduction of heavy quark flavors to study a variety
of phenomena, including CP violation in the neutral B meson system, high precision
studies of bottom and charm decays, searching for rare and forbidden bottom and charm
decays, QCD studies using heavy quark pair events, heavy quark spectroscopy, heavy
quark baryons, and other checks on the Standard Model.

BACKGAMMON II
While BACKGAMMON I is using the spent electron beam, circularly polarized laser
pulses would be incident on the spent positron beam to produce circularly polarized hot
photons for the photoproduction of polarized τ pairs, to study a variety of phenomena,
including improving the τ neutrino mass limits from such decays as τ→ K- K+ π- ντ ,
searching for CP violation in the lepton sector of the Standard Model, searching for rare
and forbidden τ decays, studying the Lorentz structure of τ decays, and other checks of
the Standard Model.

BACKGAMMON III
At the conclusion of  BACKGAMMON II, the polarized hot backscattered photons
would be incident on polarized nucleon targets to measure the gluon contribution to the
nucleon spin.  An excellent discussion of this point is contained in Reference [20].  The
spin content of the nucleon still is not understood.
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Laser Requirements

In Reference [5], the laser requirements of BACKGAMMON are briefly discussed.
There, it is emphasized that the laser requirements in this scheme are less stringent than
those for a γ-γ collider.  For the γ-γ collider, the aim is to convert each electron in the
collider bunch into a hot photon, leading to the requirement of 1 Joule per laser flash with
a 1 kHz repetition rate.  In BACKGAMMON, for 109 electrons per bunch, only 1 mJ per
laser pulse at 1kHz will produce the 109 B pairs per year; while for 1010 electrons per
bunch, as called for in the LC designs, 1010 B pairs per year would be produced.
Moreover, if one could push the laser rep rate up to the 10 kHz called for in the LC
designs, then one could produce up to 1011 B pairs per year.  These B meson pairs would
be produced in a much cleaner background than that of the hadron machines, such as the
1011 B pairs per year proposed for the BTeV  experiment at Fermilab.

A specific laser design and implementation at BACKGAMMON could lay the
groundwork for the γ-γ collider laser system, with the main difference being the lower
power requirements for BACKGAMMON.  For the γ-γ collider, it has been suggested
that a diode pumped semiconductor laser is plausible [21].  However, for the high
repetition rates needed in both these schemes, it may be necessary to time-multiplex a set
of lasers.  More R&D is needed to settle this issue.

FY 2003 Project Activities and Deliverables

During the first year, we will study the feasibility of using the disrupted beams after the
electron-positron interaction point for Compton backscattering laser pulses.  Initial
discussions with TESLA accelerator physicists make the idea sound promising.  Also, we
will study the backgrounds from the electron-positron interaction point to insure that they
are manageable and design beamlines to bring the best quality electron and positron spent
beams to the two interaction points with the lasers.  On the theoretical side, we will
understand the details of the angular dependences of the polarizations of the
photoproduced τ pairs, and we will perform theoretical studies of the physics issues as
outlined above.  This would involve both analytic approaches and simulations of the
phenomenology.  The results of all the first year�s activities will be written up in a
detailed report.

FY 2004 Project Activities and Deliverables

Assuming that we have verified that the spent beams are indeed usable for Compton
backscattering laser pulses, we will understand the requirements on the laser systems and
decide how best to implement them for BACKGAMMON.  For instance, should a system
of lasers be time-multiplexed to match the 10 kHz repetition rate of the electron and
positron bunches.  We will undertake a detailed study that couples the entire system from
the electron-positron interaction point to the electron and positron-laser interaction points
to the backscattered photons on the fixed targets.  Also, we will begin detailed
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simulations of the experiments that are being proposed.  The results of all the second
year�s activities will be written up in a detailed report.

 FY 2005 Project Activities and Deliverables

In the third year, we will concentrate on the detector design and data acquisition.  We will
study the FOCUS experiment (Fermilab E831) and determine how to improve its detector
system for BACKGAMMON I.  One advantage of BACKGAMMON I is that the
statistics will be several orders of magnitude higher so that a much higher data
acquisition rate will have to be implemented.  Also, we will propose appropriate detector
systems for BACKGAMMONS II and III.  By the end of the third year, we will produce
a detailed technical design report of the proposed experiments.  Finally, we will begin to
investigate the possibility of using the doubly spent electron beam (after both e+e- and e--
laser interaction points) to scatter off a second low energy laser pulse and study the
photon structure function. For a review, see Reference [22].

Budget justification

The entire project will consist mainly of computational and theoretical calculations, with
heavy use of simulation codes.  The first year�s budget mainly will support one graduate
student and travel for the Principal Investigator (PI) and one collaborator to visit each
other�s university for the purpose of working on the project.  Computational equipment
will be purchased for the graduate student.

During the second year, we include the same funds as requested the first year, increased
mostly for inflation.  Also, computational equipment will be purchased for the PI.

During the third year, we include the same funds as requested the second year, increased
mostly for inflation.  Also, additional computational equipment will be purchased for the
PI.

Indirect costs are calculated at North Carolina A&T�s 41% rate on modified total direct
costs, which excludes tuition.

Three-year budget, in then-year K$

Institution: North Carolina A&T State University

Item FY 2003 FY2004 FY 2005 Total

Graduate student (RA)      12      13      14   39
Undergraduate Students                             0                      0                      0                   0
Total Salaries and Wages      12      13      14    39
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Fringe Benefits                                          0                      0                      0                    0
Total Salaries, Wages & Fringe Benefits 12      13      14    39
Equipment        3        3        3      9
Travel        3        3        3      9
Materials and Supplies        1        2        3      6
Other direct costs (Tuition)                      12                    13                    14                  39
Total direct costs      31      34      37   102
Indirect costs                                              8                      9                    10                   27
Total direct and indirect costs      39      43      47   129
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Project name

Ground Motion studies versus depth1.

Classi�cation (accelerator/detector:subsystem)

Accelerator: Interaction region stability.

Institution(s) and personnel

Northwestern University, Department of Physics and Astronomy:
Gokhan �Unel (Postdoc)
Michael Schmitt (Assistant Prof.), Mayda Velasco (Assistant Prof.)
Heidi Schellman (Prof.)

Fermi National Accelerator Laboratory:
Vladimir Shiltsev (Sta� scientist)

Stanford Linear Accelerator:
Andrei Seryi (Sta� scientist)

Contact person

Mayda Velasco
mvelasco@lotus.phys.nwu.edu
(847) 467 7099

Project Overview

Ground motion can cause signi�cant deterioration in the luminosity of a linear collider, due
to the vibration of numerous focusing magnets which cause the beam emittance to grow.
For this reason, understanding the seismic vibration of all potential LC sites is essential.

The proposed studies will focus on how the ground motion varies with depth. This informa-
tion is needed in order to decide how deep the LC tunnel should be.

The measurements will be made in the NuMI tunnel at Fermilab. We will take advantage
of the fact that from the beginning to the end of the tunnel there is a height di�erence of
about 800 m and that there are about �ve di�erent types of dolomite layers.

1Item ID 55: R & D list for NLC available in http://www-conf.slac.stanford.edu/lcprojectlist/asp/

projectlistbyanything.asp.
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The proximity of Northwestern to Fermilab allows us to go to the tunnel every two weeks
in order to change the location of the probes and exchange batteries for the equipment.
The members of the group have experience with NuMI (Laughton, Velasco, �Unel) and with
seismic measurements (Seryi, Shiltzev).

Description of the project activities of the �rst year

Northwestern has already invested $25K in equipment toward this project using ICAR funds
(see table below). All of the equipment is currently being tested, and an inter-calibration
with the seismometer used in the Aurora Mine measurements (Shitzev) is ongoing (Stevens,
�Unel). Concurrently, we are in the process of understanding the data format provided by
the data acquisition system of the GEOTECH equipment to make it compatible with the
programs previously used to make the Fourier analysis needed to obtain ground motion fre-
quency spectrum.

After the calibrations are understood, we will start making measurements in the NuMI tun-
nel and the Minos near-detector hall. Given the number of measurements needed and that
access is limited, the full set of measurements will take at least a half year to complete.

2 broadband seismometers $6,500.00 $13,000.00
2 seismometer cables $325.00 $650.00
1 DL-24 data recorder w/ 1 GB microdrive $11,240.00 $11,240.00
1 12V 33 Ah battery $175.00 $175.00
1 control interface $700.00 $700.00
1 power supply $160.00 $160.00

handling charge $5.00
shipping and insurance $160.00

total already invested $26,050.00

Budget

We have a grant from the state of Illinois to do accelerator development, ICAR. The grant
provides $450K/year for �ve years, and we are now at the start of the third year. Most of
this grant will go into the development of linear colliders, with  colliders as the ultimate
goal.

The grant covers all technical and post-graduate personnel and equipment cost for the project
proposed here. However, this grant will not cover graduate students. We request DOE to
cover that cost.

C:\Linear_collider\LCRD_UCLC_proposal\pdfs\LCRD\velasco1.pdf

2.11.3



DraftDraft

3

We have one student who would like to concentrate on accelerator physics. She would take
this project as her �rst task before moving on to beam stability and �nal focus system de-
signs. We request 50% of her cost.

Institution item cost
Northwestern gradate student $26,436

fringe bene�ts $5,023
overhead (26%) $8,179

Total $39,638
Grand TOTAL 0.5*$39,638=$19,819
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Project name 
 
Investigation of Linear Collider Control System Requirements and Architecture 
 
Classification (accelerator/detector:subsystem) 
 
Accelerator:Control System 
 
Institution(s) and personnel 
 
Lawrence Berkeley National Laboratory: 
Gerry Abrams (Senior Scientist) 
 
Stanford Linear Accelerator Center 
Linda Hendrickson (Accelerator Engineer) 
Marc Ross (Accelerator Physicist) 
 
Contact person 
 
Gerry Abrams 
GSAbrams@lbl.gov 
(510) 486-7188 
 
Project Overview 
 
The Control System of a modern accelerator provides the tools to achieve design goals 
for overall performance, especially of luminosity, but also including ease of 
commissioning, ease of maintenance, repair and upgrade, to provide stability and 
reliability, etc.  
 
We propose to study some of the features of Control Systems which are novel or of 
paramount importance for the Linear Collider. Our goal will be to expose fundamental 
requirements, and to use these to help define the system architecture, both in 
instrumentation and in software. 
 
Brief Summary of Relevant NLC Studies 
 
The SLAC group has amassed a considerable body of literature1 on the design of the 
Next Linear Collider (NLC) Control System Architecture. (Below, we will refer to this 
literature as the Arch Directory.) Of particular interest to the scope of work proposed here 
are the studies by Mark Crane on "Networks and Operating Systems" and "Data 
Streaming, Bandwidth Issues, OO Architecture". A further study, on the "Machine 
Protection System (MPS) Requirements and Streaming Implementation" presents a 
model for the integration of the MPS into the Global Control System. The home page for 

                                                 
1 The directory for previous NLC Control System studies resides at  
http://www-group.slac.stanford.edu/cdsoft/nlc_arch/arch_meeting/meeting_minutes.html. 
We refer to this web address as the "Arch Directory". 
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NLC Controls Group Architecture2 also includes Crane's network-centric presentation on 
"Control System Architecture Overview". These studies provide initial overviews of 
many of the data transport and utilization issues that we wish to explore and to build on.  
 
The work by Linda Hendrickson on Feedback Systems (Arch Directory "Review of SLC 
feedback high-level functionality and NLC requirements") provides a concise review of 
the lessons learned in the development of beam control via feedback at the SLC. Data 
sharing, both within the feedback system and with other cooperating systems, as well as 
with the operator (for commissioning, diagnostics, …), was crucial to the success of SLC 
systems. 
 
Finally, the compendium by Nan Phinney (Arch Directory "High--level Requirements 
…") provides the starting point for many of the requirements analyses and system 
architecture studies that we shall address. 
 
Description of first year project activities 
 
Our focus will be on the Control System data, its acquisition, utilization and storage. We 
will be primarily interested in the signals generated by beam sensors and monitors of the 
beam injecting, accelerating, guiding and delivery systems; i.e., we want to study the 
control and monitoring that is the heart of the Linear Collider. This is the area where 
performance is established, and where it may well be lost unless the control system is 
powerful and flexible enough to meet as yet unknown challenges. 
 
The key feature of a Linear Collider that distinguishes its control from that of a storage 
ring is the absence of stable orbits: each pulse has a life cycle from injector to beam 
dump that must be individually controlled. There is thus a premium on control and 
monitoring devices that are all activated on each (and every) individual pulse. 
 
We will study two Collider subsystems, the Machine Protection System (MPS) and the 
Feedback System, as exemplars that determine requirements on latency, bandwidth, real-
time processing power, and, possibly, data storage. In going beyond the work of 
Hendrickson and Phinney, we will explore in depth the interaction of these subsystems 
with the central Control System. While both subsystems must function within real-time 
constraints, on the human time-scale they must also respond to diagnostic queries, 
reliability assessment, post beam-loss investigation, etc.  In collaboration with accelerator 
physicists, we will explore the crucial use cases (scenarios) that help define where, how 
and when the control data is manufactured, transported, and used. These use cases will 
elucidate the various kinds of data generated by the subsystems: 

Raw data - what the sensors see 
Beam characterization - orbit description, beam size, etc. 
Algorithmic data - the internals of the subsystem processing 
Calibration data - subsystem response to known input 
… 

An examination of the usage requirements will also lead us to consider the sensors, 
electronics, processors, crates, cabling, and networks which must reside in the accelerator 

                                                 
2 http://www-group.slac.stanford.edu/cdsoft/nlc_arch.html 
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tunnels (as well as in possible distributed control centers). An overall systems view of 
this instrumentation will help define the backbone - the underlying system architecture - 
of the Control System. 
 
We also wish to study a major subsystem of the Linear Collider, the Damping Rings, 
from the perspective of Controls. This study will lead to elucidation of issues of 
independence and interdependence of control devices. We also wish to study issues of the 
characterization of DR pulses - whether a digest of the beam properties can suffice to 
interface to upstream and downstream subsystems, or whether the full complement of 
raw measurement information must be capable of being forwarded. 
 
The work of Crane and Phinney leads us to revisit the data emanating from these 
subsystems from the point of view of "data streaming": more-or-less continuous data 
pouring out of the subsystems, a complete record available to any and all users. This 
model is rather a departure from conventional Control System data handling, where the 
most likely final destination for most data is to simply "fall on the floor" (i.e., not go 
anywhere or do anything useful or permanent).  
 
However, data streaming is a model familiar in detector data acquisition, where the 
physics data all migrates downstream to be collected in "events" that are time domain 
associations of data. These events, which reside in permanent storage, then become the 
basic elements of physics (offline) analyses. The topology of the data streaming in this 
case is especially simple: the flow is unidirectional from many sources to one or, more 
typically, many sinks.  
 
The use of networks for Control System data transport allows for more complex data 
streaming topologies, as well as for a straight-forward (though daunting in terms of the 
bandwidth that might be required) adaptation of the detector data acquisition model. We 
wish to reach a deeper understanding of the data use cases to guide the requirements for 
data transport.  
 
The other broad investigation we wish to initiate is that of the Operator interaction with 
the Control System. The corollary to the notion that the accelerator must be sufficiently 
instrumented to enable an understanding of both performance and limitations, is that the 
outputs of these instruments must be available for study (on and off-line) by the Operator. 
Here we envision an analysis that includes the various developmental stages of the 
accelerator, including commissioning, tune-up and debug phases, as well as steady-state 
operation.  
 
We expect that simulations will be a valuable complement to the use case analyses, 
allowing us to explore both qualitatively and quantitatively issues of instrumentation and 
of usage.  The input of experiences from Linear Collider test facilities into simulations 
should help us understand functional requirements, and perhaps desired features, of the 
control environment. Therefore in this first year we will build up working experience 
with existing simulation codes, to prepare for extending these programs to include 
Control System attributes and effects.  
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The deliverables for this first year will be reports written to document results from these 
studies. 
 
Description of second year project activities 
 
We will continue to refine and expand the analyses of the first year. With a coarse overall 
view of the Control System Architecture, we will address the requirements of the LC 
Timing System (waiting until the decision among TESLA/NLC/JLC is in hand). We will 
investigate in detail the requirements that the pulse trains impose on control and 
monitoring devices. We will also assess the requirements for data archiving; i.e., for the 
requirements for a permanent record of activities. 
 
Another area of investigation will be that of the cooperation and competition among 
subsystems (Contention issues, in the language of Phinney). We will explore in depth 
steering issues in the LINAC, with emphasis on the interaction of the Steering Feedback 
with Beam Based Alignment, as well as other subsystems invested in the same 
monitoring devices/processors, etc.: the MPS, BPM control and diagnostics, embedded 
processor rebooting/reloading, etc. 
 
The Global Accelerator Network (GAN) concept will be better defined at this future time. 
We will employ use cases to ensure that the GAN concept is compatible with Control 
System requirements, in particular that monitoring and control data transport, storage and 
utilization work efficiently in the GAN environment. 
 
Simulation development will commence, to implement Control System constraints within 
the simulation environment. 
 
The deliverables for this second year will be reports written to document results from 
these studies. 
 
Description of third year project activities 
 
We will continue the use case exploration and simulation code development of the 
previous years. The understanding of instrumentation and control system facilities at this 
juncture will be documented. A model to implement the proposed architecture will be 
described, using the then-current state-of-the-art networks, processors, storage devices, 
etc. We will also assess directions for required future R&D. 
 
The deliverables for this third year will be reports written to document results from these 
studies. 
 
Response to DOE Budget Guidance 
 
The proposal participants from LBNL and SLAC are from institutions included in the list 
of labs that will not be funded directly through LCRD. Therefore no funds are requested 
in this proposal for this year for these institutions. 
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Relevant Experience 
 
Gerry Abrams is an experimental High Energy Physicist who developed the prototype for 
SLC pulse-to-pulse feedback (Steering, Energy), working with the SLC LINAC group 
(lead by John Seeman) and the SLC Controls group. He later lead the design and 
construction of the detector control system for BaBar at the PEP-II storage rings. 
 
Linda Hendrickson and Marc Ross are Accelerator Physicists with extensive experience 
in SLC development and are currently active in NLC design.  
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���� �� *	����� +��������� =>? �� '����� ����� ���� ���	�� 	������	� ��� �	���	� ��� '� ������� 	��
;��� �	���@� �����	�	�� A ����� ��	��� ���	����� ��� ��������� �� �	 �	 ���� ;��� �B������ ���	�����
�	 ���� ����� ������ ���	�����" �	� ����������� ��� ������'�� �� ��� ���� ��	������� �	����	�" ��� '�
���� �� �Æ������� �� �	���'�� 

)���� 	
 � ��������� �	����	� ���� ;��� ���	; ��� ���	�� �	���	� ��� 	������	� 	
 � ������� ���������	�
���� '��� ���	�������� �� �(�." *	����� ��� ����;���� '�� � �	������ �	���	� ������ ������ �����
��� �� ����	��� ��� �	� '��� ������� 	�� %� ��	�	�� �	 �������� �B������ �	���'	������ �		��
�������� �	 ����� 	�� ��� ������ ������ ��� �����	� ��; 	��� ;���� ������ �	 ���� ����� �	������"
�� ������� ��	���� 
	� ��� ���� ���������	� ������ ���C� 
	� ��� ����� ���� �������� ����� ;���
'� ������� 	�� �	 ���� ���	�� ������ 	
 ��� ���� �� �	���'�� %��� �����'�� ���	�� ������ �	 ���
����" ���	�� 	������	� 	
 ��� ��� �	 ����� 	�� �����<���� ������� ������� '� ���������	� ����������
�	����� �� ���	�� ����� ��� '� �D�������� ��� ��
��� �	������� %��� ��� �������� ���� ���������	�
������ �� �����" 	�� �	�� �� �	 ����� 	�� '��� ��������� ������������ 	� ��� ��� 
�	� *	����� 

>
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�		�� ���� ���	; ������ �	�� �����	����� �� ;��� �� �	���������	� ��� �������� 
	� ��� ������� 	

����� ���������� �D	���'�� ����	 �	�
�������� �		�� ���� ;	�$ �����'�� �� ���� ��D����� �	������� �	
�B������ ����� ���	�� ����� ��	��������� '	�������� ��� ���	 $�� �	 ��� ������� 	
 ���� � �	���'	����	� 
��� �D���������� 	
 ����� ����	 �	�
�������� �		�� ;��� '� ��������� �� ���� 	
 ���� ��	:��� 

 !"#$  	�� %������

�� >991 ��� �(�&� �	���'	����	� '���� �	��������	� 	
 � ���� 
������� 
	� � 
����� ������ �	������ 
��� �(�&� ���� �������� ����� =E? �� �	����� �� ��� ��������� (��$��	���5������	��	� ��(�.� ��
!��'��� ��� ��� '��� �� 	������	� ;��� ��	�	���� ������	�������� ���������	� �����	�� ����� >996 
�� ��� ������� �	�<������	�" ��� ��� �� � E22 � �	�� ������ ���������	� ;��� ������� ���	����� ��������
;��� 9 ���� ������	�������� �	����� ���� �	������� 	������ ;��� ������������ ��������� 	
 �� �	 14
FG7� � ����� ������ #� ��� �� ��� �	���� 	
 ������	�� ��� 
������� ��� ���	 '� �	�<����� �� � 
���
������	� ����� 

��� �	���	� ������ 	
 ��� ��� �� '���� 	� ��� ������'���� �':���-�������� *	���	� ������ ���*� =8?
�����	��� �� �(�. �� ��� ����� 92@� ���� �	���	� ������ 
��<��� ���� 	
 ��� ������������ 
	� � 
�����
������ �	������ �	���	� ������ ��� 	':���-	������� ������ 
�	� ��� ������ ������ ����� �� �	 ��� 	�����	�
�	��	�� ��$�� �� �	����� ��� H�B�'�� ��� ������ ���� ��� �������� (������� �	���������	� ��	�	�	�
'���� 	� ���	�� ��	������ ����� �#)*�� ���� ���	;� 
	� ���	�� 	������	� 	
 ��� ��� �	���	� ������ 
��� �����-��	�	�	� ������������ 
	� ������ ������� ������� ��� ���	��	����	� 	
 ��� ��������� �	����5
'���	� 
�	� �� ���������	��� �	���'	���	� ;���	�� �������� ��� �����
��� �	 ��� �	���	� ������ #��	��
	������	� 	
 ��� �(�&� ���� 
������� ��� '��� ������� 	�� 
�	� �;	 �	���'	������ ����� ���	���������
��� �� ����'������� 	
 ���� �	���	� ������ 

	� 	��� ;��� 	������	� ��� �	���	� 	
 ��� ������� �	�� 
�	� 	�� ���������	� �	 ��	���� �� � ��-
���'��� ;	��� '�� ���� ���	�� ���� ;��� ������� ��� �'����� �	 ������ ��� �����I� ��� ���� �	�������
������ ��� 	������	� 	
 ��� ��� ���������	�� ���� �	����'��� ��������� ����;��� �	 ��� ���������	�
������ ;��� ���� �	 ����� ��� ����;��� '�����	� ������ 	������	� ��� �����I� ��� �	������� ��
	���5
��	� ���� �� �������'�� 
	� ��������� �	������� ��	'���� ;��� ��� ������ ��� ���	 
	� �	���	���� ���
�	��-���� '�����	� �� � ���� �����	����� �	� ����" � ���� ���������	� ������ ������� �	 ��	�� �� !()
�B��������� ��� ��	���� �� ����� �	����	� !() �B��������� �������� ����� ��	���� 	
 ���� �� ;���
�� ���� ���� ����� ;���� ;��� '� ��� ���� 
	� ��� ��� ��� � 
����� ������ �	������ 

  % &��� $��������� "���	�

�	 ���� ����� ����� 
	� ��� ���" �� ���������	� ���� ���������	� ��	:��� ;�� ������� �� >993 ��� '����
	�������� ���� ���� �� ;�� �	�������� �� � ��		
-	
-��������� ������ ;��� � <��� ������ �	 
	��	; 

���� ��	�	���� ������ ���� ��� ;���5$�	;� #��� 
����;	�$ =4? 
�	� !() �B��������� 	� �	� 	

���*� #��� ��� '��	��" ����� ��� ������� �����	����� �� >994" � 
���-H����� �������� �		� �� ��
;��� ������ 
	� �������� ����� ��	���� 	
 ���� ��� ��� ����� <�� ��I�� ���� ��� �B������ 
	� ��� &!*
�B��������� %��� 
��� �����	����� ��� �	���	� ��� ��� ���� ���������	� ������ ;��� �������� �������
���� ������� #��� ��� ���� �		� ����	�������� ��� �������I���	� ����'������� ;��� � ����� ���'��
	
 ����������� 
�����	�� �
 ����� ��� �	� ��Æ�����" ��� '����-�� *JJ ����������� ������� ������� ���
�������� *JJ �	�� ����� �� �� ���� ;����� �� !()" ����	�� 
�	� 	���� ��	��� ��� ��'	���	���� ��
�B������� ��� ������� �������� �		�� �� ��� ��	�	���� ������" '���� 	� F��&�'" ;��� '� �	����������
'� �		�� '���� 	� #��� 

��� ������� ��� ��C �	�� �	� <� ;��� ���	 � �� ;	��� ����� �� �� �	����� ��������� ��� �� �	� ������
���� 
�	� ���	�� ����� � '����� ���� ��	���� �	����� �� ������ ;���� ����	��� ���	�� ������ ���
���	�� ����� 	
 #��� �����<� �		�� %� ��	�	�� �	 ��$� ���� �B������ ������ �� � �������� �	��� ���
���� �����	� ��� '���� ��-���'��� ���� ���������	� ����� ���	 �� %��� ��� ��; ���� ���������	�
������ �� �����" ;� ���� �	 ����� 	�� '��� ��������� ������������ 	� ��� ��� 
�	� *	����� 


�����������	  ����

*������ �	 ��� ������� 	
 ���� ��	:��� �� ��� ���	��	����	� ��� ��������	� 	
 �	���'	������ �		�� �	
���	������ '	�� ��� ������'���� �����	����� ��� ��� ���	�� 	������	� 	
 ��� ��� ��� ��C ������ 
%� ;��� �B��	�� ��� �	��	�	����� ��� ��������� ������ �� ���� �D	��" $������ �� ���� ��� '�	���� �	���B�
	
 
������ ������ �	������ ��������" �����	����� ��� 	������	� 
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G���	 �	�
�������� ;��� '� ��� ������� ����� 	
 ������I��� ��� �D���� 	
 ��������" �	 �� ����� �
������ �� �	���'��" '��;��� ��	����������� ������'���� ������������ %� ���� �	 ��� G#G� �� ��
�D	���'�� ����	 �	�
�������� ������ �� ��� �	�� 	
 	�� �	���'	������ �		� ��� %� ;��� ��	���� �	���-
�	-�	��� ��� �����-�	��� ����'����� �� � � ��H���	�� �	 ���� ��� ���'��� 	
 ��� �D	�� ��� '� �� 	������
�	���������	� ���������� 	
 ;���� ���� ��� ;	�$��� 

K������ ����	 �	�
��������" ;� ���� �	 �������� ������� �		�� ��������� ;����'	����" �	���������	�
�������" �	�� �����	����� �����	������ ��� ���	���	���� ��� ����� ������� ���� �	 
��<�� ��
�����<� ������������� ���� �������'����� 
�	� ��� �	���'	����	� �����" ����	�� 
	� �������� ����
	���
��� ���������" ������ ��� ���������� ������ ������" ��
� ��	����" ��� ��� ����'����� 	
 ;	�$��� 	� �	;5
'���;���� �	������	�� ��	� ;����������� ��� ������ '���;���� ������������ 	
 ����	 �	�
��������� 

*	���������	�� 	
 �������� ;��� '� ���	����� �� ��� ����	����� 	
 ����� �		�� ��� �'����� �	 
�����	�
���	��� <��;���� ;���	�� 	������ �� �	��� ���� ����� ����	���� �������'����� �	 ��� ���;	�$� ���	����
;��� '� ��������� 

�� ��� �����	����� ��� ����	����� 	
 ��� ��� ��C ��	�������" ;� ;��� �������� ��� �D����������
	
 ����� ������'���� �	���'	������ ���������� %� ;��� '� �		$��� �� �	��	�	����� 
���	��" ��� ������ 	

������� �������� �� ��� ���;	�$" ��� 	���� ������� 	
 ;	�$��� 	��� ��	��������� ��������� 

%'())* ����	� $������	� ��� &	���	����	�

��� <��� ���� ;��� '� ��������� �	 ��� ��������	� 	
 �	���'�� �B�����	�� �	 ��� �B������ ��	�	����
	
 ��� ��� ���� ���������	� ������ ��� ���� 
	��� ;��� '� 	� ��	'�� ���������	� ���;	�$ �����<�
������������ ���� ��	���� �	������ ;���� ;��� ���	; 
	� ���� ������ �	 ��� ���	���� ���� '� 	D-����
�	���'	���	�� ;��� '� �����	��� � <��� �	����� ������ ;��� '� ������� 	�� ��� � ��	�	���� ������ ;���
'� �����	��� 

�� ������	�" ��� <��� ����� 	
 �	���'	������ �		�� ;��� '� ����	��� ��������� ����	 �	�
�������� �		�� ��
;��� �� �	�� ������ ��� �����	����� �����	������ 

��������'��� 
	� ��� <��� ���� ;��� '� ��� ��	�	���� 	
 � ����'��� ��� ���������� ������ ��� � ���	��
	� ��� �D���������� 	
 ����� �	���'	������ �		�� �� �� ����� ��	:��� ������ ��� �����	����� ����� 

%'())+ ����	� $������	� ��� &	���	����	�

��� ���� 
	��� 
	� ���� ���� ;��� '� 
������ �����	����� 	
 ��� ����'��� ��� �����	���� �		�� ������

	� ���������� ��� ���� �� � �� �����	����� �� ������	�" ��� <��� ��	�	����� 	
 �������I���	� ���
�������� ��	����� ;��� '� �����	��� 

����	����� 	
 �	���'	������ �		�� ���������� 
	� �	�� ���������� ��� �	���������	� ;��� '� ���������

	� ���� ���� 	
 ��� ��	:��� ��� �	���������	� 	
 ��� �B������ ���� ���������	� ��� ��� ����� ����'���
;��� '� ������� 	�� ����� ����� �		�� 

��������'�� ����� ;��� '� � ���'�� ����'��� 
	� ��� ��� ��C �� ;��� �� ��� <��� ����� 	
 � �	��5
�������	� ������ �	������ ����'��� ��� ���� ��������� #��	�� 	������	� 	
 ��� ��� �	 ����� '���
��������� ������������ ;��� '� ��������� 
�	� *	����� 

%'()), ����	� $������	� ��� &	���	����	�

�� ��� ����� ���� ;� ;��� 
	��� 	� ��� �����	����� 	
 �������I���	� ��� �������� �		�� %� ;��� �����������
�
 ��� �������� !() �	
�;��� ���$��� #��� �� �����'�� 
	� ���� ����	�� ��� �
 �� ��� '� ���� �� ��������
	� ���� ������� ��� �	�������� ��	���� F��&�' 

� ��������� ���	�� 	� ��� ��� ��� �B��	����	� 	
 �	���'	������ �		�� ������ ��� ����� ����� 	
 �����	����
��� ������������ ��� �	
�;��� ;��� '� ��	����� 

-���	� �����������

%� ���� ���� ������� ��
	�����	� ���7	� ������ �B�������� ���� ��H���	� ����� 	
 4L 
	� �������� ���
EL 
	� 	���� �B������ �� ����	������ %� ���� ������� � ����� ���� 	
 ����� >" 122E �� �����������
�������� �	��� ��� 
����� '���<�� %� ���� ��������� 
���� 
	� � ���
 ���� �������� ������� �� ��� ����
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���� 	
 ��� ��	�	��� �� ���	 ����� +��������� %� ���� ��������� 
���� 
	� ���� ���� �������������
�������� �� ���	 ����� +��������� 

��� �	������ ������� ����� ��� �������� �	 ����� 	�� ��� �	���'	������ �����	����� ��	���� ���
�	����� ��������� 	
 ���$�	� ����	 �	�
�������� �		�� ��;	�$ %� ���Æ� 
���" �������� ����'���
�	
�;���" ��� �	
�;��� ���������� �		�� 
	� ��� �	���'	������ �����	����� 	
 ��� ���� ���������	�
�	
�;��� ��� ���	 �������� 

������ 
���� 
	� ���	 ����� +��������� ��� ��������� �	 �	��� ��� �	�� 	
 ��������� ������ ��������
��	�� ��� �	���'	���	�� �	 ����� 	�� ��� ��	�	��� ��	���� 

 .�		/�	�� ����	�0 �� �.	�/�	�� 12

������������ *	����� +���������

���� �.122E �.1228 �.1224 �	���

����� )�	
����	���� 2 2 2 2
�������� �������� 2 2 2 2

+������������ �������� 2 2 2 2
�	��� �������� ��� %���� 2 2 2 2

������ K���<�� 2 2 2 2
�	��� ��������" %���� ��� ������ K���<�� 2 2 2 2

(�������� 2 2 2 2
���$�	� G#G� ������� 1 0 0 >8

*	���	� #		� G#G� ������ 2 E 2 E
G#G� #�H���	� 8 2 2 8

%����'	��� 2 8 2 8
��;	�$ (�������� > 1 E 0

#	���� 2 2 2 2
%�'7����'��� ������ 2 E 1 4

��;	�$ %� ���Æ� ���� >2 >2 >2 E2
����'��� �	
�;��� E E E 9

*	���'	������ �	
�;��� 4 >2 >4 E2
������ 2 2 2 2

F�������� ��� �������� 2 2 2 2
����� ������ �	��� 2 2 2 2
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Project name 
 
Investigation of acoustic localization of rf cavity breakdown 
 
Classification (accelerator/detector:subsystem) 
 
Accelerator 
 
Institution(s) and personnel 
 
University of Illinois at Urbana-Champaign, Department of Physics: 
George D. Gollin (professor), Michael J. Haney (electrical engineer) 
 
University of Illinois at Urbana-Champaign, Department of Electrical and Computer 
Engineering: 
William D. O’Brien (professor) 
 
Stanford Linear Accelerator Center: 
Marc Ross (staff scientist) 
 
Contact person 
 
George Gollin 
g-gollin@uiuc.edu 
(217) 333-4451 
 
Project Overview 
 
Electrical breakdown in warm accelerating structures produces electromagnetic and 
acoustic signals that may be used to localize (in a non-invasive fashion) the breakdown 
site inside a cavity. Other indications of breakdown (microwave, X-ray, and dark current 
measurements) have proven insufficient to elucidate the basic physics of cavity 
breakdown. During tests of the NLC design it will be important to record information 
describing electrical breakdown in order to understand why cavities break down, and how 
cavity design and operating conditions influence accelerator reliability.  
 
We propose to study the behavior of the acoustic signal generated when a cavity breaks 
down in order to determine how well a system of (external) ultrasound transducers can 
measure the position of the discharge site inside a cavity. The proposed work could lead 
to the design of an affordable, large-scale acoustic system that could be used to 
instrument a substantial fraction of the accelerator. Marc Ross, who has already been 
investigating acoustic techniques at SLAC, is one of the participants in the project.   
 
Description of first year project activities 
 
Using 2.25 MHz ultrasound transducers borrowed from William O’Brien’s lab, we find 
that we may be able to determine the relative arrival times of (ideal) acoustic pulses 
detected by a pair of transducers to an accuracy of a dozen nanoseconds.  (O’Brien is a 
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Professor of Electrical and Computer Engineering at the University of Illinois, and an 
expert in acoustics.)  Since the speed of sound in copper is approximately 5,000 m/sec, it 
is conceivable that a trio of sensors could triangulate the location of electrical breakdown 
in an NLC accelerating structure to an accuracy of 100 µm. We would like to investigate 
this in detail in order to determine the feasibility of building a large-scale system to 
monitor electrical breakdown in warm Linear Collider accelerating structures. 
 
The work will extend Ross’ own at SLAC. We would like to learn if it is possible to 
characterize the position distribution of energy released in a breakdown. Perhaps some of 
the damage to cavity surfaces comes from the splash of material that leaves the initial 
point of discharge and lands elsewhere in the cavity. There might be an acoustic signal to 
indicate whether or not this is true. 
 
It is possible that the details of acoustic propagation through the rf structures will produce 
complex signals at the transducers.  Will some amount of signal processing be necessary 
to extract timing information, or will a simple threshold-crossing time measurement 
suffice? Are the polarization of the acoustic signal and the directionality of the transducer 
matters that will complicate a breakdown sensing system? Is the efficiency of transfer of 
acoustic energy into the transducer an important parameter of a system, or are the signals 
so large that this is not an issue? 
 
Ross plans to send a 9-disk section of NLC accelerating structures to the Illinois group 
for use in our studies. Using transducers and electronics borrowed from O’Brien’s 
ultrasound lab, Haney and Gollin will characterize the acoustic properties of signals from 
spark discharges inside the NLC structures in order to answer the questions posed above. 
After learning more about the nature of the breakdown signals we will begin to study the 
feasibility of using several sensors to determine the positions of electrical breakdowns. 
We expect to make use of existing University of Illinois laboratory infrastructure (some 
of which will be borrowed from colleagues in the Electrical and Computer Engineering) 
for most of the work during the first year. However, we would like to acquire a PCI bus 
signal digitizer to extend the capabilities of an existing test stand (presently used in 
maintaining CLEO III trigger electronics). This test stand will serve as the core of the 
measurement system to be used in these investigations.  
 
The proposed effort is related to the “RF Cavity Diagnostics…” submission from a 
Fermilab-Mississippi-SLAC collaboration, though they plan to use lower frequency 
transducers and, consequently, will have different resolution for the location of a 
discharge. We expect to keep them informed of our progress, and to discuss their results 
as they learn about the systems they will be studying.   
 
This is an ideal project for student participation so we are also requesting a modest 
amount of support to fund one undergraduate physics major (who could use the work as 
the basis for a senior thesis). 
 
Future work is likely to involve the investigation of the use of inexpensive plastics to 
fabricate a system of affordable sensors for instrumenting a section of the NLC test 
accelerator. 
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Budget 
 
Institution Item Cost 
Illinois National Instruments NI 5112 two-channel digitizer $2,300 
Illinois Summer + academic year salary for one undergraduate $4,400 
Illinois Indirect costs $2,332 
Illinois Illinois total $9,032 
SLAC SLAC total $0 
 Grand total $9,032 
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 Project name 
 
Investigation of Breakdown in 17 GHz Accelerator Structures 
 
Classification (accelerator/detector: subsystem) 
 
Accelerator 
 
Institution(s) and personnel 
 
MIT Plasma Science and Fusion Center (PSFC), MIT Department of Physics: 
Richard J. Temkin (Dept. of Physics, Senior Scientist; Associate Director, PSFC), 
Michael Shapiro (Research Scientist, PSFC) 
 
Stanford Linear Accelerator Center: 
Dr. Chris Adolphsen 
 
 Contact person 
 
Michael Shapiro 
shapiro@psfc.mit.edu 
(617) 253-8656 
 
Richard Temkin 
temkin@psfc.mit.edu 
(617) 253-5528 
 
Project Overview 
 
The MIT Plasma Science and Fusion Center (PSFC) proposes to undertake an intensive 
program of theoretical and experimental research on the problem of breakdown in copper 
cavities and structures at 17 GHz. Our interests are in understanding the physics and 
engineering of high gradient room temperature accelerating structures operating at high 
frequencies.  
 
A serious problem in the development of a room temperature copper structure for the 
proposed NLC is the determination of the highest possible accelerating gradient at which 
such structures may be safely operated. A great deal of research has been conducted at 
SLAC at frequencies in the 2.856 to 11.4 GHz range to investigate this problem. Results 
from that research are extensive and our understanding of breakdown is improving very 
significantly as a result of those pioneering studies. However, much of that work is 
empirical and an understanding of breakdown from a fundamental or microscopic point 
of view is still lacking. In addition, that research is focused on 11.4 GHz and results on 
the important physics and engineering issue of scaling of breakdown with frequency 
cannot be ascertained from that research. 
 
MIT PSFC proposes experimental and theoretical research on breakdown in 17 GHz 
accelerator structures. This research will contribute to the LCRD project and also 
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facilitate our base DOE funded project. It will also provide basic results on breakdown 
and pulsed heating at a frequency 50% higher than the SLAC/NLC frequency. This will 
contribute to our understanding of frequency scaling of breakdown in accelerator 
structures. An additional goal of the research will be to develop new diagnostics of 
breakdown effects. These diagnostics should help to understand the role that plasma 
formation plays in the breakdown process. 
 
MIT PSFC has previously conducted research on conditioning, breakdown and high 
temperature wall heating in the course of research on a 17 GHz rf gun. The proposed new 
research would continue those investigations, but in a more systematic and detailed 
fashion with improved diagnostics. In studies with a 25 MW, 17 GHz klystron built by 
Haimson Research Co., breakdown was observed in the MIT 17 GHz rf gun on shots 
with incident power exceeding 5 MW, corresponding to peak fields of 200-250 MV/m. In 
our previous research, breakdown data were systematically taken during conditioning of 
the rf gun. The forward and backward signals and the Faraday cup voltage were 
monitored. A dark current of up to 0.6 mA was measured at the cathode electric field of 
up to 180 MV/m. The new research, proposed here, would be a systematic experimental 
and theoretical extension of those breakdown studies using available equipment.  
 
The MIT research group will design a photonic band gap (PBG) structure specifically for 
breakdown experiments. PBG structures (or photonic crystals) have been proposed in 
optics to control laser beams and suppress spontaneous radiation. This idea was adopted 
at microwave frequencies to build frequency and mode-selective cavities for application 
in rf accelerators and microwave sources. The PBG cavity can be easily built using an 
array of metal rods (see Figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The advantages of using a PBG structure in breakdown experiments are the following: 
 

- The structure will be designed to provide a substantial field enhancement at the 
rods. High fields are confined to the central rods. 

- Coupling into PBG structures can be done through an open waveguide coupler 
without pinholes or small apertures. This simplifies interpretation of experimental 
results by eliminating breakdown at the coupling hole. This is a major benefit. 

- Coupling can be controlled through withdrawal of some rods. 

Figure 1: 17 GHz photonic band gap 
cavity with the top endplate removed.  
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- A PBG cavity can be designed such that the rods can be easily replaced and any 
damaged rods can be inspected. 

- Rods made of different material (copper, molybdenum, tungsten, or coated rods) 
can be utilized and interchanged. 

- Non-uniform rod radii can be utilized to optimize the coupling into the structure. 
- Damage of the structure and breakdown can be monitored using a higher 

frequency mode transmitted through the structure, as was demonstrated at SLAC. 
 
The PBG cavity will be designed using the computational tools available at MIT: the 
HFSS code and the Photonic Band Gap Structure Simulator (PBGSS). In our proposed 
experiments, the fundamental mode TM010 will be employed, which is relevant to the 
accelerator structure breakdown modeling. 
 
In contrast to a PBG accelerator structure, a PBG structure for breakdown and pulsed 
heating studies will be composed of thinner metal rods (about 0.16 cm diameter or less) 
surrounding the defect. Using 5 MW, 100 ns pulses from the HRC 17 GHz klystron, a 
peak electric field of 350 MV/m at the wall and a temperature rise of about 250-5000C at 
the central rods can be obtained. This may cause metal fatigue and damage in the copper 
structure. In principle, it is possible to increase the peak electric field above 500 MV/m at 
the power level of 10 MW, but it is risky because reflected power can damage the 
klystron.   
 
The proposed research will build on an existing program funded by the Dept. of Energy, 
High Energy Physics, to conduct experimental and theoretical research on high gradient 
linear rf acceleration at a frequency of 17 GHz. Our research laboratory is within the MIT 
Plasma Science and Fusion Center, an on-campus laboratory of MIT affiliated with 
several departments including Physics and Electrical Engineering. This research is being 
conducted primarily by graduate students and postdoctoral associates. Funding for this 
research is consistent with a university scale program. In addition to the research funded 
at MIT, the Haimson Research Corporation (HRC) of Santa Clara, CA has been 
independently funded by the SBIR program to develop microwave source and 17 GHz 
linear accelerator components for use in the MIT program.  
 
One of the goals of the MIT research program is progress on physics and engineering 
issues of a 17 GHz high gradient accelerator with the aim of demonstrating the feasibility 
of using the 17 GHz frequency in a TeV Linear Collider or a Linear Collider upgrade. 
The following unique experimental techniques are available at MIT: 
 

1) HRC 17 GHz, 25 MW, 1 microsecond pulsed relativistic klystron; 
2) HRC 17 GHz linear accelerator (a 55 cm long, 94-cell, 2π/3-mode structure.) The 

system includes an rf chopper and prebuncher and a 550 kV DC electron gun 
capable of producing a beam current of 1 A for 1 microsecond. 

3) 17 GHz photocathode rf gun, a 1-1/2 –cell accelerating structure with the back 
copper wall serving as the cathode (see Figure 2).  When the rf gun is filled with  
5-6 MW, 50 ns pulses from the HRC klystron, a peak field of 250 MV/m is 
reached at the photocathode.  

4) Ti: sapphire laser system for the rf gun photocathode that produces 2 ps, 2 mJ, 
2 mm diameter pulses at 800 nm. These pulses are frequency tripled to 20 to 40 
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microjoules of UV at 267 nm and focused on the back wall of the rf gun copper 
cavity.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The major accomplishments of the MIT 17 GHz high gradient accelerator research 
program are the following: 
 

- Demonstration of electron bunches from a 17 GHz rf photocathode gun with 
fields of up to 250 MV/m, charge of up to 0.1 nC, energy of 1 MeV, emittance of 
3π mm-mrad and brightness of up to 50x1012 A/m2 ; 

- Initial operation of the Haimson Research Corp. 17 GHz rf linear accelerator with 
beam energy of 17 MeV at 100 mA average current, peak current of 100 A in   
180 fs pulses, the highest frequency stand-alone accelerator in the world; 

- Design, fabrication and cold test of 17 GHz photonic band gap cavities for 
accelerator applications. 

 

The MIT research group carried out extensive theoretical and experimental studies on 
PBG structures for accelerator applications. A 17 GHz PBG cavity was formed using a 
2D triangular lattice of metal rods with a defect (missing rod) in the center. The electric 
field is parallel to the rods. The lattice is placed between two endplates. Figure 1 is a 
photograph of the 17 GHz PBG cavity built for cold test. The rod diameter is 0.16 cm, 
and the rod spacing is 0.64 cm. This design takes advantage of the PBG cavity to localize 
the defect mode while higher-order, higher-frequency modes are not localized but, 
instead, spread throughout the volume of the cavity. Therefore, wakefields formed by 
higher-order modes can be easily suppressed. Three rows of rods are utilized to localize 
the defect mode, which is a quasi-TM01 mode, analogous to the fundamental mode of a 
pillbox cavity.  
 

The 17 GHz PBG cavity has been tested using a vector network analyzer. RF power is 
coupled into the PBG cavity from a WR62 waveguide. Some rods have been removed to 
control the coupling into the cavity. The cavity is undercoupled as designed. Further 

Figure 2: 1-1/2-cell RF gun schematic 
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coupling correction was accomplished when some rods were partially withdrawn. Such a 
coupling correction is a unique feature of PBG cavities and cannot be done with a pillbox 
cavity. The critical coupling is observed in cold test. The cold test results are in very good 
agreement with the HFSS simulations. Based on these results, we believe that the 
proposed PBG cavities which will be used in breakdown studies can be easily fabricated. 

 
First Year Program 
 
In the first year, we will design, build and test cavities at 17 GHz. The first cavity will be 
a photonic bandgap cavity based on the existing cavity designs, but using smaller rods to 
enhance the field stress at the copper surfaces. Calculations indicate that breakdown 
should be observed with our available klystron drive power. Field intensities will exceed 
those already obtained in studies with our rf gun. Tests will be conducted with copper and 
molybdenum rods to determine the role of materials in the breakdown process. 
Diagnostics will include dark current measurements and optical observation of the 
breakdown process. The results will be analyzed theoretically. 
 
Proposed Budget – Year 1 
 
 
Institution Item Cost 
MIT Graduate Research Assistant (6 months) $11,100 
 Engineer $8,000 
 Materials $7,500 
 MIT Direct Cost (Total) $26,600 
  MIT Indirect Cost (Total) (63%, excluding tuition for 

Grad. Res. Asst.) 
$13,400 

 MIT (total) $40,000 
SLAC SLAC (total) $0 
 Total $40,000 
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RF CAVITY DIAGNOSTICS,  DESIGN  and  ACOUSTIC EMISSION TESTS- 
-Accelerator Phyisics 
 
University:    U. Mississippi  
Names:       L. Cremaldi*,  D. Summers,  Igor Ostrovskii,   
Email:   cremaldi@phy.olemiss.edu  
Phone:  662-915-5311   fax: 5045 
 
I. OVERVIEW 
 
I.-a Acoustic Emissions in RF Cavities 
 
Elastic  waves are generated in a materials which experiences abrupt changes in stress or 
strain. This phenomenon is known as acoustic emission (AE) and can be detected by  
means of ultrasonic transducers coupled to the material.  Due to the simplicity  of 
detection method, monitoring of acoustic emissions should  be considered  for  
accelerator beamline elements when continuous fault detection is required. We propose to 
use AE for studying onset of breakdown in RF cavities.   
 
Vibration and electrical breakdowns in RF cavities can be monitored in a passive 
approach, either by mounting (a) accelerometers (1-5KHz), and (b) piezoelectric 
transducers (200 kHz ).  Accelerometers  mounted  to circuit elements may make a useful 
tool in the detection of  transient and steady-state mechanical noise in  beamline, and well 
suited to the lower frequency range.  
 
Piezoelectric transducers are best suited to detecting onset and breakdown characteristics 
at higher frequencies (150 - 500 kHz) and will  permit  ambient background noise to be 
filtered out. A set of piezoelectric transducers can be  mounted to an RF cavity in such a 
way that their resonant frequency is in the range of the signal of interest . Through a 
signal conditioning  stage,  bandpass pre-amplifier can eliminate ambient noise.  This 
signal is then fed through a threshold and integration unit which produces an analogue 
pulse proportional to the energy content of the sensor output voltage.  A determination of 
the source location of each breakdown event is based on arrival time differences of the 
carefully placed tranducers and a standard “clustering” analysis .   
 
In a simulation of RF breakdown in a cavity, a series of breakdowns and noise are 
induced in a solid disk of radius R. Acoustic sensors are placed on radius at  0o, 60o, and 
120o, Using a 10% gaussian resolution function we obtain the following acoustic 
signature in which  breakdown position (x,y)  can be localized.  
 
  
 
 
 
 
 t1 

t2 

t3 
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The (x,y) region in this simulation would be  characteristic of the onset of a breakdown  
problem. We propose to study the noise characteristics of the corona onset and cavity 
breakdown by reproducing these conditions in a RF-like cavity.  This AE monitoring 
technology would then be transferred to cavities in operation at  Fermilab and SLAC. 
 
I.-b Surface Emission Physics , Leakage Current and Breakdown in RF Cavities 
 
It is commonly recognized that  cleanliness and surface finish of RF cavities plays a 
major role in abnormal leakage current and breakdown in RF cavities [1, 2].  Over the 
past 3 years we have been involved in the NC machining  and testing of Cu  RF cavities 
and are aware first hand of the problems in going to high accelerating gradients.   
 
Enhanced Field Emission (EFE) from large area electrodes is thought to be caused by 
specific emittng sites with surface defects.  These sites can show emissions at a few 
MV/m.  Some observations are:  
A. Particulate contaminants are powerful field emitters. 
B. Scratches and other geometrical defects  can act as emitters.  
C. A few emitters may dominate current and breakdown problems.  
D. Irregular shaped conducting particles  emit more than smooth.  
E. Some emitters may “melt” in a burn-in procedure in which a new surfaces exposed to 

an intense electric field.   
These observations lead us to believe that surface finish and cleanliness are very 
important in the fabrication process as well as choice of cavity material and/or coating.  
 
We propose to set up a small facility to test large area electrodes in our lab and 
experiment  with surface finishes and and coatings. We are particularly interested in 
looking at the high melting point and low resistivity metals, Rhodium, Molybdenum, 
Iridium, and Tungsten, their allows Pt-Ir 75-25, Pt-W  96-4, Pt-Ru 90-10, Cu-W  60-40 as 
well as Copper and Aluminium.  For example Indium alloys are commonly used in 
production of high quality spark-plugs! 
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II. INFRASTRUCTURE 
 
We have contact with scientists at The National Center for Physical Acoustics on our 
campus. They are  experts in tranducer technology as well as conditioning electronics.  
We have machined a number of RF cavities in our machine shop. Parts for our 
engineering and test apparatus would be produced in house.  Igor Ostrovskii and Don 
Summers have years of experience with materials. D. Summers is currently working on 
RF Cavities for the Muon Collider. Igor Ostrovkii is a well know condensed matter 
physicist who is an expert in surface physics. We have transducers and test equipment in 
our Electronics Lab from which we could start the project. We have access to Electron 
Microscope Facility in Engineering 
  
 
III. WORK, GOALS, DELIVERABLES 
 
III-a.   Localization of Acoustic Emission and Electrical Breakdown 
 
We will mount transducers to RF cavity-like pieces and induce corona and breakdown 
through HV needle. This DC testing is thought to be sufficient to establish the basic 
engineering principle.  We will establish the frequency range which corona and 
breakdown occurs.  
 
Following up, we  would install piezoelectric trannsducers with conditioning electronics 
on RF cavities in operation at Fermi Lab G. and SLAC.  We will investigation AE’s use 
as advanced warning devices and  analyze cluster signal patterns. This testing bed will 
evolve in to more complex testing  described in (b).  
 
 
 
 
 
 
 
 
 
 
 
III.-b  (FUTURE) Testing of RF Cavity Breakdown related to Surface Finish, and 

Particulate Contamination 
 
We will set up a facility to test large area electrodes, testing NLC Cu cavity designs from 
SLAC as well as  cavities machine in other metals.  UV light emissions, AE, dark current 
will be monitored under various surface activation mechanisms. This testing would 
include field emissions induced by HV needle, small spheres representing particulate 
contamination, UV laser induced breakdown, etc, in both gaseous atmospheres, vacuum.  

HV 
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One can investigate the attributes of  H, He Processing (Ion cleaning) and RF Processing 
(Exposure of surfaces to intense E field). DC, Pulsed DC, RF fields can be interchanged . 
 
NLC-like cavity structures would be machined with various surface finishes, some 
elcctro-polished. A possible ultrasonic passivation of the Cu surface prescribed by  
Ostrovskii will be tested. Surfaces would be inspected for defects. This testing is aimed at 
defining quality control procedures for production of cavity pieces.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IV. AE BUDGET    FY03  FY04 
A.  Transducers     4000  4000 
B.  Signal Conditioning   4000  4000 
C.  Materials and Supplies   3000  3000      
D.  Inspection Microscope    5000       
E.  Labor-Shop    2000  2000 
F.  Labor- Student    3000   3000 
G. Fringe (24.6% on E)     492   
H. Fringe (3% F)        90 
I. Indirect Costs (34% on E-H)  1898 

J.     23480 
 
 
 
REFERENCES 
 
[1] “An Origin of RF Breakdown in Vacuum”,  M.D. Karetnikov,  Particle Accelerators, 
1997, Vol. 57, pp.189-214.  
[2] “Field Emission in RF Cavities”, B. Bonin,   ?. 
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Project name 
 
Control of Beam Loss in High-Repetition Rate High-Power PPM Klystrons 
 
Classification (accelerator/detector:subsystem) 
 
Accelerator 
 
Institution(s) and personnel 
 
Massachusetts Institute of Technology, Plasma Science and Fusion Center 
Mark Hess (postdoctoral associate), Chiping Chen (principal research scientist) 
 
Mission Research Corporation 
David Smithe, Lars Ludeking 
 
Contact person 
 
Mark Hess 
mhess@psfc.mit.edu 
(617) 253-8454 
 
Chiping Chen  
chenc@psfc.mit.edu 
(617) 253-8506 
 
Project Overview 
 
The deleterious effect of beam loss has been measured in high-power PPM klystron 
experiments [1,2].  Beam loss has been shown to be a trigger for other problematic 
effects in microwave sources such as heating, structural damage, and generation of 
background radiation (e.g., X-ray emission).  Although beam loss may be tenable for low 
repetition rate (<10 Hz) microwave sources, it can be particularly harmful for higher 
repetition rate (>100 Hz) devices.  For example, in the SLAC 75 MW XP-1 PPM 
klystron significant beam loss as well as X-rays were measured during high-power tests 
[1,2].  Due to inadequate cooling of the klystron, it was limited to 10 Hz repetition rate, 
which was well below the NLC requirement of 120 Hz.   
 
In recent theoretical investigations, we have established a PPM klystron beam 
confinement criterion [3].  The confinement criterion is based on the 3-D interaction of a 
bunched pencil electron beam with a surrounding conducting wall, which would 
represent the drift tube section of an actual klystron.  The relevant klystron parameters in 
the confinement criterion are the average beam current ( bI ), root-mean-square magnetic 
focusing strength ( rmsB ), conductor pipe radius ( a ), average beam energy ( bγ ), and the 
klystron device frequency ( f ).  PPM klystrons operating above this criterion would 
experience beam loss.   
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Figure 1 shows a plot of the maximum normalized beam current Arms,cb IaIc 2228 ω  versus 
c/af bbβγπα 2=  derived from the beam confinement criterion where 

173 ×≅= bbebbA e/cmI βγβγ kA is the electron Alfven current and cmeB ermsrms,c =ω .  
Also shown in Fig. 1 are the operating points for five linear collider prototype PPM 
klystrons (see Table 1) – four of which are operating at 11.4 GHz (X-Band) and one is  
operating at 5.7 GHz (C-Band).  Three of the PPM klystrons operating at 11.4 GHz 
namely, the 50 MW XL-PPM [1,2], 75 MW XP-1 [1,2], 75 MW XP-3 [4], were 
developed at SLAC as part of the NLC program.  The other two PPM klystrons shown, 
5.7 GHz 50 MW [5] and the 11.4 GHz 75 MW PPM-1 [6], were developed by 
Toshiba/KEK and BINP/KEK, respectively, as part of the JLC program.  We note that 
the JLC program is currently investigating both C-Band and X-Band options for a future  
linear collider scheme.  

Fig. 1 Plot of the maximum value of the self-field parameter (solid 
curve), Arms,cb Ia/Ic 2228 ω , for bunched beam confinement as a function of 
the parameter c/af bbβγπα 2= .  Also shown are the operating points for 
five PPM focusing klystrons: 50 MW XL-PPM, 75 MW XP-1, 75 MW 
XP-3, 50 MW (C-Band), and 75 MW PPM-1.   

 
As seen from Fig. 1, the SLAC 50 MW XL-PPM klystron is operating below the critical 
limit, which is in agreement with both the successful experimental operation of the device 
and the low measurement of beam power loss (~0.8%).  The SLAC 75 MW XP-1 and 75 
MW XP-3 klystrons are operating above this criterion, which may be the cause of the 
significant beam loss observed in both experiments.  The Toshiba/KEK 50 MW (C-Band) 
klystron is operating below the current limit, which is in agreement with the small beam 
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loss observed in the experiment.  However, this klystron only achieved 37 MW of power 
output and not the 50 MW design specification due to a parasitic oscillation that is still 
under investigation.  Finally, the BINP/KEK 75 MW PPM-1 klystron is operating 
extremely close to the limit, which may explain the large beam power loss (~30%) 
observed in the experiment.  
 
 

Table 1: Parameters of five PPM klystrons developed for linear colliders 
 

PARAMETER 
50 MW XL-

PPM (SLAC) 

75 MW XP-1 

(SLAC) 

75 MW XP-3 

(SLAC) 

50 MW 

(Toshiba/KEK) 

75 MW  PPM-1  

(BINP/KEK) 

f (GHz) 11.4 11.4 11.4 5.7 11.4 

bI  (A) 190 257 257 317 266 

bγ  

Brms (T) 

1.83 

0.20 

1.96 

0.16 

1.96 

0.18 

1.69 

0.14 

1.94 

0.17 

a (cm) 0.48 0.54 0.48 0.90 0.55 

α  0.75 0.77 0.68 0.79 0.79 

expArms,c

b

Ia
Ic

22

28
ω

 0.19 0.28 0.29 0.20 0.25 

critArms,c

b

Ia
Ic

22

28
ω

 0.238 0.244 0.216 0.251 0.251 

Beam Power     

Loss 
0.8% 

significant but 

not measured 

significant but 

not measured 

small but        

not measured 
30% 

 
We propose to study possible methods for controlling beam loss in high-repetition rate 
PPM klystrons.  Our study will include:  
 
A. theoretical analysis of possible mechanisms of beam loss, which is motivated by our 

recent work [3]  
B. extensive 3-D simulations of PPM klystrons using MAGIC 3D, a fully relativistic and 

fully electromagnetic PIC code  
C.  interaction with experimental klystron research groups to better understand data as 

well as providing suggestions regarding the minimization of beam loss.    
 
This study could lead to a deeper understanding of how beam loss occurs in PPM 
klystrons, as well as, practical solutions for how to prevent or reduce it. 
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Description of first year project activities 
 
A. The MIT group (Hess and Chen) will improve the beam confinement criterion by 
adding new effects that were not previously considered.  The original model assumed that 
the bunched beam could be represented as periodic point charges which were moving 
with a fixed relativistic velocity.  Also, it was assumed that the external magnetic field 
was perfectly periodic solenoidal and the klystron RF-field only interacted with the beam 
in the longitudinal direction.  In the proposed study, we will include the following effects:  
 
1. finite beam size 
2. finite beam energy spread 
3. internal bunch forces 
4. realistic magnetic fields due to PPM focusing pole pieces 
5. transverse RF-fields. 
 
The first two effects may be important in determining the interaction of the beam with the 
conducting wall, since finite beam size will tend to reduce the beam-wall interaction and 
the finite beam energy spread can act to increase the beam size.   
 
In conjunction with the finite beam size improvement, it is logical to include the effect of 
the internal electric and magnetic bunch forces.  These forces will certainly have a major 
role in determining the stability of bunch particles and whether the beam will be lost.  
The internal bunch forces can be calculated completely self-consistently for which the 
MIT group already has significant experience from previous work on bunched annular 
beams [7].  
 
Improving the magnetic field such that it incorporates realistic PPM effects, may result in 
important corrections to the current theory.  The periodic solenoidal magnetic field 
assumption gives a zeroth order estimate of the external field.  However, the higher-order 
magnetic field terms may be important especially when we take into account the finite 
size of the beam.  
 
Lastly, the klystron experiments which we have just mentioned all utilize an output 
waveguide, which breaks the azimuthal symmetry of the device and imposes a transverse, 
and potentially large, “kick” to the beam.  The confinement criterion from the original 
model did not include such an effect.  Rather, it assumed that there was an infinitesimally 
small “kick” to the beam.  The finite sized transverse RF-fields will impose a more 
stringent condition on beam confinement, and hence must be included.    
 
B. MRC (Smithe and Ludeking) will assist us in the MAGIC 3D simulations of PPM 
klystron tubes, to examine the beam loss problem.  The simulations will be important in 
determining both the rate of beam loss and where it may occur in the structure.  We will 
first utilize MAGIC 3D to validate the confinement criterion of the original model by 
simulating the beam-wall dynamics of bunches of sufficiently small size.  We will 
improve the simulations by including the five modifications to the theory previously 
mentioned.  Using MAGIC 3D, we will focus our main attention towards understanding 
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the amount and location of beam loss within a PPM Klystron.  We will use the following 
questions as guidelines in conducting the simulations:  
 
1. How well does the original confinement criterion predict the onset of beam loss? 
2. Do the theoretical modifications (i.e. finite beam size, etc.) produce significant 

changes in beam loss within the simulations compared to the original model? 
3. Can we validate the successful operation of certain PPM klystrons, such as the SLAC 

50 MW XL-PPM, as well as the large beam loss of other PPM klystrons, such as the 
SLAC 75 MW XP-1? 

4. What predictions on beam loss can we make regarding future PPM klystrons 
currently in the design phase, such as the SLAC 75 MW XP-4? 

5. Can we find a klystron parameter regime, which reduces or eliminates beam loss, 
while still maintaining the requirements for a future linear collider?   

 
C. The SLAC group (Caryotakis) [8] has agreed to provide us with design specification 
data related to the XP-3 and XP-4 klystrons.  Their expertise in the construction and 
design of PPM klystrons, as well as, their data from klystron testing will be extremely 
valuable in guiding our research.  We will also request the latest klystron design data and 
test results from the KEK group for further comparison and evaluation.   
 
Budget 
 

Institution Item Cost 
MIT Staff/Postdoc $5,800 
MIT Graduate Student (stipend + tuition for ¼ of full time) $10,300 
MIT M&S $1,000 
MIT Indirect Costs $12,900 
MIT Total  $30,000 
MRC David Smithe and Lars Ludeking $10,000 
 Grand total $40,000 
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Project name 
 
Nonlinear electrodynamic response of RF superconducting cavities 
  
Classification (accelerator/detector:subsystem) 
 
Accelerator 
 
Institution(s) and personnel 
 
University of Wisconsin-Madison, Applied Superconductivity Center: 
Alexander V. Gurevich (senior scientist) 
 
Contact person 
 
Alex Gurevich: agourevi@facstaff.wisc.edu,  (608)263-2549,  (608)263-1087 (FAX) 
 
Project overview 
 
A recent workshop on Niobium for RF Cavities at FNAL reviewed the ongoing work on 
increasing the operating RF field gradient of superconducting Nb cavities and identified 4 
key areas crucial for further progress: 1. Theory of RF superconductivity and nonlinear 
electromagnetic response, 2. Surface physics, metallurgical problems and materials 
science, 3. Film technology, 4. Other superconductors. The Applied Superconductivity 
Center (ASC) of the University of Wisconsin-Madison (UW) has been requested to use 
its leading expertise in physics and materials science of practical superconductors to help 
the RF cavity community in these areas. The ASC pursues a broad interdisciplinary and 
collaborative approach to technical superconductors that encompasses theoretical solid-
state physics, chemistry, materials science and engineering.  
 
We propose to address fundamental physics and materials science issues, which 
determine the performance of Nb cavities under intense RF fields, characteristic of LC 
accelerators. The goal of this interdisciplinary work is to provide the basic understanding 
of the nonlinear electromagnetic response of superconductors and identify the key 
parameters of Nb cavities to be optimized. Specific collaborations with Pierre Bauer 
(FNAL) on surface impedance measurements and with Hasan Padamsee (Cornell) have 
been favorably discussed. Over many years ASC has collaborated effectively with the 
accelerator magnet community.  
 
Description of the first year project activities 
 
The physics of nonlinear RF response of superconductors in strong RF fields is still not 
well understood, including such fundamental theoretical issues as the nonlinear RF 
impedance, the onset of vortex penetration, the subsequent dissipation due to percolative 
vortex motion along grain boundaries in polycrystals, and the eventual RF 
superconductivity breakdown. For the characteristic GHz frequency range of Nb cavities 
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used in LC accelerators, the threshold RF field amplitude Ha > HSH(T,ω) above which 
vortex penetration occurs, can be very different from the thermodynamic critical fields  
Hc1 and Hc.  
 
PI will address these issues, using his expertise in the theory of vortex dynamics in AC 
fields and current transport through grain boundaries, which has been developed over the 
last 10 years at ASC to describe current-carrying capability of low-Tc and high-Tc 
superconductors for power applications. Using the time-dependent Ginzburg-Landau 
theory, and the kinetic equations, he will specifically consider:   
 
- nonlinear RF impedance Z(T,Ha,ω) for subcritical AC fields Ha < HSH   
- critical RF field of vortex penetration HSH(T,ω) as a function of temperature, and the 

RF frequency  
- change of the magnetic surface barrier for vortex penetration in RF fields and 

dissipation due to vortex oscillations at Ha > HSH   
- influence of grain boundaries on Z(T,Ha,ω) and HSH(T,ω)  
- enhancement of HSH(T,ω) by surface modification of superconducting parameters  
- effect of bulk pinning on the nonlinear electromagnetic response 
 
The main goal of this work is to identify physical mechanisms, which limit the 
performance of RF superconducting cavities, and explore possible ways of increasing the 
operating RF field gradient of Nb cavities by modification of surface and bulk 
superconducting properties. In particular, the important issue of how Z(T,Ha,ω) and 
HSH(T,ω) are affected by grain boundaries and other defects in polycrystalline Nb, which 
provide a percolative network for vortex penetration, will be addressed. Dissipation due 
to vortex motion along grain boundaries in strong AC fields will be calculated using a 
theory, which has been developed by the PI to describe vortex dynamics on grain 
boundaries in high-Tc superconductors [1-3]. The nonlinear impedance caused by vortex 
oscillations above HSH, the effect of bulk pinning on Z(T,Ha,ω) and HSH(T,ω), and 
quench due to local thermal runaway on defects [4] will be investigated.  
 
The theoretical work at UW will be integrated with planned future experiments at 
FNAL, Cornell, or other measurements of the nonlinear RF impedance in Nb cavities as 
a function of temperature, RF amplitude and frequency.  
 
Deliverables 
 
The outcome of this work is to provide the basic understanding of the nonlinear 
electromagnetic response of superconductors and point out the key parameters of Nb 
cavities to be optimized. The results would provide recommendations on how the 
threshold field HSH could be increased and RF dissipation decreased by modification of 
surface properties, bulk pinning and parameters of grain boundaries in Nb cavities.   
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Budget 
 
Institution Item Cost 
UW 3 months salary for A. Gurevich $21,397 
UW Fringe benefits  $7,840 
UW PC workstation & software $5,000 
UW Travel  $3,000 
UW Administrative $2,000 
UW Materials and supplies  $2,000 
UW Indirect costs (45.5% UW overhead) $18,763 
UW Total costs $60,000 
 
 
Budget justification.  
 
The budget includes 3 months salary for the PI, cost of a new PC workstation and 
software necessary for performing numerical simulations associated with the project, and 
travel expenses, assuming 1 relevant conference per year and visits to FNAL and Cornell 
to integrate the UW theoretical work with ongoing experiments.  
 
 
Brief vitae of the PI. 
 
Dr. Alex. Gurevich is a senior scientist at the Applied Superconductivity Center of the 
University of Wisconsin-Madison. He has made important contributions to many 
theoretical aspects of vortex dynamics and pinning in low-temperature and high-
temperature superconductors, in particular, nonlocal Josephson electrodynamics, pinning 
of vortices by proximity-coupled pinning microstructure in Nb-Ti and A15 
superconductors, mechanisms of current transport through grain boundaries and nonlinear 
current flow in high-Tc superconductors. He has also worked on macroscopic 
electrodynamics and cryostability of high-Jc composite superconductors and is a co-
author of the book on the Physics of Composite Superconductors published in 1985 and 
1997. He has published more than 90 papers on various aspects of theoretical 
superconductivity and solid state physics and given more than 20 invited talks. In 1990-
1991 he was a Humboldt scholar at the Institute of Technical Physics (KFK, Karlsruhe, 
Germany). 
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Research in Superconducting Radiofrequency Systems

Classification (accelerator/detector: subsystem)
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Personnel and Institution(s) requesting funding
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Contact Person
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(607) 255-5727

Project Overview

Below we describe the on-going R&D under our regular NSF contract. We assume that this research
will continue to be funded at the levels we have requested in our five-year NSF proposal, 020278, also
referred to as the Blue Book, CESRP 01-1. In the following text, we have noted in italics where funding
is requested for specific items from UCLC.

Rapid advances in superconducting cavity performance have made RF superconductivity an important
technology for a variety of accelerators, fulfilling the needs for high energy physics, nuclear physics,
radioactive beams for nuclear astrophysics, intense proton accelerators for neutron spallation sources,
muon acceleration for future neutrino factories and muon colliders, storage ring light sources, free
electron lasers, fourth generation x-ray free electron lasers, and energy recovery linacs.

Improved understanding of gradient-limiting mechanisms, together with technology advances, are re-
sponsible for the steady increases in performance [5]. Gradients of 25 MV/m at Q values of 1010 are
now regularly achieved in one-meter long superconducting structures suitable for TESLA (TeV Energy
Superconducting Linear Accelerator). To reach such gradients, high-purity, high thermal-conductivity
niobium is used to prevent thermal breakdown of superconductivity, while high pressure rinsing and
clean room assembly techniques are used to reduce field emission and voltage breakdown. LEPP
research has played a major role in pushing cavity performance to these levels.

1
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The goal of our future R&D program will be to push gradients towards the theoretical limit (50 MV/m),
which is another factor of two higher than achieved levels. Advances in understanding gradient and
quality factor (Q) limitations, together with progress in gradients will benefit the goals of TESLA and
its upgrades to higher energies and luminosities.

1. Studies of field emission and dc, rf breakdown in Nb and Cu cathodes
One phenomenon that limits cavity performance is field emission [5]. Field emitted electrons gain
energy from cavity fields and deposit power on the cavity wall, lowering the quality factor and
increasing the heat load. Through bremsstrahlung, field emission also generates high x-radiation
levels that limit accelerator operation. Dark current is also harmful to accelerator beam quality.
During the course of advances to present gradient levels, microparticle contamination has been
determined to be the main cause of field emission in superconducting cavities [6]. At LEPP,
emitters have been individually located using temperature mapping techniques. This is a pow-
erful diagnostic technique in which a dense array of sensitive thermometers rapidly samples the
temperature at the outer wall of a cavity. After cavity dissection, and surface analysis with a
scanning electron microscope (SEM), the emitters are identified and analyzed for the presence of
foreign elements using an attached EDX (energy-dispersive x-ray analysis). More sensitive surface
analyses are carried out by sending cavity sections to outside analytic facilites, such as scanning
Auger electron microscopes (SAM), and secondary ion mas spectrometry (SIMS). Funds requested
under UCLC will be used to pay for these outside contracts. DC field emission studies on cm2

room temperature niobium cathodes also reveal micro-particles to be the main source of field
emission.
Following up on these discoveries (and similar findings at other labs), techniques such as high pres-
sure rinsing (at ≈ 100 atmospheres) and dust-free surface preparation produce low field emission
cavities with dark currents well below the microampere range [7]. Megasonic cleaning techniques
will be explored to compare their effectiveness for cleaning surfaces. However, experience with op-
erating cavity systems show the need for an in-situ technique to limit field emission from dirt that
may accidentally get into accelerator cavities during final assembly, or accelerator installation, or
long-term operation.
Field emission eventually leads to momentary voltage breakdown of the cavity vacuum. This has
mostly a beneficial effect, known as conditioning. After a voltage breakdown event, it is usually
possible to raise the electric field until field emission grows intense once again at another emitter
on the cavity surface [6].
We have learned much about the nature of field emission. Studies at LEPP have shown that high
power conditioning eliminates field emission by triggering voltage breakdown at field emission
sites. Gradient gains of factors of 3 are common [3]. Further studies at LEPP have shown that
voltage breakdown in niobium cavities bears strong commonalties with DC voltage breakdown on
room temperature niobium and copper cathodes [6].
Both CEBAF and LEP made 20 % gains in gradient and substantial reduction in radiation levels
by another procedure called helium processing [5]. Here helium gas is introduced at a pressure
below discharge, and the cavity is operated at high fields. After time periods of a half-hour to
many hours, emission decreases.
We have developed special vehicles to study breakdown in both RF and DC fields [6]. Simulation
programs have been developed to trace the evolution of voltage breakdown starting from field
emission. Through these devices we have advanced our basic understanding of voltage breakdown.
Important questions remain open about field emission and voltage breakdown, such as the role
of gases and the oxide layer, and the mechanism by which helium processing works. We aim to
continue our studies of field emission and breakdown using both rf cavities and dc breakdown on
Nb cathodes. Extending these studies to copper cathodes will benefit NLC and multi- TeV linear
colliders where gradients above 100 MV/m are desired.

2. Studies of the sources of high field Q-slope and quench field in Nb cavities
Another field limitation is a less understood phenomenon called the high field Q-slope [7]. In
very clean cavities that show little or no field emission, there persists a steady decline in Q0

2
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above 20 MV/m, followed by a quench between 20 and 30 MV/m. Absence of x-rays corroborates
absence of field emission. Temperature maps reveal that power dissipation occurs over large
sections in high magnetic field regions of the cavity. Yet the losses are not uniform. Collaborative
work at several laboratories shows that electropolishing, instead of the standard chemical etching
procedure, substantially reduces the Q-slope and increases the quench field. Another cavity
treatment (baking at 140oC for 48 hours) further improves the high field Q-slope of electropolished
cavities, and raises the quench field substantially. Baking also has a slight beneficial effect on the
Q-slope of chemically etched cavities, but no significant effect on the quench field.
There is little understanding of what causes high field Q-slope, nor is there any understanding of
why electropolishing and baking help to reduce it. Also, the connection between quench field and
Q-slope is poorly understood.
We plan to use our state-of-the-art thermometry system to identify hot regions responsible for
the Q-slope, and premature quenches [8]. These studies will be carried out on single cell cavities
with surfaces prepared a variety of methods, such as chemical etching, electropolishing, heating,
and anodizing. After identifying lossy regions we will dissect the cavity and study the spots
with surface sensitive techniques such as Auger, SIMS (secondary ion mass spectrometry), and
XPS (x-ray photoelectron spectroscopy). Auger and SIMS will give surface sensitive elemental
information, while XPS will help sort out differences in surface oxides. Use of other surface
techniques may be warranted. Funds requested under UCLC will be used to help pay for some of
these outside contracts.
This work will be carried out in collaboration with the Applied Superconductivity Center (ASC) at
the University of Wisconsin, who will carry out surface analysis funded through outside contracts.

3. Studies of pulsed operation of Nb cavities at high gradients
At DESY, several 9-cell structures that were limited to gradients of 25 MV/m in CW operation
were able to reach 30 to 35 MV/m during pulsed operation for a millisecond TESLA pulse length
[2]. During LEPP exploration of high peak power processing of field emission, we were able to
reach accelerating gradients of 45 MV/m for shorter time periods of a few microseconds with
5-cell, 1300 MHz TESLA type cavities. Higher gradients are possible for short pulses because
there is not enough time for defects to heat up and trigger a quench.
Operating a superconducting linear collider at 45 MV/m gradient with short pulses of a few
microseconds (or perhaps even to few tens of microseconds) opens the possibility to increase
TESLA energy to one TeV. This may provide an expeditious energy upgrade path. But the
luminosity would be lower than the baseline TESLA parameter set due to the shorter bunch train
that can fit inside the reduced pulse width. Nevertheless, a quick exploration at one TeV would
be valuable if there are any new particles in this regime.
In conjunction with our efforts to reach higher gradient throughout short pulses, we aim to
explore the one TeV/lower luminosity parameter space allowed by the inherent flexibility of the
TESLA approach to the linear collider. We plan to use a TESLA parameter optimization program
developed during our TESLA concept development phase [1].

4. Advances in high-gradient Nb cavity fabrication
Electropolishing
Since electropolishing proves to be a superior surface preparation technique over chemical etching
[7], we aim to install an electropolishing capability at LEPP. If the need for 9-cell arises, we
plan to install a complete facility. However, electropolishing a complete 9-cell TESLA cavity is
cumbersome because of the small opening, and the danger of hydrogen contamination during
electropolishing. One attractive alternative is to electropolish open half-cells before welding them
together. DESY has tried this procedure through their cavity vendor, but failed because the
welding contaminated the cavity. We aim to explore ways to better shield the cavity surface
during welding. Since LEPP has its own beam welder we have more flexibility to develop such a
procedure.
This project will be carried out in collaboration with Fermilab.
Cavity Spinning

3
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Main linac modules carrying superconducting cavities are the largest cost item for TESLA. Several
cost reduction efforts are underway for cavity fabrication. Two of these, originating at INFN, Italy,
involve spinning multicell cavities from a single sheet, and from a single pipe [9]. This method
promises 9-cell cavity fabrication times of a few hours as compared to several days by the standard
stamping and welding method. It also eliminates welds, potential sources of gradient limitations
in the future. Single cell 1300 MHz spun cavities have been tested to reach gradients of 40 MV/m.
However, INFN is the only institute that is capable of this technique, which also remains a manual
operation involving substantial operator judgment. Given the method‘s promise, we propose to
develop a US-based supplier equipped with automatic spinning tools. Single cell cavities will
be fabricated first both from sheet and tube. After successful results we will produce multicell
cavities. Funds requested under UCLC will be used to pay for outside contract work involving
fabrication of niobium cavities.
This work will be done in collaboration with Fermilab.

5. Studies of methods to improve Q and the consequences for linear collider operations (implications
for pulse length, bunch charge, etc. re-optimzation).
There are many ways to benefit from higher Q’s. Preliminary explorations of TESLA parameters
show that it’s possible to double the luminosity by doubling the repetition rate from 5 to 10 Hz.
Usually such a step calls for doubling the AC power installation. But if the Q0 of cavities can be
improved to 5 × 1010, then the refrigerator associated AC power is much less, making it possible
to double the luminosity with only a 60% increase in AC power. Another potential benefit from
higher Q is to halve the number of klystrons by increasing the filling time and doubling the pulse
length. Fewer klystrons increases the reliability of accelerator operation. As TESLA upgrades
energy with higher gradients, higher Q’s will lower thetotal AC power demand.
At 2 K, the Q0 value of 1300 MHz TESLA cavities is still within the temperature dependent BCS
regime. Therefore 140oC bake out increases Q0 by 50%, due to a lowering of the mean free path,
as predicted by the BCS theory. Lowering the operating temperature to 1.5 K should raise Q0 by
a factor of 10, to yield Q values over 1011.
We plan to aim for this high Q0 and determine what other loss mechanisms may crop up. One of
the important mechanisms is rf losses due to residual DC magnetic field. This would have to be
shielded to a few tenths of a milligauss.
In conjunction with Q-raising efforts, we plan to study how to take advantage of higher Q0 for
a pulsed superconducting linac. We will continue to explore parameters that increase luminosity
with a higher duty factor.
This work will be done in collaboration with visitors from Fermilab who wish to train in SRF
technology.

6. TESLA SRF cavity design studies to improve efficiency
With more efficient cavity designs, the ratio of accelerating field to peak field may be improved
with innovative shapes. Although such improvements are potentially small (10%), they translate
directly into an increase in the collider’s top energy, for the same wall plug power, and are thus
worth pursuing.
This work will be carried out in collaboration with Fermilab.

7. Development of US vendors for TESLA 9-cell cavities
Currently, all industrial vendors of TESLA superconducting cavities are in Europe. The develop-
ment of US vendors for these cavities would be a significant benefit. We would work with potential
vendors in this country to interest them in this work.

SRF Infrastructure. Newman Laboratory at Cornell has extensive infrastructure for research and
development in RF superconductivity as well as for production, preparation, and testing of supercon-
ducting cavities. These facilities have been used to build the prototype SRF cavities for CEBAF and
TESLA, as well as all the cavities that power the present storage ring at Wilson Laboratory (CESR).
Cavity production facilities include a 100 ton press for deep drawing niobium caviyty cells, digital

4

C:\Linear_collider\LCRD_UCLC_proposal\pdfs\UCLC\stamped pdfs\padamsee1.pdf

2.20.5



DraftDraft

control milling machines for precise die machining, an electron beam welder large enough for TESLA
scale cavities, and a large UHV furnace to purify cavity half cells at 1300 C. Cleaning facilities include
open and closed cavity etching systems that can handle TESLA type cavities, high purity water rinsing
systems, and high pressure (100 atmospheres) water rinsing. There is a new 1100 sq ft class 100 clean
room for cavity assembly and a smaller class 100 area for preparing smaller test cavities. There are
several portable clean room set ups for critical assembly. Test setups include three radiation shielded
pits, two of which can accomodate 1300 MHz cavities. We have several cryostats, and cryostat inserts
to test cavities from 200 MHz to 3000 MHz, several 200 Watt cw power sources and a 1.5 MW pulsed
klystron for high pulsed power processing. High power testing capabilities exist for windows at 500
MHz and HOM loads at 2450 MHz. Research facilities include a rapid thermometry system for studying
single cell 1500 MHz cavities, field emission apparatus, and a dedicated scanning electron microscope
with energy dispersive analysis for element identification installed in a class 1000 clean room.

FY2003 Project Activities and Deliverables

(assuming the support requested in our regular five-year NSF proposal 0202078)

1. Studies of field emission and dc, rf breakdown in Nb and Cu cathodes
In order to have a timely impact on structure preparation and gradient realization, this work will
be carried out in the first two years. Possible collaborators will be SLAC and ASC. SLAC will
provide copper samples prepared by the same techniques as copper NLC rf structures. ASC will
assist with microscopic surface analysis such as field emission scanning Auger and secondary-ion
mass spectroscopy. ASC work will be paid for through funds requested for outside contracts.
The first year’s deliverables will be progress reports and papers to conferences and journals.

2. Studies of the sources of high field Q-slope and quench field in Nb cavities
This work will span the entire three year proposal period. As gradients in superconducting cavities
continue to rise toward the theoretical upper limit of 50 MV/m, we expect new loss mechanisms
to arise that will need investigation.
The first year’s deliverables will be progress reports and papers to conferences and journals.

3. Studies of pulsed operation of Nb cavities at high gradients
This work will not start until the second year.

4. Advances in high-gradient Nb cavity fabrication
Electropolishing
Preliminary work, such as half cell electropolishing, half cell puriifcation, and clean electron beam
welding, will start in the first year.
The first year’s deliverables will be single cell Nb cavities with electropolished surfaces and test
results published.
Cavity Spinning
This work will not start until the second year.

5. Studies of methods to improve Q and the consequences for linear collider operations (implications
for pulse length, bunch charge, etc. re-optimization).
Preliminary work on TESLA parameter exploration and magnetic shielding calculations can al-
ready continue in year one, with the help of undergraduate students as independent study course-
projects.
The first year’s deliverables will be TESLA parameter lists with high Q.

6. TESLA SRF cavity shape studies to improve efficiency
Using powerful field calculation codes we have already developed a candidate shape that can lower
peak surface magnetic fields by 10%. In the first year, we aim to fabricate single cell cavities.
The first year’s deliverable will be a single cell cavity with new shape.

5
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7. Development of US vendors for TESLA 9-cell cavities
During the first year, we will develop contacts with industrial firms. Possible candidate firms are
Advanced Energy Systems (AES) and Advanced Design Consulting (ADC), General Dynamics
(GD) and Babcock and Wilcox (B&W). These firms have been involved in Nb cavity fabrication
for projects such as CEBAF and APT.

FY2004 Project Activities and Deliverables

(assuming the support requested in our regular five-year NSF proposal 0202078)

1. Studies of field emission and dc, rf breakdown in Nb and Cu cathodes
This work will continue in the second year.
The second year’s deliverables will be progress reports and paper published.

2. Studies of the sources of high field Q-slope and quench field in Nb cavities
This work will continue in the second year.
The second year’s deliverables will be progress reports and papers.

3. Studies of pulsed operation of Nb cavities at high gradients
This activity will start in year 2, when our klystron will be operating through collaboration with
Fermilab.
The second year’s deliverables will be test results on pulsed operation.

4. Advances in high-gradient Nb cavity fabrication
Electropolishing
In the second year, we aim to fabricate and test single cell cavities.
The second year’s deliverables will be single cell NB cavities with electropolished surfaces and
test results.
Cavity Spinning
Contacts with potential US vendors will be established in this year to spin single cell cavities.

5. Studies of methods to improve Q and the consequences for linear collider operations (implications
for pulse length, bunch charge, etc. re-optimzation).
In the second year, the test dewar will be shielded and single cell cavity tests started.
The second year’s deliverables will be test results on single cell cavities with high Q to be published.

6. TESLA SRF cavity design studies to improve efficiency
In the second year, we aim to test the single cell cavities fabricated in the first year.
The second year’s deliverables will be test results on single cell cavities with improved shape.

7. Development of US vendors for TESLA 9-cell cavities
During the second year, we will continue to develop contacts with industrial firms.

FY2005 Project Activities and Deliverables

(assuming the support requested in our regular five-year NSF proposal 0202078)

1. Studies of field emission and dc, rf breakdown in Nb and Cu cathodes
This work will be completed in the second year.

2. Studies of the sources of high field Q-slope and quench field in Nb cavities
This work will continue in the third year.
The third year’s deliverables will be progress reports and papers.

3. Studies of pulsed operation of Nb cavities at high gradients
This work will continue in the third year.
The third year’s deliverables will be progress reports and papers.
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4. Advances in high-gradient Nb cavity fabrication
Electropolishing
In the third year, we aim to fabricate and test 9-cell TESLA style cavities.
The third year’s deliverables will be 9-cell cavities with electropolished surfaces.
Cavity Spinning
After establishing appropriate industrial contacts in the US, spinning contracts for multicell cav-
ities will be awarded in the third year. If cavity tests are successful, we propose to continue the
work by asking the firm to spin a 9-cell cavity.
The third year’s deliverables will be contracts with a US firm to fabricate cavities by spinning.

5. Studies of methods to improve Q and the consequences for linear collider operations (implications
for pulse length, bunch charge, etc. re-optimzation).
In the third year, we aim to extend the Q benefits to multicell structures.
The third year’s deliverables will be progress reports and papers.

6. TESLA SRF cavity design studies to improve efficiency
If the results of the tests in year 2 are successful, we will fabricate and test multicell cavities in
the third year.
The third year’s deliverables will be multicell cavities with improved shape and test results.

7. Development of US vendors for TESLA 9-cell cavities
After developing contacts with industrial firms in the first two years, we aim to select one firm
and work together with the firm to teach them how to fabricate multicell cavities. By year three,
we anticipate that the US and world funding situation for the next linear collier will be sufficiently
bright to attract real interest from these firms.
The third year’s deliverables will be contracts with vendors.

Budget justification and three-year budget, in then-year K$

We ask for the following support levels under UCLC to pay for outside contracts for analysis work to
accompany field emission, Q-slope, and other related studies using the sophisticated equipment and
facilities described above. We do not possess these instruments at LEPP. In later years, UCLC funds
will also be used to pay US companies to learn how to fabricate niobium cavities.

Outside analysis work includes sample studies using the following surface analytic instruments:
SAM: Scanning Auger Microscope
FESAM: Field Emission Scanning Auger Microscope
SIMS: Secondary Ion Mass Spectrometry
XPS: X-ray Photo Electron Spectroscopy.

Year 1: Surface analysis: $30 K
Year 2: Surface analysis: $30 K
Year 3: Surface analysis: $30 K.

Spinning outfits: for niobium cavities. These funds are for US firms to learn niobium cavity fabrication
technology.

Year 2: Outside firm to spin single cell cavities: $35 K
Year 3: Outside firm to spin multicell cavities: $60 K

Institution: Cornell University
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Item FY2003 FY2004 FY2005 Total
Other Professionals 0 0 0 0
Graduate Students 0 0 0 0

Undergraduate Students 0 0 0 0
Total Salaries and Wages 0 0 0 0

Fringe Benefits 0 0 0 0
Total Salaries, Wages and Fringe Benefits 0 0 0 0

Equipment 0 0 0 0
Travel 0 0 0 0

Materials and Supplies 0 0 0 0
Other direct costs: Surface Analysis Contracts 30 30 30 90

Other direct costs: Spinning Contracts 0 35 60 95
Total direct costs 30 65 90 185

Indirect costs 0 0 0 0
Total direct and indirect costs 30 65 90 185
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Project Overview

An experimental program is proposed to study rf breakdown in mm-wavelength
accelerating structures.   This research is expected to have relevance to fundamental
issues in accelerator structure design, as well as to near-term issues for NLC.

Rf breakdown limits the accelerating gradient and thus determines the collider length.
One of the most important questions in collider design is the frequency dependence of the
maximum achievable accelerating gradient.  Presently, and in some cases, breakdown
experimental data are contradictory, incomplete, and inconclusive as the following
indicates:  (a) Experiments by Loew and Wang [2-4] demonstrated a square root
dependence of maximum surface gradient on frequency in the microsecond pulse length
range; independent experiments on single cavities under similar conditions show
maximum surface fields of 190 MV/m for S-band and 350-400 MV/m for X-band, in
conformity with the square root dependence [8,13].  (b) For X-band accelerating
structures such as those under extensive study in several research groups at SLAC, the
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maximum surface field is always lower than in a single cavity, and the spread of
maximum surface gradient depends on the structure type and parameters.  Some recent
theoretical investigations at SLAC also indicate that one may expect an increase of the
gradient with frequency [5-7]. (c) CERN experiments [9,10,11] do not match the SLAC
results, as follows.  For 20, 30 and 40 GHz, the maximum surface gradient for a single
cavity excited by the beam doesn�t depend on frequency, and equals about 380 MV/m for
very short pulse width [12] (at SLAC, the same surface gradient was achieved in a single
X-band cavity for pulse width more than 10 times longer).  These differences are not
understood, but it is suggested that the CERN experiments were done under different
conditions using different methods, as compared to other experiments performed at
SLAC, KEK, and Budker INP.  In further contradiction to the SLAC results, no
significant difference was found at CERN between the maximum surface field for single
cavities and various accelerating structures. . It is not possible to develop the next
generation (multi-TeV) of linear colliders without careful investigations of the maximum
achievable accelerating gradient for higher frequencies.  This point has been enunciated
repeatedly, within the accelerator community (e.g., Snowmass2001). This knowledge is
important for NLC because exact information on the maximum accelerating gradient
available and what the optimal operating frequency should be, may allow design of a
collider upgrade to a center-of-mass energy which enhanced X-band technology will not
allow.  In addition, the breakdown investigations under way at SLAC include
development of models of this phenomenon, and validation of these models will require
experiments over a range of frequencies including frequencies higher than X-band, but
carried out under similar conditions.  To be able to compare measurement results for S, X
and Ka bands and to exclude extraneous effects, these measurements must be done using
the same method used at SLAC:  high-power RF amplifier, waveguide system, pulse
compressor, variable pulse width, flexibility of conditioning process, etc.. The Yale Beam
Physics Laboratory�s 34-GHz program to establish a Ka-band accelerator test facility
satisfies these requirements.  The main component of this facility is 34 GHz, 1 µsec
magnicon amplifier with the design power of 45 MW [1].  The tube is already assembled
at Yale and it is under vacuum.  We expect to start conditioning as soon as the tube
magnet is ready (which should be within a couple of months).  Support for development
of high-power 34 GHz transmission line components (including those which are required
to feed the test structure) has recently been approved by DoE.   During the proposed
experiments, coordination with SLAC is planned.

In order to achieve the maximum gradient, one should make correct choices for details of
the accelerating structure.  We propose a test structure with both strong defenses against
rf electrical breakdown, and low peak surface magnetic field (in order to prevent pulse
heating leading to metal fatigue).  The improvements are based on the following
innovations:  (a) elliptical irises which reduce the maximum surface electric field:
elliptical irises were suggested by the authors [14,15]; (b) the first cell of the structure
[16] that will operate in the TM020 mode, so as to eliminate an additional overvoltage
caused by the input coupler.  Also, there is no magnetic field enhancement near the
coupling slot.  The structure has a group velocity vgr = 0.05c.  This turns out to be a
reasonable choice in light of experiments with various X-band accelerating structures at
SLAC.  Details of the current structure design are given in [16].
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It is important to emphasize that some of the design features of the test structure can be
directly applied to the NLC X-band structure, namely elliptical irises that will reduce
surface electric fields and consequently may allow an increase in accelerating gradient of
up to 15-20%, and the use of a coupling cell operating in the TM020 mode that will allow
lowering the risk of breakdown and overheating.

Successful operation of the Omega-P Ka-band magnicon (anticipated to occur by the end
of 2002) will allow development to proceed for the 34.272 GHz accelerating structure
even before the availability of a full set of high-power Ka-band components such as pulse
compressors, mode converters, etc.  This is possible because it is proposed to apply the
technique commonly used in evaluation of accelerating structures, namely to operate the
structure first in a standing-wave mode.  In the standing-wave mode, it is expected that
surface fields and accelerating gradients of 690 MV/m and 180 MeV/m can be realized
using 30 MW of rf drive power fed directly to the structure from the magnicon.  At a
surface gradient of 690 MV/m in the traveling-wave mode, the accelerating gradient
would be more than 340 MeV/m.

The research team has decades of rich experience which includes design, building and
putting into operation three magnicons in the decimeter and centimeter wavelength
domains having up to 10�s of MW�s of output power; and design, building and operating
of electron accelerators based on various structure designs.  Individual resum�s are
available upon request.

FY2003 Project Activities and Deliverables
During the first year, we will develop a design of the test stand, which besides
accelerating structure will include 34 GHz high power feeding system and diagnostics.
Together with the selected vendor, we will start mechanical design and fabrication of the
test structure.  An annual report will be presented and engineering drawings of the
accelerating structure will be completed.

FY2004 Project Activities and Deliverables
During the second year, the manufacturing of the test structure must be completed and
the cold test of the structure will be performed.  The mechanical design of the diagnostics
will be completed, and the part of diagnostics which is necessary to complete vacuum
assembling of the structure (e.g., source of the probe electron beam) will be
manufactured.  During this year, the final choice of the feeding system will be done and
required high power components will be manufactured.  An annual report will be
presented.  The accelerating structure will be completed and delivered.

FY2005 Project Activities and Deliverables
During the third year, the accelerating structure will be assembled and connected to the
magnicon.  Then, the structure conditioning and experiments will be started.  The
components of the test stand will be delivered and assembled together with the
accelerating structure.  The final report will be presented.
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Budget Justification
The first year�s activities are limited to design studies and manufacturing which involve
staff members (not included in the budget shown here), vendors and designers.  A
minimal amount of travel funds is included to cover trips for consultations with vendors.

During the second year, the design and construction of the structure and diagnostics will
continue and post-doc support will begin.

During the third year, construction will be completed.  Experiments will be conducted
mainly by the post-doc.

Indirect costs are calculated at Yale�s rate of 63.5% on modified total direct costs.

Three-year budget, in then-year k$

Institution: Yale University

                             Item                                      FY2003     FY2004     FY2005 Total
                  Other Professionals                               0             30.0           45.0
                   Graduate Students                                0                0                0
              Undergraduate Students                            0                0                0

75.0
0
0

            Total Salaries and Wages                            0             30.0            45.0
                   Fringe Benefits                                     0             10.5            15.8

75.0
26.3

Total Salaries, Wages and Fringe Benefits             0             40.5            60.8
                     Equipment                                        30.0          70.0            40.0
                         Travel                                            1.5            1.5              1.5
             Materials and Supplies                              3.5            3.5              3.5
                Other direct costs                                  20.0          10.0              0

101.3
140.0

4.5
10.5
30.0

                Total direct costs                                   55.0          125.5          105.8
                   Indirect costs                                      3.2            28.9            41.8

286.8
73.9

     Total direct and indirect costs                         58.2          154.4           147.6 360.2

Notes: Equipment includes only fabrication of accelerating structure and diagnostics.
Other direct costs include only procured design and engineering services.
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Investigation of Novel Schemes for Injection/Extraction Kickers 
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Accelerator 
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University of Illinois at Urbana-Champaign, Department of Physics: 
George D. Gollin (professor), Michael J. Haney (electrical engineer), Thomas R. Junk 
(professor) 
 
Fermi National Accelerator Laboratory: 
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Cornell University, Department of Physics: 
Gerald F. Dugan (professor), Joseph T. Rogers (professor), David L. Rubin (professor) 
 
Contact person 
 
George Gollin 
g-gollin@uiuc.edu 
(217) 333-4451 
 
Project Overview 
 
The injection/extraction kicker systems for damping rings in both the NLC and TESLA 
linear collider designs pose interesting challenges of speed, stability, and reproducibility.  
 
The NLC damping ring design presently requires kickers with rise/fall times of ~60 ns, 
and “flat top” fields which are stable for ~270 ns in order to inject, and then extract, a 
train of 192 bunches from the main damping ring. The entire train will orbit inside the 
damping ring with the same 1.4 ns bunch spacing as when the train travels down the NLC 
linac. 
 
The 2820 bunches of a TESLA pulse would require an unacceptably large damping ring 
if the 337 ns linac bunch spacing were used in the damping ring. As a result, the TESLA 
500 GeV design calls for 20 ns bunch separation in a 17 km circumference damping ring; 
a fast kicker will deflect individual bunches on injection or extraction, leaving the orbits 
of adjacent bunches in the damping ring undisturbed. A number of the kicker designs 
which have been considered involve the creation of individual magnetic field pulses of 
sufficiently short duration so that only one bunch is influenced by a pulse. The demands 
of short rise/fall times and pulse-to-pulse stability are challenging. A system capable of 
generating shorter pulses would allow the construction of a smaller damping ring. 
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In collaboration with the UCLC proposed effort “Investigation and prototyping of fast 
kicker options for the TESLA damping rings” we will investigate the feasibility of novel 
designs for damping ring kicker systems. There are interesting possibilities to consider!  
 
One of the more interesting ideas concerns the use of a low energy beam to eject bunches 
in the higher energy beam from the damping ring, and we plan to participate in studies of 
this idea with our UCLC colleagues, who are listed as collaborators in this subproposal. 
(See their proposal for references.) 
 
It is also interesting to consider a different design in which the pulsed kicker is replaced 
by a set of rf cavities whose amplitudes, frequencies, and phases correspond to the 
Fourier components of a periodic, narrow pulse.  Instead of energizing the system only 
when a bunch was about to be injected (or extracted) to the damping ring, the cavities 
would run continuously. This would allow their frequencies, phases, and relative 
amplitudes to be determined with great precision. With a properly chosen set of 
parameters, the system would kick every  Mth bunch in a train, leaving undisturbed the 
train’s other (M - 1) bunches. Injection (or extraction) of an entire bunch train would be 
completed by the end of the Mth orbit through the system. 
 

General discussion of a Fourier-series kicker system 
 
A Fourier-series kicker system could be installed in a bypass section of the damping ring, 
as shown schematically in Figure 1. During injection, a deflector system would route the 
beam through the bypass. Once injection was completed, each deflector could be turned 
off during the passage of a gap between the last and first bunches in the orbiting train. 
The train would then orbit in the damping ring, bypassing the kicker. At extraction, the 
deflectors would be energized again, routing the beam through the kicker for extraction. 
 
How many Fourier components would be required to synthesize a kicker pulse? The 
required kicker field integral is [1] 100 Gauss-meters with an  accuracy of 0.07 Gauss-
meters.  The kicker’s residual field integral when “off” should be less than 0.07 Gauss-
meters. An idealized kicker pulse train of pulses with width δ and period T is shown in 
Figure 2. Since the train is an even function of time, its Fourier expansion is 
 

( )0 0
0kicker

length

2cos ;   k
k

Bdl A k t
T
πω ω

∞

=

= =∑∫ . 

 
Naturally, the values of the coefficients Ak depend on the pulse shape, but components 
with periods that are long compared to the pulse width δ will appear with coefficients that 
are approximately equal. The magnitude of coefficients Ak for high frequency  
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extraction septum

injection/extraction 
deflecting magnets 

kicker rf cavities

injection septum

injection path 

pT 

Figure 1. Schematic diagram of a damping ring using an rf cavity kicker system located in a bypass section. 
Injection/extraction deflectors are off during damping, allowing the beam to pass through the dashed-line 
section of the ring. Deflectors are energized during the passage of a gap between the last and first bunches 
in the train for injection and extraction, routing the beam through the kicker. An alternative layout would 
place the bypass holding the deflectors and kicker in a long straight section. 

extraction path 

 
components will decrease with increasing k.  For a train of Gaussian pulses, where δ is 
the rms pulse width, the Fourier expansion is [2] 
 

( ) ( )
2

0 2
0

1kicker
length

1 2 cosk

k

Bdl e k tω δ ω
∞

−

=

= + ∑∫ . 

 
A single pulse ( )2 2te δ−  will drop below .07% for 3.81t δ≥ . For example, to accommodate 
damping ring and linac bunch spacings of 10 ns and 337 ns respectively, the pulses would 
need rms widths below 2.62 ns. (This bunch spacing would allow the construction of 
damping rings with circumference 8.5 km, half that of the present design.)  

 
 

Figure 2. Idealized kicker pulse train. Each pulse has width δ. The pulse repeat period is T. 

t 

ki
ck

er
 fi

el
d 

in
te

gr
al

 

δ T

 
 
The magnitude of the Fourier coefficients ( )2

0 2k
kA e ω δ−=  drops to .01% when  k = 23, so a 

kicker system of this sort would require the construction of a set of approximately two dozen 
cavities. It is possible that controlling the relative amplitudes in the cavities so that the proper 
Fourier sum is obtained would pose a difficult technical challenge. 
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This naïve approach—that the kicker fields should be close to zero at all times except 
when a bunch is about to be kicked—places demands on the kicker system that are 
unnecessary. Since the arrival time of bunches at the kicker is precisely known, we can 
consider an alternative approach in which the sum of Fourier components generates a 
field integral which is zero as a bunch passes through the kicker, but can be non-zero at 
other times. TESLA bunch lengths are 6mm in the damping ring, both at injection and 
extraction. [1] As long as the change in the field integral is small during the 20 ps time 
interval between the arrival of the head and tail of a bunch at a cavity center, the effects 
of ripple when the cavities are empty should be unimportant. 
 
Let us analyze the properties of a kicker made from N cavities tuned to oscillate with 
identical amplitudes, and at frequencies which are integer multiples of 2.97 MHz 
(1/337 ns). To simplify calculation, we will assume that a constant impulse, with half the 
strength of the individual cavity amplitudes, is applied to bunches just before they enter 
the kicker cavities. The summed field integral is 
 

( )0 0
1kicker

length

1 2cos ;   
2 337 ns

N

k

Bdl A k t πω ω
=

 = + =  
∑∫ . 

 
This can be evaluated [3] analytically: 

( ) ( )
0

0
1 0

1sin
1 2cos
2 2sin

N

k

N t
A k t A

t

ω
ω

ω= 2

   +        + =    
 
 

∑ . 

 
Two notable features about this expression are that its zeroes are evenly spaced, and that 
it has a peak of height  N + ½  (instead of a zero) whenever its denominator is zero. The 
even spacing of its zeroes makes this an interesting candidate for a kicker system.  
 
A graph of the field integral for A = 6.5 Gauss-meters  and  N = 16 is shown in Figure 3. 
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Figure 3. Field integral (Gauss-meters) vs. time (ns) in a 16-element 
system.  Bunches 1 and 34 are kicked, while damping ring bunches 2 
through 33 pass through the kicker during the zeroes of the field integral. 

 
There are 2N zeroes between the peaks at 0 ns and 337 ns. If a bunch passed through the 
kicker during each of its zeroes, as well as during its kicking pulse this would correspond 
to a reduction in damping ring bunch spacing relative to linac bunch spacing by a factor 
of 2N + 1. For N = 16, this would decrease the required damping ring circumference by a 
factor of two relative to the size specified in the TESLA Technical Design Report. [1] 
 
The time derivative of the summed field integral is shown in Figure 4. The derivative’s 
value at a zero crossing of the field integral is  
 

( ) ( )
01

2
02sin 2

d ABdl N
dt t

ω
ω

= ± +∫ ; 

 
as can be seen in the figure, the derivative switches sign at successive zeroes in the field 
integral and is largest for the zero crossing closest to the pulse which kicks a bunch. 
 
The 6 mm rms bunch width in the damping ring corresponds to a flight time of 20 ps. A 
slope at a zero crossing in the field integral of 2 Gauss-meters/ns would produce a kick 
error of 0.04 Gauss-meters, somewhat smaller than the tolerance of 0.07 Gauss-meters. 
However, the number of passes a bunch makes through the kicker system ranges from 1 
(for a bunch which is kicked immediately) to 2N + 1 (for a bunch which is kicked during 
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the train’s last orbit through the kicker system). As a result, an analysis of the effects 
associated with finite bunch length will need to take into account the cumulative effects 
of multiple passes through the kicker and the synchrotron oscillations of an electron (or 
positron) in the direction of motion of the bunch as the train travels through the damping 
ring. This will be discussed below. 
 

 
 
Figure 4. Time derivative of field integral (Gauss-meters per ns) vs. time 
(ns) in a 16-element system.   

 
 

 

Mode of operation during extraction 
 
Imagine that 2820 bunches have been orbiting in the damping ring with an interval of 
 

337 ns
2 1N

∆ ≡
+

 

 
between bunches. The circumference of the ring is chosen to be greater than the length of 
the train so that a gap of duration ( ) ( ){ }2 1 mod 2820, 2 1  + 2gap NT N N≡ ∆× + − + ∆    

exists between the tail and head of the train as it orbits in the damping ring. 
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For N = 16, this odd-looking formula gives Tgap = 50∆  so that the time for a bunch to 
make one complete orbit is (2820 +50)∆ = 2870∆.  
 
Note that 

3372870 2870 87 337
2 1N

∆ = × = × − ∆
+

 

 
for our 16-cavity system so that the period for one orbit is ∆ nanoseconds less than 87 
times the linac bunch spacing (and kicker pulse period) of 337 ns. 
 
When it is time to extract the train from the damping ring, each deflecting magnet is 
energized as the gap in the bunch train passes through it, and remains on for the duration 
of the extraction cycle. Since the gap is 510 ns long in the example under consideration, 
the technical issues associated with switching speed and stability for the deflecting 
magnets could be less problematic than those for a fast, pulsed kicker.  
 
The path for the beam during the extraction cycle is shown in Figure 5. 
 
 

extraction septum

injection/extraction 
deflecting magnets 

kicker rf cavities

injection septum

pT 

Figure 5. Beam path during extraction. Bunches are extracted during major peaks in the kicker field 
integral every 337 ns. Orbit period is chosen so that not-to-be-extracted bunches pass through the kicker 
during zeroes in its field integral. Deflecting magnets are energized during passage of the gap between the 
last and first bunches in the train immediately before beginning to extract the beam. 

extraction path 

 
 
Let’s assume that the circumference of the new orbit (which routes the beam through the 
kicker) is held to be the same as that of the old orbit. If the kicker cavities are phased 
properly, every (2N + 1)st bunch will be ejected during the first orbit, starting with the 
first bunch to enter the kicker. After ejecting bunches 1, 34, 67, …, 2806, the next kicker 
pulse (its 87th) will “fire” while the tail-to-head gap passes through the kicker.  
 
The hole in the train left by the ejection of the very first bunch will arrive back at the 
kicker ∆ ns before the next kicker pulse so that bunch 2 will be inside the kicker when its 
88th pulse fires. As a result, as the head of the train begins its second orbit the kicker will 
eject bunches 2, 35, 68, …, 2807 before  encountering the tail-to-head gap. Bunches 3, 
36, 69, …, 2808 are ejected during the third orbit and so forth. During the fifteenth orbit 
bunches 15, 48, 101, …, 2820 are ejected.  
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Beginning with the 16th orbit the kicker only ejects 85 bunches, then fires twice during 
passage of the gap. On the 33rd orbit bunches 33, 66, 99, …, 2805 are ejected, leaving the 
damping ring empty. 
 
This extraction scheme delivers a pulse train to the linac with periodic holes: there are 15 
“cells” of 86 bunches, with an empty spot at the end of each cell, followed by 18 cells of 
85 bunches with a pair of empty spots at the end of each cell. 
 

Modes of operation during injection and damping 
 
Injection of beam into the damping ring is rather like a time-reversed version of 
extraction and is illustrated in Figure 6. 
 
 
 
 

extraction septum

injection/extraction 
deflecting magnets 

kicker rf cavities

injection septum

pT 

Figure 6. Beam path during injection. Bunches are injected during major peaks in the kicker field integral 
every 337 ns. Orbit period is chosen so that previously-injected bunches pass through the kicker during 
zeroes in its field integral. Deflecting magnets are energized for injection. 

injection path 

 
Bunches arrive every 337 ns, with the same structure produced at extraction: 15 “cells” 
containing 86 bunches and one hole, followed by 18 cells each containing 85 bunches 
and two holes. As before, the first 86 bunches to enter the damping ring land in positions 
1, 34, 67, …, 2806 inside the ring. As it begins its second orbit, bunch 1 passes through 
the kicker ∆ ns before the arrival of a new bunch which will be kicked on-orbit. This new 
bunch becomes the second bunch in the train. Successive bunches arrive at the kicker 
during major peaks in its total field integral; after 33 orbits all bunches have been injected 
so that there are 2820 consecutive bunches in the ring, with a gap between the train’s last 
and first bunches. The deflector magnets are deenergized during passage of the gap, 
allowing the all of the bunches to orbit in the damping ring without passing through the 
kicker, as shown in Figure 7. 
 
. 
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extraction septum

injection/extraction 
deflecting magnets kicker rf cavities 

injection septum

Figure 7. Beam path during damping. Deflecting magnets are de-excited after injection during the passage 
of a suitably long gap between the last and first bunches in the train as it orbits inside the ring. 
 

 

Effect of finite separation of the kicker cavities along the beam direction  
 
Because individual cavities in an N-cavity system would deliver their impulses at 
different points along the beam’s path, a bunch will tend to be displaced from its original 
path, even if its direction of travel remains unchanged when the sum of impulses is zero. 
Since the transverse momentum imparted by a 1 Gauss-meter field integral is 0.03 
MeV/c, the 5 GeV/c TESLA damping ring beam will be turned through 6 µrad per 
Gauss-meter of kick. Each of the 6.5 Gauss-meter cavities used to produce the curve in 
Figure 3 is capable of deflecting the beam by 36.5 µrad per meter of travel.  
 
The paths through the kicker of the 32 bunches which immediately follow the ejected 
bunch are shown in Figure 8.  The 16 cavities are assumed to be placed at 50 cm 
intervals, and ordered from lowest to highest frequency in the direction of the beam. This 
may not be a particularly intelligent arrangement of frequencies, since adjacent cavities 
tend to be fairly close in phase, but it is easy to describe, and makes the problem 
especially apparent in the path of the bunch which enters the kicker immediately after the 
kicked bunch. As is evident in the figure, the first and last bunches of this group of 32 
leave the kicker with a lateral displacement of approximately 180 µm. Other orderings of 
rf cavity frequencies produce different patterns of displacements among the bunches.  
 
There is a straightforward resolution to this problem. A second set of rf cavities installed 
immediately downstream of the first set, kicking in the same direction as the first set, but 
with the order of frequencies reversed, will cancel the displacement introduced by the 
first set, while doubling the impulse imparted to the kicked bunch. This is shown in 
Figure 9. In the figure, the time-independent components of the kick (represented by the 
½ before the Fourier sum several pages earlier) are applied at the same z positions as the 
locations of the lowest-frequency cavities. 
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Figure 8. Electron trajectories through the kicker. The 16 kicker elements are spaced 0.5 
meters apart. Trajectories are shown only for bunches which are not kicked . The bunches 
immediately before and after the kicked bunch are displaced the most, in spite of their 
exit from the kicker with no momentum transverse to the beam direction. Scales for the x 
and y axes are meters and microns, respectively.   

 
 

 
Figure 9. Electron trajectories through a mirror-symmetric kicker. The first 16 kicker 
elements are ordered from lowest to highest frequency, while the last 16 are installed in 
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reverse order, from highest to lowest frequency.  Note that the two halves of the kicker 
apply an impulse to kicked bunches in the same direction.   

 
 
 
   

Arrival time error at the kicker for a bunch that is being injected or extracted  
 
The field integral pulse which ejects a bunch is parabolic near its peak. In the example we 
have been discussing, the kicking pulse is well-fit by the function  
 

( )2104 1.2  Gauss-metersBdl t= −∫  
 

where t is in nanoseconds. As a result, an error in arrival time of 0.1 ns would only 
change the impulse by approximately 0.01 Gauss-meters. The impulse error which 
corresponds to the 20 ps TESLA bunch length is 25 times smaller than this; the 
maximum allowable error in the kicker’s field integral is 0.07 Gauss-meters. To an 
accuracy better than is required, electrons in a bunch are kicked with an impulse which is 
independent of longitudinal position in the bunch. 
 

On the matter of instabilities  
 
Since a fraction of the bunches are extracted at the beginning of each orbit, the current in 
the damping ring changes between orbits. In addition, in an N-frequency kicker system a 
bunch makes at most 2N orbits before being extracted. As a result, it is conceivable that 
instabilities associated with the presence of the kicker will not grow sufficiently quickly 
to pose a problem during injection/extraction. This is a question for detailed 
investigation. 
 

Finite bunch length effects when the kicker field integral is zero 
 
When the center of a bunch passes through the kicker system at a time when the kicker’s field integral is 
zero, the head and tail of the bunch will, in general, experience non-zero impulses in opposite directions 
due to the small differences in arrival time at the kicker along the length of the bunch. The extent to which 
this occurs depends on how rapidly the kicker field integral is changing as the bunch passes through. The 
graph of the field integral’s time derivative shown in Figure 4 is slightly misleading since the largest peaks 
in the first derivative do not occur exactly at the field integral’s zero crossings for bunches early (and late) 
in the set of 2N + 1 bunches. Shown in Figure 10 are the differences in field integrals experienced by the 
head and center of a bunch, assuming the two points are 6 mm apart, for a single pass through the kicker. It 
is the first bunch in Figure 10 which is kicked. Since successive bunches pass through zeroes in the field 
integral with alternating sign of first derivative, the effect switches sign between adjacent bunches. 
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Figure 10. Difference in field integrals experienced by the centers and heads of bunches. 
The front of the bunch is assumed to be displaced by 6 mm along the direction of travel 
of the bunch. The first bunch is ejected; the remaining 32 bunches pass through the kicker 
when the average field integral experienced by the center of the bunch is zero. The 
maximum allowable “ripple” is 0.07 Gauss-meters so it is likely that a correction for this 
effect (to be discussed in the text) will need to be considered.   

 

Effects associated with multiple passes through the kicker  
 
Most bunches pass through the kicker several times after injection, or before extraction. 
There are a variety of effects which enter into a calculation of the kicker’s influence on a 
bunch which orbits the damping ring several times during the injection/extraction cycle. 
In the extraction scheme described earlier, a bunch arrives at the kicker one “click” 
earlier each time it begins its next orbit of the damping ring until finally being ejected. As 
a result, it passes through the kicker during zeroes which are progressively closer to the 
kicking peak (located at  t = 0  in Figure 3).  
 
In the most naïve description of the damping ring, the effects on a bunch associated with 
multiple zero crossings would largely cancel due to the alternating signs of the field 
integral’s first derivative. It would be the imperfect cancellations associated with 
traversal of the kicker during the two orbits preceding extraction which dominated the net 
effect on the bunch. However, this overly simplistic description neglects the 
consequences of oscillations of the beam about a closed orbit, as well as the effects of 
synchrotron oscillations of particles inside the bunch relative to the bunch center. 

C:\Linear_collider\LCRD_UCLC_proposal\assembly area\gollin2.pdf

2.22.13



DraftDraft

George Gollin, University of Illinois 13 9/3/02 

If the tune of the damping ring is not an integer, a perturbation in transverse momentum 
created at the kicker during one orbit will, one orbit later, reappear at the kicker as a 
combination of perturbations in transverse momentum and position. (An integral 
horizontal tune value would cause a perturbation in angle to reappear, one orbit later, as a 
perturbation of similar sign and magnitude at the kicker.)  As a result, description of the 
effects on a bunch associated with successive passes through the kicker will need to take 
the damping ring’s tune into account. Bear in mind that bunches make at most 33 orbits 
before extraction, so instability issues associated with the choice of horizontal tune may 
be less troublesome than would be the case in a storage ring. 
 
The position of a particular electron in a bunch relative to the center of the bunch changes 
as the electron loses energy through synchrotron radiation and gains it back through the 
damping ring’s rf system. The tune of these synchrotron oscillations is 0.1 for the TESLA 
damping rings: an electron at the head of the bunch will find itself at the tail of the bunch 
after five orbits, and then back at the head of the bunch five orbits later. This too will play 
a role in determining the cumulative effect of multiple passes through the kicker. 
 
Ideally, all electrons would suffer zero transverse impulse while passing through the 
kicker until being ejected from the damping ring. Referring to Figure 10, one sees that an 
electron at the head of the last bunch in a group of 2N + 1 bunches (bunch 33 in the 
figure) will experience a non-zero field integral of +0.2 Gauss-meters during its first 
orbit, -0.1 during its second orbit, and so forth. The kicker’s field integral will be +0.1 
Gauss-meters during the electron’s penultimate orbit and –0.2 during its last orbit before 
extraction. If the damping ring were built with integral horizontal tune and zero 
synchrotron tune, electrons in bunch 33 would receive no net impulse from the kicker 
before extraction since the perturbing effects of the kicker contribute coherently. An 
electron at the head of the second-to-last bunch (bunch 32) would experience field 
integrals beginning with –0.1 Gauss-meters during its first orbit and ending with -0.2 
Gauss-meters during its 31st  orbit. (It is extracted at the end of this orbit.) As a result, this 
electron would experience a net perturbation corresponding to the “missing” +0.2 Gauss-
meter kick.  
 
Including the effects of synchrotron oscillations (but still assuming an integral horizontal 
tune), an electron at the head of the last bunch at the beginning of its first orbit will have 
moved to the tail of the bunch after its fifth orbit and back to the head of the bunch after 
its tenth orbit. When this electron returns to the kicker after its 30th orbit it will again be 
at the head of the bunch. One orbit later (its last before being kicked), it will have 
retreated somewhat from the head of the bunch and will be perturbed by the kicker less 
than it would have if it had remained at the head of the bunch. The sum of the 
perturbations caused by the kicker fields acting on this particular electron no longer sum 
to zero. It is worth noting that the relative phase of the large perturbations associated with 
the first and last orbits for this bunch depends on the number of orbits made by the last 
bunch, and therefore on the number of different frequencies in the kicker system. 
   
The effects of multiple passes through the kicker for a damping ring with synchrotron 
tune 0.1 and integral horizontal tune are shown in Figure 11. The graph shows the sum of 
the field integrals experienced by individual electrons as a function of the electron’s 
position in the bunch at the time it is being extracted from the damping ring. The various 
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lines on the graph correspond to different bunches. The banding structure centered about 
the origin is a consequence of the fact that the most significant perturbation arises from 
the relatively large difference in field integral slopes during the two passes through the 
kicker immediately before, or after, a kicking pulse. In general it is a consequence of 
synchrotron oscillations that an electron at a particular point in the bunch at extraction 
may have undergone either of two oscillation histories. (For example, after five orbits, 
electrons from both the head and tail of the bunch will be passing through the bunch 
center, but moving in opposite directions.)  As a result, there are usually two curves per 
bunch on the plot. The pair of curves separated from the band correspond to the single 
bunch which makes one orbit less than the maximum number of orbits. (Electrons at the 
head of this bunch suffer a –0.1 Gauss-meter impulse during their first orbit and, later, 
both the +0.1 and –0.2 Gauss-meter impulses during their last orbits. These relatively 
large field integral errors enter with different phases and produce the observed splitting.)  
 

 
 

Figure 11. Error in field integral experienced by electrons in bunches as a function of an 
electron’s position along the length of a 6 mm bunch at extraction. The plot assumes a 
synchrotron oscillation tune of 0.1 in the damping ring and an integral horizontal tune. 
The maximum allowable “ripple” is 0.07 Gauss-meters so a correction for this effect (to 
be discussed in the text) will need to be considered. 

 
   
The situation becomes more complicated with inclusion of the effects of non-integral 
horizontal tune, and will be studied in detail in the near future. 
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Correcting for bunch length effects 
 
It is interesting to contemplate the insertion of a single rf cavity into the extraction line, 
running with the correct frequency and phase, to correct for field integral errors which are 
correlated with an electron’s position with respect to the bunch center. By subjecting 
extracted bunches to a field integral which is zero when the bunch center passes through 
the corrector, but has (non-zero) slope opposite in sign to that of the band in Figure 11, it 
is possible to rotate the band horizontally as shown in Figure 12.   
 

 
Figure 12. Error in field integral experienced by electrons in bunches as a function of an 
electron’s position in the bunch immediately after passage through an extraction line 
“corrector,” as described in the text. 

 
There are virtues and drawbacks to a corrector placed in the extraction line, as opposed to 
a location immediately after the kicker. In the extraction line, the corrector will see any 
individual bunch only once, with the 337 ns bunch spacing of the TESLA linac, allowing 
for adjustments to the corrector’s oscillation amplitude between bunches if appropriate. 
However, the corrector is only able to compensate for the combined errors induced by the 
kicker during the multiple orbits made by extracted bunches. An extraction line corrector 
will not compensate for an induced error whose effects cannot be described as a function 
of an electron’s position in the bunch at extraction. This can be seen to be the case for 
one bunch in Figure 12. 
 
The extent to which kicker errors can be mapped neatly into single-valued functions of 
electron position at extraction depends on synchrotron oscillation tune, horizontal tune, 
maximum number of orbits through the kicker during an extraction cycle, coupling in the 
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damping ring between horizontal and vertical motion, and so forth. It is possible that 
some sort of clever choice of parameters would allow a single correction to be made at 
extraction. 
 
A corrector placed immediately after the kicker could compensate for kicker-induced 
bunch length effects after each orbit. It would need to have zero field integral as the 
center of a bunch passes through it, and sufficiently large slope to flatten the curve shown 
in Figure 3 at its zero crossings. Since the nature of the corrector’s fields when no 
bunches are present are unimportant, it could be run at a much higher frequency than the 
kicker cavities. This would allow the generation of a large first derivative in the field 
integral without requiring the cavity to contain large fields. High frequencies might make 
it simpler to modulate the cavity amplitude quickly to effect bunch-dependent 
corrections. (The same holds true for an extraction line corrector: it is the magnitude of 
the first time derivative of the fields which matters, not the amplitude of the fields 
themselves. The corrector used to generate the curves in Figures 11 and 12, for example, 
was taken to run at 1.128 GHz, with a field integral of 1 Gauss-meter.)  
 
One of the complications associated with a corrector immediately after the kicker is that 
it needs to jump its oscillation phase by a half cycle during each kicker pulse: the zero 
crossings on either side of the kicking pulse are of opposite slope (of course), but also 
twice as far apart as other adjacent zero crossings. 
 
It would be interesting to investigate in more detail the feasibility of using a Fourier 
series kicker for the TESLA damping rings. Some of the issues are these: 
 

• utilization of a more realistic description of the beam in the damping ring to better 
study effects associated with multiple passes through the kicker 

• consideration of possible designs for kicker cavities, and post-kicker correctors 
• investigation of effects associated with the presence of both electric and magnetic 

fields in the cavities   
• determination of the kicker’s influence on beam polarization 
• study of other possible sets of Fourier components for use in a kicker. 

 
More study is needed to determine whether or not an approach of this sort might lead to a 
realistic kicker system. If issues of cavity control and stability were to prove to be 
manageable, it should be borne in mind that doubling the number of cavities employed 
would halve the bunch spacing and, consequently, the necessary circumference of the 
TESLA damping rings. 
 
 
Description of first year project activities 
 
During the first year we will explore the prospects of building the NLC and TESLA 
damping ring kicker systems with some of the novel approaches described in the 
accelerator physics literature, as well as pursuing studies of the approach briefly 
described above. The end product of the first year’s activities will be a technical report 
discussing the feasibility of several approaches to the design of the damping ring kickers 
for NLC and TESLA. 
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The budget is modest since the first year’s activities are limited to design studies to be 
performed by staff already at the participating institutions. It contains requests for a small 
amount of materials as well as travel associated with conferring with collaborators. 
 
Future work is likely to involve the engineering studies which would be necessary to 
construct a prototype element of a kicker system. After the first year, this is likely to be 
an ideal project for student participation so we would expect to request a modest amount 
of support for a senior undergraduate physics major in addition to funds associated with 
prototype construction. 
 
Budget 
 
Institution Item Cost 
Illinois Travel $1,500 
Illinois Materials [4] $44 
Illinois Indirect costs $818 
Illinois Illinois total $2,362 
other institutions  $0 
 Grand total $2,362 
 

References 
 
1. TESLA Technical Design Report, http://tesla.desy.de/new_pages/TDR_CD/start.html 
(March, 2001). 
 
2. R. E. Shafer, Bunch Shapes, Fourier Transforms, and Spectral Power Densities, 
http://www.sns.gov/diagnostics/documents/ fdrreview/Laser/BunchShapes1.pdf  (March, 
2002). 
 
3. By writing the cosine as the sum of a pair of complex exponentials, it is evident that 
the sum over harmonics is just a pair of geometric series: 
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The geometric series can be summed in the usual way; reexpression of the result in terms 
of sines and cosines yields the desired answer. 
 
4. Boorum and Pease ESS16021215Q laboratory notebook. 
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Project name 
 
Ring-tuned, permanent magnet-based Halbach quadrupole 
 
Classification (accelerator) 
 
Accelerator 
 
Institution(s) and personnel 
 
University of California, Los Angeles, Department of Physics and Astronomy: 
James Rosenzweig (professor), Gerard Andonian (graduate student) 
 
Fermi National Accelerator Laboratory: 
James Volk (staff scientist) 
 
Contact person 
 
James Rosenzweig  
rosen@physics.ucla.edu 
(310) 206-4541 
 
Project Overview 
 

Significant operational cost savings may be obtained by use of permanent magnet 
quadrupoles in main accelerators, damping rings, and transfer lines of a linear collider 
(LC). Promising work has been performed at Fermilab in designing and fabricating 
permanent magnet-based quadrupoles at FNAL. Four different types of permanent 
magnet-based designs have been investigated at to the prototype level. They are: 1) the 
wedge design (Fig. 1), 2) the corner-tuner design (Fig. 1), 3) the sliding shunt design, and 
the counter-rotating quadrupole. Needed tunability of quadrupole gradient in the counter-
rotating design has been demonstrated in prototypes while simultaneously holding the 
effective magnetic center steady to less than 1 micron as required for utility in the beam-
based alignment process growth in the LC linac. On the other hand, this approach 
introduces skew-quadrupole components that need to be cancelled in quadrupole arrays, 
thus constraining their implementation. The wedge and sliding shunt approaches are close 
to giving acceptable performance, but more work would be needed; the inelegant addition 
of coils to these devices has been suggested.  Additional unresolved problems in 
application of permanent magnet-based quads may arise due to radiation damage; 
radiation lifetime measurements have been proposed by another university group in the 
context of this joint proposal.  

Experimental prototyping work has not progressed to investigate one of the more 
promising designs, the ring-tuned Halbach (US patent number 4,549,155) quadrupole (or, 
simply, ring quadrupole). The ring quadrupole, as shown in Fig. 2, is a mechanically 
simple, robust design, with a high level of symmetry. With the elegant rotating ring of 
permanent magnets around the main magnet assembly, this device has the promise of 
very fine-scale tunability.  Further, because of its open near-pole geometry, added 
permanent magnet material may easily be added in order to strengthen the magnet 

C:\Linear_collider\LCRD_UCLC_proposal\assembly area
osenzweig1.pdf

2.23.2



DraftDraft

James Rosenzweig, UCLA  9/3/02 

gradient. In addition to those already mentioned, a further linear collider application may 
be considered — that of the final focus. While it is not currently on the NLC agenda, 
permanent magnets in the final focusing system are part of longer-range projects, such as 
CLIC1. It is clear that in order to produce smaller beta-functions at the interaction point in 
the future, one must press the magnet technology with either permanent magnet-based, or 
superconducting-based devices. The UCLA group is interested in such ultra-high gradient 
applications for additional reasons, as explained below.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. PANDIRA simulations of wedge and corner-tuner permanent magnet-based 
quadrupole designs.  
 
 

 The ring quadrupole project would be very straightforward to undertake, as nearly all 
of the infrastructure and materials needed are in hand. Fermilab has already procured the 
permanent magnets for a prototype of such a design, and performed a full mechanical 
design (based on the magnet simulated in Fig. 2). It is proposed that UCLA complete the 
fabrication of the prototype, utilizing the leverage that the departmentally-subsidized, 
expert machine shop offers. This shop has constructed, over the last decade, a number of 
precision magnets: dipole spectrometers, several styles of electromagnetic quadrupoles, 
permanent magnet  quadrupole, sextupole, and hybrid as well as pure-permanent 
magnet undulators. These magnets have been implemented in state-of-the-art experiments 
in advanced accelerators and light sources at UCLA, LLNL, BNL, ANL, Fermilab, and 
DESY.  Their ubiquitous use is derived from both their quality and low cost. This quality 
is based not only on the machine shop, but on serious design efforts, performed mainly 
by UCLA, using advanced three-dimensional modeling codes.  

As such, for this project, UCLA will develop a three-dimensional computer model of 
the Halbach quadrupole using the code RADIA (see example calculation in Fig. 3). This 
                                                 
1 F. Zimmermann, R. Assman, G. Guignard, D. Schulte, O. Napoly, “Final-Focus System for CLIC at 3 
TeV) EPAC 2000 (Vienna).  
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effort will aid in understanding tuning systematics, and finite-length effects in this device.  
Testing of the quadrupole will be initially performed at UCLA, and completed at the 
Fermilab and/or SLAC magnet-testing laboratories. A combination of prototyping, 
testing and computational analysis will allow us to optimize the Halbach ring quadruple 
for LC linac, damping ring, and transfer line use.   

 

 
 
Figure 2. PANDIRA simulation of a Halbach permanent magnet-based quadrupole. 
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Figure 3.  RADIA-derived rendered drawing of ultra-high gradient, permanent magnet-
based quadrupole magnet for Thomson source final focus; simulated field gradient from 
RADIA. 
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This project is synergistic with the present UCLA program in ultra-high strength, 
compact permanent magnet quadrupole development. The UCLA group has need for 
powerful quads in plasma acceleration experiments, for matching beams to the very 
strong intra-plasma fields, and for Thomson scattering experiments (where one is creating 
an electron-photon “collider” that has luminosity demands reminiscent of LCs). In both 
cases, we have introduced ultra-high strength quadrupoles to both achieve very small 
beta-functions, and to mitigate the effects of chromatic aberrations, by allowing small 
initial beam sizes. A prototype quadrupole, as simulated in RADIA, that can give a sub-
mm focal length at 50 MeV for the LLNL/UCLA Thomson scattering experiment, is 
shown in Fig. 3.  We emphasize that the Halbach ring design is not only tunable, but also 
could produce very strong gradients when scaled to small bores and enhanced permanent 
magnet geometries. Development of an ultra-high strength version of this quad for 
potential use in the LC final focus will also be studied at UCLA. The student who is 
presently responsible for the development of the LLNL ultra-high strength quadrupoles, 
Gerard Andonian, will work half-time on this project in its first year of work.   

The challenges facing both the existing UCLA and proposed LC ring quad work are 
similar. Both projects require very precise fabrication, and measurement. We thus are 
eager to learn from the lead national labs (FNAL and SLAC) how to approach the 
magnetic measurements in the tunability testing of the ring quads. 

 
  

Description of first year project activities 
 

In the first year, the FNAL design for the Halbach ring-tunable quadrupole prototype 
will be fabricated at UCLA. FNAL will provide final drawing, Nd:Fe permanent magnet 
pieces, and precision tuning bearings. UCLA will be responsible for the machined 
components (iron, and non-magnetic supports).  The prototype will be assembled, tested 
and initially tuned in the UCLA magnet lab, using Hall probe maps. It will then be sent to 
Fermilab for further analysis in the FNAL and SLAC magnet test facilities.  These tests 
will employ stretched wire and rotating coil techniques, and will allow precision study of 
magnetic center stability while the quadrupole is tuned.   

UCLA presently uses RADIA, as well as the commercial code AMPERES, to make 
three-dimensional computational models of magnets that we develop in our beam physics 
program.  RADIA has been found to give good results in modeling permanent magnet-
based quadrupoles and undulator magnets.  Therefore, to advance the modeling of the 
Halbach quad, UCLA will construct a 3-D RADIA model of the device. This model will 
allow detailed comparison with the gathered data. The benchmarking of the RADIA 
model will then give a tool for optimization of the design, and extending it to higher 
gradient versions.  
 
  
 

C:\Linear_collider\LCRD_UCLC_proposal\assembly area
osenzweig1.pdf

2.23.5



DraftDraft

James Rosenzweig, UCLA  9/3/02 

Budget 
 
 
 

Institution Item Cost 
UCLA Machinist time $11,000 
UCLA Stock for fabrication $4,500 
UCLA One-half year support for graduate student $16,500 
UCLA Indirect costs $4,950 
UCLA UCLA total $36,950 
FNAL FNAL total2 $0 
 Grand total $36,950 

 
 
 

                                                 
2 FNAL is providing already procured Nd:Fe material worth over $7k to this project. 
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RADIATION DAMAGE TO PERMANENT MAGNETS- Accelerator R&D 
 
Institution: U. Mississippi  
Authors: L. Cremaldi (Professor) 
Email:   cremaldi@phy.olemiss.edu  
Phone:  662-915-5311     
 
I. OVEVIEW  
 
Permanent magnets  have found strategic uses at present day accelerators as quadropole 
focusers, wiggler magnets, in recycler rings, etc.  and  likely to be used in the linear 
collider, particularly in wigglers and NLC final focus quads.  With this in mind, the 
radiation hardness of these magnets comes in to question.  
 
A few types of radiation  are expected to be harmful to these materials (similarly for e+ )  
: 
(1) Synchotron Radiation  e + γ∗  --> e + γ  Eγ  <  Ee

max 
(2) X-ray or gamma radiation  e + N --> e + N* + γx  Eγ  <  Ee

max 
(3)  n/p/π Electro-production  e + N --> e + N* + n/p En/p ~ few MeV 
(4) n/p/π Photo -production   γ + N --> e + N* + n/p En/p ~ few MeV 
 
The energy spectrum of radiation will cover a wide range and type.  Typically the E&M 
and electro-production showers will produce peak proton and pion radiation in the (10-
100)’s of MeV, neutrons extending down to a few MeV (slow). Gamma and electron 
doses can extend into the low energy gamma and X-ray regions.  
 
In order to make a gross estimate of radiation dose due to beam decay and loss we 
assume that  Dose (Gy) = P(J) ∆t(s) ε /m(kg) where P is beam power in Joules and ε is 
the fraction of energy deposited by the dE/dx mechanisms.  A detailed simulation is in 
order here.  Consider energy lost into the final focus quads.  
 
Case I: With  P = 6 MW per LC beam and ε~(10-9 -10-8) DC beam loss in to the quads, 
we then have 0.06J/s ~(22-220) J/hr of deposited energy into a 1 kg magnetic tip =(22-
220) Gy/hr or  ~(0.2-2.0) MGy/yr. = (20-200) Krad/yr. DC .   
 
Case II:  If the beam is miss-steered in to the quad for eg. ∆t =10s @ ε=1/10  a 6 MGy = 
600 Krad accident occurs.  
 

Case I:   DC  ( ε=10-8 ) (20-200) Krad/yr 
Case II: Transient Loss    600 Krad 

 
 
Synchrotron radiation occurs naturally in wigglers and damping rings. Magnets can be 
strategically positioned to partially avoid large doses. But beam-gas interactions, beam 
miss-steering, beam halo, and beam decay loss, inducing electromagnetic showering and 
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production can cause appreciable parasitic damage.  Associated bremsstrahlung and slow 
neutron  damage are thought to be most harmful to magnetic materials .  
   
Below we list common permanent magnet materials and specifications [3].   
 
   Cost  Bhmax  Coercivity Tmax Machinability 

Index  MGOeHci      (KOe)  (oC) 
 
Nd-Fe-B (sintered) 65%  <45  <30  180 Fair 
Nd-Fe-B (bonded) 50%  < 10  < 11  150 Good 
Sm-Co (sintered) 100%  < 30  < 25  350 Difficult 
Sm-Co (bonded) 85%  < 12  < 10  150 Fair 
Alnico   30%  < 10  < 2  550 Difficult 
Hard Ferrite  5%  < 4  < 3  300 Fair 
Flexible  2%  < 2  < 3  100 Excellent 
 
Studies have been performed on permanent magnet samples of Nd and Sm families with 
Co60 gamma radiation up to 14 MGy [3].  Little demagnetization was detected.  In 
contrast, remanence loss is already detected at 60 KGys in electron/positron machine type 
damage on Nd-Fe-B [2].  This suggests that the damage process is localized  in nature 
and not  just dominated by dose. Accordingly a produced magnet produced of higher 
coercive material  might  show less yield  to radiation!  
 
The is speculation that damage to permanent magnets may well come from knock-on 
processes  initiated by particle collisions with low mass impurities [1] or by local heating 
[2], both of which can flip magnetization domains  The fact is that we do not know. 
 
 A review by Volk [5] of the literature reveals a few careful measurements have taken 
place over the past 20 years and  they are not always in good agreement. Volk concludes 
that magnets should be tested under load  and temperature controlled.  
 
A current comprehensive study of the damage to different permanent magnet materials 
under a variety of conditions, eg. e, γ,   n radiation is advisable to understand the 
problem. Simple measurement of the magnetization loss  will  may not reveal the exact 
source of damage.  Further materials testing  may be needed? 
 
LOCAL FACILITY 
 
Direct beam damage is best measured at  complete  accelerator facilities.  But low energy 
n, γ , and X-ray irradiation can take place at a wide number of radiation damage facilities.  
We have previously performed some radiation damage measurements on CsI crystals and 
have been involved in studying effects of radiation on cooling fluids, epoxies, etc. for the 
CMS Si-Pixel detector.  
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These studies  were performed in a radiation damage facility located near our Physics 
Department and in Chemistry.   We also have access to materials testing facilities in 
Physics and Engineering , as well as X-ray sources.  
 
Radiation Facility 
Source   E(KeV) Dose Rate   Dose (1000 hrs) 
Cs 137   662 KeV γ 180 rad/hr @ 1m  .18  Mrad  
       20 rad/hr  atten. @ 1m  
Co 60   1.16 MeV γ   80 Krad/hr  chamber   80 Mrad 
Howitzer  few MeV n     
 
Based on the crude estimate of (20-200) Krad/hr. These gamma sources are could be 
effective in looking for magnetization changes.  
 
 
II.  WORK, GOALS, DELIVERABLES 
 
We propose to help in the study of radiation damage characteristics of Nd-Fe-B, Sm-Co , 
and possibly hard ferrite magnets in our  radiation  and analytical facilities.  
 
A. Estimating doses.  
 
Estimate of LC doses to accelerator structures is incomplete and we would envision 
spending some time on this issue with colleagues at SLAC, Oak Ridge 
 
B. Testing of Dipoles.  
 
Dipole magnets will be fabricated and/or sent from Fermilab. They will be exposed to γ 
and/or neutron radiation. These magnets will also be exposed to proton beam at UCD and 
neutron irradiation at SLAC. In participating with this group )Fermilab, SLAC, UCD) 
will establish a controlled technique for irradiation and measurement.   
 
We will expose dipoles to gamma radiation for 50 days. Periodically testing 
magnetization under controlled conditions.  
 
In the event that the low energy gamma radiation shows little effect, we would propose 
dropping the measurements, and /or moving to stronger sources and possibly more 
energetic sources.    
 
II. FUTURE  -  SQUID Magnetometer Measurements   
 
Further information may be obtainable with a SQUID Magnetometer to measure  
actual changes in flux quanta during the demagnetization process, Figure 1.   We would 
propose conferring with colleagues about this technique,  and requesting engineering 
funding after the tasks are well understood.   
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Figure 1: Conceptual SQUID Magnetometer Test of demagnetization due to slow neutron 
damage.   
 
 
III. BUDGET 

    FY03   FY04    FY05 
A. Materials, & Supplies  $  3000 $ 3000  $ 3000 
B. Dosimetry    $  1000 $ 1000  $ 1000 
C. Equipment    $  3000 $ 3000  $ 3000 
D. Shop Labor   $  1000 $ 1000  $ 1000 
E. Student Labor (1/3time)  $  2000 $ 2000  $ 2000 
F. Travel     $  2000 $ 2000  $ 2000 
G. Fringe 24.6% on D   $    246   
H. Fringe 3% on E   $      60 
I. Indirect Cost 34% on A,B ,D,E $  2484 
                                          G,H 
J. Indirect Cost  10%  on F  $    200 

$14990 
       
BUDGET JUSTIFICATION - FY03 
A. Fabrication of Dipoles, Fixtures, and Magnetic Materials.  
B. TLD or other dosimetry costs. 
C. Magnetometer for basic loss measurement. 
D. Machine Shop time. 
E. Undergraduate Labor.  
F. Travel to  SLAC, FNAL, UCD, PAC Conf. 

SQUID 
MAGNETOMETER 

 LHe CRYO STAT 

NEUTRON 
SOURCE or 
GENERATOR 

n 
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Proposal Name

Investigation and prototyping of fast kicker options for the TESLA damping rings.

Classification (accelerator/detector: subsystem)

Accelerator: damping rings

Personnel and Institution(s) requesting funding

G. Dugan, J. Rogers, D. Rubin, Laboratory of Elementary Particle Physics, Cornell University

Collaborators

D. Finley, C. Jensen, G. Krafczyk, V. Shiltsev, Fermilab

G. Gollin, T. Junk, University of Illinois at Urbana-Champaign

W. Decking, DESY

Contact Person

G. Dugan
gfd1@cornell.edu
(607)-255-5744

Project Overview

The large number of bunches (2820) and the relatively large inter-bunch spacing (337 ns) in the TESLA
linear collider design give a bunch train which is more than 200 km long. A damping ring of this size
would be very costly, and so the bunch train is damped in a compressed form, with a bunch spacing
of 20 ns, leading to a damping ring with a circumference of 17 km.

In the TESLA baseline, the rise and fall time of the damping ring injection and extraction kickers
determine the circumference of the ring. There is considerable leverage in developing faster kickers,
as this translates directly into a smaller circumference ring. The baseline system for 500 GeV (cm)
parameters has a 20 ns specification for the kicker pulse width; this becomes about 12 ns for the 800
GeV (cm) parameters. Designs and prototype results exist [1] for conventional kickers with widths of
7 ns, and design have been developed for more novel ultrafast schemes [2] using electron beams.

We propose to further explore the feasibility of the kicker designs described in the references cited
above. We will also develop new ideas for fast kickers. For example, we will explore the possibility
of the use of the ponderomotive force from a high-intensity laser pulse to provide a very short kick to
the beam. We will work closely with our collaborators from the University of Illinois and Fermilab in
exploring the novel fast kicker concept which is the subject of their proposal, Investigation of Novel
Schemes for Injection/Extraction Kickers, to the LCRD consortium.

In the TESLA baseline design, both the injection and extraction kickers must be fast. The injection
kicker is considerably more difficult than the extraction kicker, because of the larger beam size at

1
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injection. We will investigate the possibility of single-turn injection of beam into the damping rings,
which would eliminate the need for a fast injection kicker.

It should be noted that, in addition to the small pulse width (of order ns) required for the kicker,
extremely good pulse-to-pulse reproducibility is required in order to avoid beam jitter at the collision
point. The fast intra-train feedback at TESLA cannot compensate for pulse–to-pulse jitter introduced
by the extraction kicker. Part of the evaluation of the feasibility of any new kicker scheme must include
an evaluation of the expected pulse-to-pulse jitter.

If a new fast kicker scheme is found to be technically feasible on paper, we propose to do an engineering
design of a prototype, build the device, and test it using a high energy electron beam.

If the development of a fast kicker is successful and the ring size can be reduced, the average current will
go up and at some point multibunch beam stability becomes the limiting factor to a further reduction
in the ring size. This has been explored for two specific cases in prior work [3], for an earlier set
of TESLA beam parameters. We propose to update and expand on these considerations, including
our current understanding of critical stability issues such as the electron cloud, and to determine the
minimum ring size permitted by beam dynamics considerations.

FY2003 Project Activities and Deliverables

During the first year, we will review fast kicker schemes which have been proposed in the past, and
explore the feasibility of new kicker schemes. We will investigate the possibility of single-turn injection
of beam into the damping rings. We will determine the minimum ring size permitted by beam dynamics
considerations. This work will be done by one of the scientific staff members, together with a graduate
student.

The first year deliverables will be 3 technical reports: on the feasibility of fast kicker schemes, the
feasibility of single-turn injection for the TESLA damping rings, and on the minimum allowable ring
size as set by the beam dynamics.

FY2004 Project Activities and Deliverables

Assuming that we have found a feasible design for a fast kicker scheme, in the second year we will
execute an engineering design for a prototype kicker, and build the prototype. Although it may not
be a full scale device, we will include in the prototype all the features needed to address the principal
technical challenges of the device. The work will be done by scientific and engineering staff members,
and the graduate student.

The second year deliverable will be the prototype kicker.

FY2005 Project Activities and Deliverables

In the third year, we will test the performance of the kicker. This will involve electrical measurements
such as peak current, rise and fall time, and pulse-to-pulse reproducibility. We will also test the kicker
in a high energy electron beam, either at CESR or a similar facility with an available beam. The work
will be done by scientific and engineering staff members, and the graduate student.

The third year deliverable will be a technical report describing the results of the kicker prototype tests.

Budget justification

The first year’s activities are limited to design studies, which will involve staff members and one
graduate student (not included in the budget shown here). A minimal amount of travel funds is
included to cover trips for consultations with collaborators.

During the second year, the design and construction of the prototype will be supported by 1/2 FTE
of engineering and technician manpower. The graduate student support will continue.

During the third year, the testing of the prototype will be supported by 1/4 FTE of technician man-
power, together with a graduate student.

Indirect costs are calculated at Cornell’s 57% rate on modified total direct costs.

2
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Three-year budget, in then-year K$

Institution: Cornell University

Item FY2003 FY2004 FY2005 Total
Other Professionals 0 41 21 62
Graduate Students 0 0 0 0

Undergraduate Students 0 0 0 0
Total Salaries and Wages 0 41 21 62

Fringe Benefits 0 14 7 21
Total Salaries, Wages and Fringe Benefits 0 55 28 83

Equipment 0 0 0 0
Travel 2 2 5 9

Materials and Supplies 0 50 25 75
Other direct costs 0 0 0 0
Total direct costs 2 107 53 162

Indirect costs 0 14 14 28
Total direct and indirect costs 2 121 67 190

References

[1] B. I Grishanov et. al., Very Fast Kicker for Accelerator Applications, TESLA note 96-11 (1996)

[2] V. Shiltsev, Beam-beam Kicker for Superfast Bunch Handling, NIM A374, p. 137 (1996)

[3] V. Shiltsev, TESLA Damping Ring Impedances: Preliminary Design Consideration, TESLA note 96-02
(1996)
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Proposal to Test and Revise Designs for 

Linac and Final Doublet Component Movers 

 
Project Overview 

Every magnet and structure girder in the NLC linac will sit on movers to allow it to be 
positioned accurately. The movers will be required to position the beam components in 
five degrees of freedom:  three linear positions and two angles.  Two varieties of movers 
are required, distinguished primarily by their resolution (by which we will mean both the 
accuracy with which the position of the mover is known after a move and the minimum 
distance you can move it in a controlled fashion) and the number of units required by the 
project.  While the requirements for the two movers are different, there are sufficient 
similarities to warrant attempting to develop a design with many common elements to 
reduce costs and ease production. 

                   Linac Component        Final Doublet 
              
 Resolution        50 nm             10 nm 
 Range             2.0 mm total           1.0 mm total 
 Stability         1 micron/day           0.5 micron/day 
 Max Velocity      2mm/min                2mm/min 
 Load Capacity     250 kg                 1000 kg 
 Pwr(full speed)   20 watts               100 watts 
 Pwr(static)       <2 watts               <2 watts 
 Cost     $100 each              minor issue 
 Radiation Hard      yes                    yes 

Table 1:  Requirements for Linac component and Final Doublet Movers (courtesy of 
Gordon Bowden (SLAC), modified by D. Warner) 

Linac Component Movers 

Linac component movers will typically be adjusted every few minutes to hours. A 
resolution of 50 nm is needed along with a total range of 2 mm. Due to the large number 
of movers required (approximately 10,000), it is important to have a high quality, 
reliable, inexpensive units.  Gordon Bowden (SLAC) has developed and produced 
movers, which have been used in the FFTB, that meet the requirements listed in Table 1, 
except for resolution. These movers are mechanical, providing motion by rotation of an 
eccentric shaft with bearing cams in contact with a support plate for the component to be 
positioned.  Rotation of the shaft is accomplished by means of a stepper motor.  
Mechanical movers such as these have several desirable features, including low cost, 
reliability, and the ability to retain a set point without active compensation.  Position 
monitoring can be accomplished by simply mounting a rotary encoder on the shaft. 

A prototype version of the stepper motor driver allowing for micro-stepping has been 
developed at SLAC, and may provide the required step size for the mover to achieve the 
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required resolution.  This prototype remains untested, and still requires calibration to 
determine if it is providing 50 nm resolution.  If the mechanical prototype can be 
demonstrated to provide the required resolution and repeatability, then this phase of the 
project would consist of fine-tuning the existing design.  Ultimately, cost reduction and 
design-for-manufacturability issues will be critically important.   

If the mechanical motion alone is not accurate enough to accomplish the 50 nm resolution 
required, then a combination of the mechanical mover and a piezoelectric stack will be 
investigated.  This approach is envisioned for the final doublet movers. 

Final Doublet Movers 

The final doublet movers are a more complicated device, requiring 10 nm resolution, 
excellent stability against vibration, and possible operation in a cryogenic environment.  
Similar resolution and vibration isolation have been accomplished for STM applications, 
using a combination of a mechanical mover (for course adjustment) and a piezoelectric 
stack.  Piezoelectric stacks are notoriously unstable, and require a constant feedback and 
adjustment to maintain the set position.  We would investigate using a mechanical mover 
similar to the linac movers, with a piezoelectric stack for precision movement and an 
interferometer providing continuous feedback to keep the system at the set point.  Note 
that we would not envision using the interferometer for absolute position measurement—
that would be accomplished by beam monitoring.  The interferometry would be used 
solely to maintain the position of the mover. 

 
Description of first year project activities 
 
Phase one of this project will have as its primary focus the study of the linac component 
produced by Bowden et al. for use in the FFTB.  We will investigate borrowing one of 
the movers used in the FFTB at SLAC, but it appears that none are currently available.  
Funds for duplicating the device at CSU are included in the proposal budget. 
 
After acquiring a mover, we will conduct precise measurements using laser 
interferometry to determine if this apparatus is capable of producing the required 
resolution if driven by a micro-stepped stepping motor.  Additionally, we will investigate 
commercial driver systems capable of operating in a 4-Tesla field and at extremely low 
temperatures, for possible incorporation into a final doublet mover. 
 
Phase two of the project is to improve the resolution attainable by the mover by 
incorporating piezoelectric movers and active feedback.  After gaining an understanding 
of the limitations of the mechanical mover, we will attach a piezoelectric stack to the 
mover, along with an interferometry-based feedback system, and begin to investigate the 
resolution, vibration isolation, and stability achievable with such a system. 
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The deliverables at the end of the project will be: 
 

-Measurements of the resolution achievable using the micro-step driven FFTB 
mover. 
-A report detailing initial work towards developing a manufacturable mover for 
both beamline components and the final doublets. 
-Measurements of the resolution and stability achievable using a combination of 
an FFTB mover modified to optimize the resolution and meet environmental 
requirements for a final doublet mover and a piezo stack with interferometry-
based feedback. 
 

 
This project is an excellent fit to the capabilities of the technical design facility at 
Colorado State University.  The facility has been involved in manufacturing many 
components for HEP applications (See Appendix A) that require cost optimization due to 
the large number of items to be procured, as well as a great deal of prototype 
development and fixturing work.  Additionally, there is a precision measurements group 
in the department working on laser atom lithography projects lead by Prof. Siu Au Lee, 
which can provide advice and assistance as required.  David Warner will be the principal 
technical participant on this project.  Wilson is a principal investigator for the DOE grant 
that supports HEP research at CSU.  Wilson and Soffer will also provide general and 
logistical support as needed. 
 
Future work would involve incorporating the information gained during this proposal 
period into prototype devices, and prepare a design for mass production. 
 
 
Budget 
 
There is no base program grant support for Warner. All costs, including travel, associated 
with this proposal must be provided by the project. 
 
Institution Item Cost 

(k$) 
CSU Piezoelectric stack & Interferometry equipment 10.0 
CSU Personnel costs for Technical Design Facility 23.0 
CSU Travel   1.5 
CSU Indirect costs 15.5 
CSU Grand Total 50.0 
 
 
Institutions and personnel 
 
Colorado State University, Department of Physics: 
David W. Warner (engineer), Robert J. Wilson (professor), Abner Soffer (research 
scientist) 

C:\Linear_collider\LCRD_UCLC_proposal\assembly area\warner1.pdf

2.26.4



DraftDraftHigh Energy Physics 4 Colorado State University  
 

 
Stanford Linear Accelerator Center: 
Gordon Bowden (staff scientist) 
 
Contact person 
 
David Warner 
Warner@lamar.colostate.edu 
(970) 491-1035 
 
 
 
Appendix A:  Relevant experience 
 
SDC (SSC) Muon System 
 
For the SDC collaboration, CSU designed assembly tooling and injection molded plastic 
components for straw tracking chambers.  Warner was appointed leader of the module 
assembly committee.  We also assisted in producing modules for concept testing at BNL, 
and prepared production plans and work flow for production modules. 
 
BES Central Tracking Chamber and Main Drift Chamber 
 
For the BES experiment, CSU designed assembled and tested more than 50,000 injection 
molded plastic feedthroughs.  We also designed and produced tooling for central tracking 
chamber rebuild. 
 
BaBar Drift Chamber and DIRC PID system 
 
For the BaBar Drift chamber project, CSU designed, produced and tested more than 
70,000 plastic and metal feedthroughs for the drift chamber.  In addition, we assisted in 
the design and production of assembly and repair (re-string) fixtures, and also mounting 
of chamber electronics.  For the DIRC, we built the photomultiplier tube base and high 
voltage distribution system.  This involved designing and testing the base circuitry, 
producing printed circuit boards, making a series of plastic injection molds for custom 
electrical connectors and housings, and assembling and testing of the 13,000 bases.  We 
also conducted an extensive quality control program for the bases, to ensure a long 
lifetime. 
 
Pierre Auger Observatory 
 
For the Auger Observatory, CSU is responsible for the detector tank liners and PMT 
enclosures.  This has involved designing and procuring plastic laminated film for the 
liners, producing more than 15 custom injection molded pieces, and developing the tools 
to assemble and test the liners. 
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2.27. Coherent Synchrotron Radiation 

(LCRD) 
 

Accelerator Physics 
 
 

Contact person: James Ellison 
email: ellison@math.unm.edu 

phone: (505) 277-4613 
 
 

New Mexico 
 
 

FY 2003: $20,000 
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Project name 
 
Simulation Study of Source Issues for the Linear Collider   
 
Classification (accelerator/detector:subsystem) 
 
Accelerator 
 
Institution(s) and personnel 
 
Dan Amidei, David Gerdes, Tom Schwartz (GSRA),  
Eric Thrane (UG), Andrew Wagner (UG) 
University of Michigan, Department of Physics 
 
James Rosenzweig, Joel England (GSRA) 
University of California, Los Angeles, Department of Physics and Astronomy  
 
Laboratory Collaborators 
 
Tor Raubenheimer, Marc Ross, John Sheppard 
Stanford Linear Accelerator Center 
 
Helen Edwards, Court Bohn 
Fermi National Laboratory 
 
Proposal Contact person 
 
Dan Amidei 
amidei@umich.edu 
(734)764-3266 
 
Project Overview 
 
We propose to conduct a systematic simulation-based review of source issues for the 
linear collider. We will benchmark simulation codes against measured performance for 
both DC and RF electron guns, and study beam transport from gun to damping rings in the 
linear collider reference designs. We will examine the feasibility and utility of an 
integrated simulation of these systems, as is presently done in the context of x-ray free-
electron lasers. We will explore the details of the emittance compensation process in so-
called "flat-beam" photo-injector sources, as optimization of this source may lead to 
mitigation of electron damping ring requirements for unpolarized beams. For the longer 
term, we are interested to study the applicability of our codes to the problems of capture 
and acceleration in the creation of positron beams, and also to explore code modifications 
that would allow better understanding of device and performance tolerances, and easier 
connection with experimental results.   
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Detail 
 
The baseline electron source for physics operation at both NLC and TESLA is the 
polarized DC photo-cathode gun plus sub-harmonic buncher, as successfully employed at 
SLC 1. Detailed simulation of the use of such an injector in the NLC was last performed 
for the NLC ZDR in 1996. The ZDR and the Tesla TDR both use this model as input in 
the further design of the bunching systems and injection linacs.  
 
We believe it makes sense at this time to re-address modeling of the NLC injection 
systems. We have studied injection system discussion in the NLC ZDR in detail, and also 
reviewed it with several experts. There is consensus that while the injector outlined in the 
ZDR is a proof-of-principle, many issues require further study. For example, there is no 
modeling of halos and tails. The longitudinal tails typical of DC guns will have poor 
capture in the bunchers and show up as large losses at the damping ring input. In the high 
power system of the LC this will lead to a high radiation environment and perhaps charge 
jitter bunch-to-bunch in the damping rings. In another example, the ZDR model uses 
single bunches only: the effects of beam loading and transverse long-range wake-fields in 
the bunching system have not been considered. Finally, note that since the time of the 
ZDR the NLC bunch specification has changed, reducing the charge per bunch by a factor 
of 2. All of these issues should be addressed by incorporation into a realistic simulation. 
 
The TESLA TDR describes an injection system somewhat similar to that of the NLC, but 
we have not critiqued the TESLA study in detail. It may be interesting to compare the 
results for the similar but non-identical injection systems of NLC and TESLA in a single 
integrated simulation. 
 
Complementing the DC electron source, the high brightness, low emittance electron 
beams from an rf-photoinjector may prove invaluable in the commissioning and 
optimization of the linear collider complex. The development of rf-photoinjectors has 
been a major focus of the short-wavelength FEL community in recent years. The UCLA 
group represented on this proposal is an active member of this community, and has 
developed many computational, theoretical, and experimental tools for understanding and 
optimizing high brightness electron beams. As an outgrowth of such studies, it has 
recently been proposed, and shown experimentally at FNPL, that one may emittance 
compensate a "magnetized" beam (one born inside of a solenoidal field), and then split the 
transverse emittances in such a system using a skew quadrupole triplet. This opens the 
door to production of LC-like beams, with large horizontal and small vertical emittances. 
The first step to understanding the ultimate limitations of this scheme is to make a serious 
computational study of emittance compensation of a beam with non-zero canonical 
angular momentum, and the properties of the four-dimensional transverse phase space 
before and after the emittance-splitting skew quads. This study challenges our codes with 
a cutting edge problem and furthers progress on source development, while also fitting 
naturally into our benchmarking program at FNPL.  
 
Positron production is a challenging problem for the Linear Collider. The electron based 
method described in the NLC ZDR, which mitigates target destruction by employing four 
                                                 
1 M. B. James, R.H. Miller, “A High Current Injector for the Proposed SLAC Linear Collider”, IEEE Trans. 
Nucl.Sci. NS-28 (3), 3461, (1981). 
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target stations in parallel, is unwieldy at best. The TESLA gamma-ray conversion method 
places less stress on targets, and may allow positron polarization, but is untested in 
practise. The promise of the gamma-ray method is recognized by a group preparing a 
proposal to prototype the technique in the FFTB at SLAC. Beyond survival of the target, a 
detailed model for collimation, acceleration and focusing is important to understand the 
required aperture and performance of the positron damping rings. The capture and 
acceleration problem can be addressed with the same simulation tools developed for the 
electron injector. As a future outgrowth of our work, we would be interested to study the 
design of the capture system, and perhaps benchmark that simulation against pertinent 
results of the FFTB prototype. 
 
 

 
Figure 1 SuperFish model of the SLC sub-harmonic buncher 

 
The group at the University of Michigan has begun to build expertise with the tracking 
codes ASTRA2 and PARMELA3. Undergraduate Eric Thrane has spent summer 2002 at 
Fermilab, benchmarking ASTRA against flat-beam studies at FNPL. His work provides 
the first reliable agreement between modeling and real data for the emittance ratio vs. 
skew quadropole strengths in flat-beam production, and will be published in the 
proceedings of LINAC20024. Thrane will continue this work for his senior thesis. 
Graduate student Tom Schwarz and undergrad Andrew Wagner have established ASTRA 
and UCLA PARMELA5 on our local computing, and are beginning to study the DC-gun 
plus buncher style injector, comparing to a detailed study performed for the SLC6. Fig. 1 
the red lines are contours of constant E in our first Superfish model of the SLC 178.5 
MHz gap-drift prebuncher. This was coupled to a DC gun model, and run in ASTRA with 
an unrealistic charge pulse of 1nc for 30ps.  Fig.2 shows the bunch length decreasing by 
80% in the drift region of the pre-buncher. The short pulse is a limitation of ASTRA 
(developed for RF guns), and will be remedied by moving to PARMELA.  
 

                                                 
2 K.Floettmann, Maual of ASTRA code, DESY, Germany 1999. 
3 L.M. Young, LANL. 
4 E.Thrane, et al., “Photoinjector Production of a Flat Electron Beam”, to appear in the Proceedings of 
LINAC2002, Gyeogju, Korea. We are much indebted to Don Edwards for support and inspiration in this 
study. 
5 E. Colby, private communication. 
6 M.B. James, “Production of High Intensity Electron Bunches for the SLAC Linear Collider”, Ph.D. Thesis, 
SLAC-0319, Aug. 1987. 
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Figure 2 ASTRA simulation of bunch-length vs distance  

 
This work is obviously just beginning, but our conclusion from these first Michigan 
exercises is that we can train students and get answers. These codes include detailed 
modeling of space-charge effects, and are particularly applicable in the low energy regime 
of electron injectors and positron capture and acceleration. However, we look forward to 
augmenting our repertoire with transport codes and other pertinent simulations as the need 
arises.  
 
One weakness of the codes we have studied is their dependence on static input parameters, 
leading to difficulty in deriving in understanding tolerances and regimes of applicability. 
We propose to address this weakness with the “pseudo-experiment” technique developed 
for detector and physics simulations. In this technique, the code is run thousands of times, 
sampling the input parameters according to their expected distributions, producing not 
only distributions in the output, but the ability to assess the relative probability of any 
given output. Adapting this to existing codes will involve not only changes to the code 
control superstructure, but also a serious look at execution times. We would expect to be 
able to turn to this after acquiring more expertise with the codes, perhaps in the second 
year of this work. 
  
Accelerator related simulation is a new undertaking for the Michigan group, and they 
expect to work in close collaboration with the established simulation and machine 
communities, including scientists at Fermilab, SLAC and UCLA in developing this 
project. The UCLA group is very strong on computational accelerator physics, but has not 
yet deployed significant efforts on LC-related projects, having concentrated on advanced 
accelerator and FEL-related problems to this point. The combination of a focused, leading 
effort from Michigan, with a support and expertise from UCLA and the labs, should make 
for a powerful collaboration. The long lingering injector issues outlined above point to the 
need for more manpower on machine modeling, and, as mentioned above, we expect to 
bring some fresh perspective to the problems at hand. Simulation is also well suited to the 
involvement of students at the universities, and attracting them could serve to begin 
rebuilding the cadre of accelerator physicists in the U.S.  
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Description of first year project activities 
 
The program outlined above is ambitious, and obviously the work of several years or a 
larger team. It represents our first attempt to see the broad matches of our existing abilities 
and interests with the directed needs of the LC R&D program. In the first year of activities 
in this proposal, we will  
  

• continue our benchmarking against the RF gun at FNPL, where we are part of the 
existing effort 

 
• understand the current designs for DC polarized guns, and benchmark our 

simulations against measured performance of those designs, or data from the SLC 
 

• investigate all aspects of emittance compensation and emittance splitting in the  
flat-beam production scheme, benchmark against FNPL data, and identify physical 
mechanisms limiting the performance of this advanced source. 

 
• model the NLC injector, and prepare a written report offering comment and 

comparison with the ZDR study. 
 

• investigate the applicability and utility of employing these simulations to study 
positron production and manipulation 

 
• investigate schemes for the pseudo-experimental technique 

 
These are all ideal projects for student participation, and we are requesting support for a 
graduate student and an undergraduate physics major at Michigan, and one-half support 
for a graduate student at UCLA. A second UM undergrad would use this work as the basis 
for a senior thesis, and comes for free.  
 
 
Budget 
 
Institution Item Cost 
Michigan Graduate student stipend, tuition, fringe 34,500 
Michigan Hourly salary for undergraduate   5,000 
Michigan Indirect costs (56%) (no IC on tuition) 16,300 
Michigan Michigan total 55,800 
UCLA Graduate student stipend, fringe 16,000 
UCLA Indirect costs    8,700 
UCLA UCLA total 24,700 
TOTAL Michigan + UCLA 80,500 
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Proposal Name

Improved simulation codes and diagnostics for high-brightness electron beams.

Classification (accelerator/detector: subsystem)

Accelerator: injector, linear accelerator.

Personnel and Institution(s) requesting funding

C. Bohn, Department of Physics, Northern Illinois University.

Collaborators

H. Edwards, Fermilab

X. Yang, Fermilab and Northern Illinois University

I. Sideris, Northern Illinois University

U. Happek, University of Georgia

B. Gabella, Vanderbilt University

Contact Person

Courtlandt L. Bohn
clbohn@fnal.gov
(815)753-6473

Project Overview

The first component of this proposal is the development of improved simulation codes for high-
brightness photoinjectors. The ultimate goal is to have a code that correctly couples the motion
between the longitudinal and transverse dynamics. One possibly fruitful approach would be to gen-
eralize the treatment of coupled envelope equations recently formulated at SLAC [1]. The ongoing
flat-beam experiment at the Fermilab/NICADD Photoinjector Laboratory (FNPL) [2], of which H.
Edwards is the Facility Manager, provides an excellent basis for exercising such a code. The second
component of the proposal is centered on interferometric and electro-optic diagnostics for measuring
bunch lengths and density profiles. The first device under consideration is a high-bandwidth far-
infrared (FIR) interferometer to detect coherent transition radiation from bunches passing through
a thin viewfoil, and coherent synchrotron radiation emitted during bunch compression. The second
device is an electro-optic crystal in which the dielectric tensor changes as the electric field of a beam
bunch passes through it, a process that can be monitored by measuring polarization changes in laser
light incident on the crystal. These instruments will be commissioned at FNPL.

Linear colliders call for an injected electron beam with high bunch charge, low normalized transverse
emittance, and short bunch length. A generic desire is to optimize the beam brightness to minimize

1
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the need for beam “cooling” like that done with a damping ring, and this is the underlying motivation
for the aforementioned flat-beam experiment. Ideally, the injected beam would have bunch charge
well exceeding 1 nC, a normalized emittance of order 1 µm, and a bunch length of a few mm (which
gets compressed by an order of magnitude at higher energies). These parameters push the beam-
brightness frontier. Accordingly, to understand the underlying beam dynamics likewise pushes the
frontier of injector-simulation tools. For example, one must account more accurately for intricacies of
space charge and wakefield effects. As a matter of principle this can be done with an N -body code, but
N would need to be large and the computational time correspondingly long. To explore the parameter
space in developing first designs of injectors, fast codes are needed, and to be used with confidence,
these codes must comprise sufficiently accurate models of the beam physics. This is the context of the
simulation effort discussed herein.

One of the challenging aspects of simulating the production of high-brightness beams more accurately is
to abandon the canonical simplifications of cylindrical beam symmetry and zero longitudinal-transverse
coupling. As to removing the restriction of cylindrical symmetry, two possibilities appear to be most
promising for the near-term, especially in that they involve long-standing collaborations with code
authors. One is to generalize ASTRA [3], which is DESY’s injector-dynamics code authored by Klaus
Floettmann. The other is to generalize HOMDYN, which is a code authored by Massimo Ferrario
based on the Serafini-Rosenzweig theory of space-charge-dominated beams [4]. Ferrario is presently
working on a flat-beam version of HOMDYN.

We propose to obtain these generalized injector codes, test them, apply them to FNPL, and compare
the results against those of experiments, in particular the flat-beam experiment. We may also work
in parallel with Floettmann toward generalizing ASTRA. In parallel, we propose to explore the afore-
mentioned possibility of developing a new code based on a generalization of the formalism in Ref. [1].
If the outcome is favorable, then we propose to develop the corresponding new code. In developing
new code, C. Bohn will generally do the underlying theoretical work, and I. Sideris (a postdoctoral
computational physicist slated to arrive at NIU on 15 August) will generally do the programming. We
request funding to support a graduate student in doing simulations.

The length of an electron bunch is an important parameter for high-energy linear colliders. Wake-
fields depend on the bunch shape and are a limiting performance factor. Plus, the luminosity at the
interaction point depends on the phase spaces of the colliding beams. One approach for measuring the
longitudinal density profile of the bunch is to measure and analyze the coherent radiation produced
either by transition, diffraction, or synchrotron radiation. A generic instrument for doing so is an in-
terferometer [4]. In addition, monitoring and controlling nonlinear influences, such as wakefield effects,
on a beam requires excellent time resolution. Linear-collider applications call for a time resolution
of about one-tenth the root-mean-square bunch length, which for the NLC works out to be ∼10 µm.
Moreover, single-shot capability is required for monitoring bunch-to-bunch fluctuations. Conventional
techniques, such as streak-camera measurements, have much coarser time resolution, typically ∼1 ps,
i.e., ∼300 µm. The same comment applies to existing interferometers, in that they typically operate
in the wavelength region above ∼200 µm, which means accessing bunch lengths shorter than ∼500 fs
has not been possible. Accordingly, these interferometers are also limited in their ability to distinguish
fine structure in the longitudinal density profile.

Prof. Uwe Happek and his group at the University of Georgia have designed a number of interferom-
eters; they are in operation at Cornell, Vanderbilt, UCLA, Argonne, and Jefferson Laboratory. The
Northern Illinois Center for Accelerator and Detector Development (NICADD) recently contracted
with Happek for a new interferometer that is designed to push down the lower limit of the accessible
bunch length by an order of magnitude, i.e., to about 20 µm. However, it will average over many
bunches; it is not single-shot. A next-generation interferometer that incorporates mirage detectors will
be developed in connection with this proposal. The mirage detector uses a thin metal film as a spec-
trally flat absorber. The film heats the air above its surface, and a diode-laser beam probes the heated
air. Changes in the refractive index deflect the laser beam, and a position-sensitive photodetector
monitors the beams location. The devices sensitivity is accordingly limited by thermal fluctuations,
similar to a Golay cell. A big plus, however, is that the mirage detector offers the potential for a
multichannel device in combination with a single-shot autocorrelator.

2
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Specifically, the plan is to develop a multichannel interferometer that will permit studies of single
bunches, as opposed to properties averaged over many bunches. Existing multichannel FIR detectors
are very large and cumbersome, making their use in accelerator beam lines impractical. By contrast, an
array of mirage detectors would enable compact devices, of roughly the size of the new interferometer
(30 cm x 15 cm x 15 cm) that Happek is supplying. The interferometer is also generically “flexible”
in that it can be used to measure either coherent transition radiation emitted as the beam passes
through a thin foil (an invasive measurement) or coherent diffraction radiation emitted as the beam
passes through a hole in the foil (a noninvasive measurement). A portion of the funding for materials
and supplies will likely be used in developing mirage detectors for interferometric applications. Prof.
Happek will do most of the development of the single-shot instrument.

Electro-optic (EO) sampling is a noninvasive technique offering picosecond time resolution of the electric
field at the EO material [5]. It is based on the Pockels effect. When an electric field is applied to a
certain class of crystals the refractive-index ellipsoid is modified, and as a result retardation (phase
shift) is introduced between two orthogonally polarized components of a pulse of light traversing the
crystal. This retardation can be detected by observing the change in the polarization of laser light
transiting through the crystal. By using short laser pulses and varying the delay between the “probe”
pulse and the pulse that produced the electron bunch, the “pump” pulse, one can sample the time
dependence of the electric field.

In principle, the EO technique permits direct time-domain measurements of both beam-induced wake-
fields and the electric field from a single bunch itself. The technique was recently applied at FNPL in
the former connection, specifically, to measure the beam-induced wakefield of a six-way cross [6]. The
direct field of the bunch itself could not be resolved; the prevailing conjecture is that it was concealed
by the arrival of the early-time wakefield at the crystal. The conjecture makes sense from simple time-
of-arrival considerations pertaining to the geometry of the cross and the location of the crystal within
the cross.

The design of the vacuum chamber housing the EO crystal is key to measuring the direct field of the
beam. One possibility is to use a tapered vacuum chamber for low wakefields. We propose to design,
build, and (in collaboration with Fermilab personnel) implement such a chamber, and thereby access
the beam field. Part of the program will be to cross-correlate the density profile extracted from the
EO-measured field against that from the interferometer and the projected longitudinal density obtained
by use of a deflecting-mode cavity (once it is installed). These cross-correlations should go far toward
validating the interferometric and electro-optic techniques. C. Bohn will do the theoretical work to
design the vacuum chamber for the EO diagnostic. X. Yang, a newly hired postdoctoral laser and optics
expert will be key in commissioning and operating the new diagnostics. We request funds to purchase
components for the interferometric and electro-optical diagnostics and to support a graduate student
in commissioning the devices. In addition, we will collaborate with Dr. Bill Gabella of Vanderbilt
University toward improving the time-resolution of the diagnostic. In particular, Dr. Gabella will be
working to develop an improved short-pulse probe laser.

FY2003 Project Activities and Deliverables

Activities: Testing of generalized version of HOMDYN presently being developed by M. Ferrario of
INFN Rome, and possibly of ASTRA with assistance from K. Floettmann of DESY. Development
of formalism to couple transverse and longitudinal dynamics and, if successful, begin developing a
corresponding simulation code. Design the single-shot interferometer based on tests of mirage detectors.
Design low-impedance vacuum chamber for the electro-optic diagnostic and begin its fabrication.

Deliverables: Technical papers on HOMDYN and ASTRA simulations, and on coupled dynamics.
Design of the single-shot interferometer. Design of the low-impedance vacuum chamber.

FY2004 Project Activities and Deliverables

Activities: Finish the development of the generalized simulation code. Construct the single-shot inter-
ferometer and begin testing it at FNPL. Finish the low-impedance chamber and install it in FNPL;
configure electro-optic diagnostic and begin testing.

3
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Deliverables: Generalized simulation code, single-shot interferometer, low-impedance vacuum chamber.

FY2005 Project Activities and Deliverables

Activities: Benchmark the generalized simulation code against FNPL experiments. Characterize beam
with the interferometric and electro-optic diagnostics and cross-correlate their results. Improve the
temporal resolution of the electro-optic diagnostic pending the successful development at Vanderbilt
of a short-pulse probe laser.

Deliverables: Benchmarked simulation code. Papers on experiments involving the interferometric and
electro-optic beam diagnostics.

Budget Justification

Successful completion of this proposal requires dedicated participants, both professional staff (not
budgeted here) and two graduate students. It also requires modest hardware investments for the
interferometric and electro-optic diagnostics, mostly toward the former. Most of the hardware costs
appear in the first year (for the interferometric mirage detectors and the electro-optic vacuum chamber).
Modest funds for design modifications are requested for the second and third year as part of bringing
the diagnostics to maturity.

Three-year budget, in then-year K$

Institution: Northern Illinois University

Item FY2003 FY2004 FY2005 Total
Other Professionals 0 0 0 0
Graduate Students 36 37.8 39.69 113.49

Undergraduate Students 0 0 0 0
Total Salaries and Wages 0 0 0 0

Fringe Benefits 0 0 0 0
Total Salaries, Wages and Fringe Benefits 36 37.8 39.69 113.49

Equipment 0 0 0 0
Travel 0 0 0 0

Materials and Supplies 15 7.5 7.5 30
Other direct costs 0 0 0 0
Total direct costs 51 45.3 47.19 143.49

Indirect costs 11.96 11.128 11.619 34.707
Total direct and indirect costs 62.96 56.428 58.809 178.197

References

[1] A.W. Chao, R. Pitthan, T. Tajima, D. Yeremian, “Space Charge Dynamics of Bright Electron
Beams,” SLAC-PUB-9189 (2002).

[2] D. Edwards, H. Edwards, N. Holtkamp, S. Nagaitsev, J. Santucci, R. Brinkmann, K. Desler, K.
Flottmann, I. Bohnet, M. Ferrario, “The Flat Beam Experiment at the FNAL Photoinjector,” Proc.
2000 Linear Accelerator Conference, eConf C000821, 122-124 (2000).

[3] K.Floettmann, “ASTRA User Manual” (1999), available at http : //www.desy.de/ mpyflo/Astradokumentation/.

[4] M. Ferrario, L. Serafini, “Multi-Bunch Dynamics in RF Photoinjectors through an Envelope Equa-
tion Approach,” Proc. 1998 European Particle Accelerator Conference, 1271-1273 (1998).

[5] U. Happek, A.J. Sievers, E.B. Blum, “Observation of Coherent Transition Radiation,” Phys. Rev.
Lett. 67, 2962 (1991)

[6] J.A. Valdmanis, G. Mourou, and C.W. Gabel, “Picosecond Electro-Optic Sampling System,” Appl.
Phys. Lett. 41, 211 (1982 ).

4

C:\Linear_collider\LCRD_UCLC_proposal\pdfs\UCLC\stamped pdfs\bohn1.pdf

2.29.5



DraftDraft

[7] M.J. Fitch, A.C. Melissinos, P.L. Colestock, J.-P. Carneiro, H.T. Edwards, W.H. Hartung, “Electro-
Optic Measurement of the Wake Fields of a Relativistic Electron Beam,” Phys. Rev. Lett. 87, 034801
(2001); M. Fitch, “Electro-Optic Sampling of Transient Electric Fields from Charged Particle Beams,”
Ph.D. dissertation, University of Rochester, Rochester, NY (2000).

5

C:\Linear_collider\LCRD_UCLC_proposal\pdfs\UCLC\stamped pdfs\bohn1.pdf

2.29.6



DraftDraft

 30 
   

C:\Linear_collider\LCRD_UCLC_proposal\pdfs\UCLC\rubin1.pdf 

2.30.1 

 
2.30. Beam simulation: main beam transport 

in the linacs and beam delivery systems, 
beam halo modeling and transport, and 
implementation as a diagnostic tool for 

commissioning and operation 
(UCLC) 

 
Accelerator Physics 

 
 

Contact person: Dave Rubin 
email: dlr@cesr10.lns.cornell.edu 

phone: (607) 255-3765 
 
 

Cornell 
 
 

FY 2003: $14,000 
FY 2004: $19,000 
FY 2005: $30,000 

 
 
 

 



DraftDraft

Proposal to the

University Consortium for a Linear Collider

August 27, 2002

Proposal Name

Beam simulation: main beam transport in the linacs and beam delivery systems, beam halo modeling
and transport, and implementation as a diagnostic tool for commissioning and operation.

Classification (accelerator/detector: subsystem)

Accelerator: linacs, beam delivery systems

Personnel and Institution(s) requesting funding
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Laboratory of Elementary Particle Physics, Cornell University
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M. Berz, H.Weerts,J.Huston - Michigan State University

Contact Person

D. Rubin
dlr@cesr10.lns.cornell.edu
(607)-255-3765, -8183

Project Overview

This project will cover simulations of main beam transport in linear colliders, with an emphasis on
integrated damping ring to IP simulations; studies of the sources and transport of beam halo from its
origin to the IP; implementation of modeling tools as a diagnostic for addressing commissioning and
operational issues. Each of these topics is discussed in turn in the following paragraphs. Complete
and robust simulation and modeling tools are critical to the evaluation of design and commissioning of
NLC and TESLA, and our goal is to develop software with the flexibility to investigate the properties
of both machine.

Main beam transport

One of the most essential features of a linear collider is the need for the preservation of a very small
vertical emittance during beam transport from the damping ring to the IP. The best estimate of what
is required to do this comes from integrated simulations of beam transport from the damping ring to
the IP. Elaborate simulation programs have been developed at SLAC, DESY and CERN for the linear
collider projects, in which errors can be incorporated, and realistic tuning algorithms can be explored,
based on the expected performance of diagnostic systems. The errors are both static and dynamic,
and include initial alignment errors, instrumentation resolution, ground motion and mechanical noise.
Dynamic stabilization schemes and linac-based and IP feedback can be incorporated.

The worldwide effort in this area could benefit from additional manpower working in collaboration
with the existing investigators to refine the simulation tools and develop improved tuning algorithms.

1
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We propose to join these ongoing beam simulation efforts, providing additional manpower, as well as
fresh perspectives.

We will work closely with our collaborators, who have extensive experience in beam simulation, to
identify critical issues which, in the context of the worldwide effort, require attention.

Particular areas of interest to us include the exploration of the tolerance of the baseline emittance
preservation schemes to diagnostic faults, realistic modeling of the bunch compressors, and the effects
of lattice mismatches. Also, one of our aspirations is to develop the machine model so that it can
eventually interact with the control system in such a way that we can use it to diagnose and correct
machine errors. Until a real control system exists, we can simulate that as well and begin to understand
how the operational problems will become evident and then how they might be addressed.

We would also like to explore the utility of simulations of beam transport from the source to the
damping ring.

Our group has considerable experience developing computer models to study the properties of stored
and accelerated beams, and for the evaluation of machine performance and diagnosis and correction
of guide field errors etc. We have done extensive simulation of single particle dynamics, beam-beam
interaction, long range interaction of multiple bunch beams, and of the injection process for both CESR
(5.3GeV) and for CESR-c(1.9GeV). We also created a detailed simulation of the positron production
process in our linac in order to improve efficiency, and a rudimentary model of a superconducting
linac to explore the dependence of single and multi-bunch stability on cavity parameters. We are well
equipped to contribute to the effort to model beam transport in a high energy linac.

Beam halo modeling and transport

Understanding and control of beam halo is a crucial issue for linear colliders. The extent of the
beam halo impacts the design of the collimation systems and muon spoilers, which in turn determine
background conditions at the detector. The collimation systems are also an essential part of the
machine protection system, a key issue for machine reliability.

One of the principal open issues in the baseline linear collider designs is the absence of a fully developed
pre-linac collimation system. Working with our collaborators, we propose to develop a realistic design
for such a system.

Beam halo typically explores regions of the vacuum chamber far from the central axis, where magnetic
field nonlinearities, often ignored in main beam transport simulations, may be important. We propose
to study the transport of halo particles, represented as longitudinal and transverse beam distribution
tails, from the damping ring to where the halo is intercepted, exploring, for example, the effects of
nonlinear field errors.

The baseline linear collider collimation systems have been designed to cope with a relatively high level
of beam halo, based on previous linear collider experience. This level is typically much larger than
simple estimates would indicate. A more basic understanding of the origin of beam halo would allow
a better optimization of the collimation system design. We propose to simulate the sources of beam
halo (e.g, due to scattering processes in the damping rings, dark current in the linac cavities, etc.) and
track these particles from their sources to the collimation systems, where they are removed from the
beam. Comparisons will be made to the assumed halo used for the design of the baseline collimation
systems for NLC and TESLA, and to the SLC beam halo experience.

Machine commissioning and operation

During machine commissioning, interpretation of measurements of beam position monitors, beam size
monitors, cavity higher order modes, etc. will be critical to identification of component failures and
implementation of correction algorithms. Typically a simulation is used to compute the effects of the
guide field on the beam so that the consequence of various field errors, misalignments, etc. can be
anticipated. But during commissioning we must first measure the guide field errors, so that with the
help of the models, appropriate corrections can be determined. We plan to develop the modeling tools
to extract information about the guide field from the beam instrumentation, so that we can simulate
the diagnosis and optimization of machine performance.
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Project Activities and Deliverables

The descriptions of year-by-year activities provided below are representative of one possible course of
action which seems plausible at this juncture. It should be appreciated that, as we develop a more
mature understanding of the issues, and the roles that are most suited for us, and as the needs of the
worldwide linear collier effort evolve, it may turn out that the order in which tasks are undertaken is
different from what is described below, For example, the beam halo work, described below as being done
in the second and third years, could in fact start in the first year, if that turns out to be advantageous.
If such a reordering occurs, we expect to produce the same deliverables as specified below, but in
different years.

FY2003 Project Activities and Deliverables

During the first year, we will work with our collaborators to assemble, at Cornell, a suite of the existing
main beam simulation tools. We will develop expertise in the use of these tools, initially by studying
already-solved problems and simple examples. This will allow us to tackle unsolved problems. We will
then use the existing codes to address one of the outstanding issues noted above. The exact choice will
be determined by the needs and priorities of the worldwide linear collider simulation efforts at that
time.

During this year, again in collaboration with the experts in this field, we will identify areas in which
the existing simulation tools can be improved, and their capabilities amplified. These improvements
may involve the inclusion of new physics in the codes or augmentation of the code’s speed. We will
investigate the utility of merging segments of code from existing simulation programs at Cornell, or
using our simulation programs to provide cross-checks.

To become familiar with the issues involved in the control of beam halo, and to address a known issue
in collimation system design, we will undertake a detailed design of pre-linac collimation systems for
NLC and TESLA.

The deliverables for the first year will be the capability to use the existing main linac and beam delivery
systems simulation routines, and a technical report addressing an outstanding issue in beam simulation.
We will also provide improvements to, and/or cross-checking of, some of the existing simulation codes.
Finally, we will write a technical report specifying a design for pre-linac collimation systems for NLC
and TESLA.

FY2004 Project Activities and Deliverables

In the second year, we will continue to address main beam transport code improvements, and will
tackle several other simulation issues which are high priority, and which are suitable for our expertise
and interests.

In this year, we will begin to consider what is needed in code development or modification for halo
transport. We will build upon existing codes whenever possible. We expect to be able to produce
useful results on beam halo transport this year.

We will also develop a strategy for understanding the sources of beam halo.

The deliverables for the second year will be technical reports describing additional code improvements
and studies of main beam transport issues. We will also produce codes to do beam halo transport
in the main linacs and beam delivery systems. We will write a technical report on the first results
from our beam halo transport studies. We will also write a technical report outlining our strategy for
understanding and simulating sources of beam halo.

FY2005 Project Activities and Deliverables

In the third year, we expect continue to address outstanding high priority issues in main beam transport.

Based on the halo source strategy developed in the previous year, we will develop codes which simulate
the sources of beam halo, and couple these to our halo transport codes. We will compare the results of
this work with the assumed halo used for the design of the baseline collimation systems for NLC and
TESLA, and to the SLC beam halo experience.

3
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The deliverables for the third year will be additional technical reports describing studies of main beam
transport issues. We will produce a technical report documenting our studies of halo sources and
halo transport, and the comparisons with linear collider halo design assumptions and SLC experience.
Finally, we will write a technical report documenting the diagnostic capability of our codes, including,
for example, evaluation and correction of orbit, optical and coupling errors based on beam position
monitor data.

Budget justification

This work will be carried out primarily by the personnel noted above from Cornell, with help from
our collaborators. We have requested support for one graduate student in the first year of the activity,
growing to 1.5 and then 2 in the subsequent years. Computing equipment support for the student(s)
and a small travel allowance for meetings with our collaborators and conference attendance is also
included.

Indirect costs are calculated at Cornell’s 57% rate on modified total direct costs.

Three-year budget, in then-year K$

Institution: Cornell University

Item FY2003 FY2004 FY2005 Total
Other Professionals 0 0 0 0

Undergraduate Students 5 5 5 15
Total Salaries and Wages 5 5 5 15

Fringe Benefits 0 0 0 0
Total Salaries, Wages and Fringe Benefits 5 5 5 15

Equipment 5 10 20 35
Travel 2 2 3 7

Materials and Supplies 0 0 0 0
Other direct costs 0 0 0 0
Total direct costs 12 17 28 57

Indirect costs 2 2 2 6
Total direct and indirect costs 14 19 30 63

4
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Proposal Name

Simulation of Nonlinear Beam Dynamics and Interconnection to Beam Monitoring Subsystems

Classification (accelerator/detector: subsystem)

Accelerator: Simulation, Feedback

Personnel and Institution(s) requesting funding

Martin Berz, Harry Weerts, Joey Huston, Michigan State University

Kyoko Makino, University of Illinois - Urbana Champaign

Collaborators

Dave Rubin, Cornell

Tor Raubenheimer, SLAC

Carol Johnstone, Fermilab

Deborah Errede, University of Illinois - Urbana Champaign

Contact Persons

Martin Berz Hendrik Weerts
berz@msu.edu weerts@msu.edu
517-355-9200x2130 517-355-9200x2136

Project Overview

We propose to perform various simulation work for linear collider based accelerator systems, and
provide a connection to the development and integration of beam monitors.

SpeciÞcally, we will provide contributions to the simulation of the Þnal focus section [1][2][3]and the
inherent nonlinear effects. It has been seen (see for example[3][4] and [5]) that in the scenario of
the large ratios of beta functions in the Þnal focus quads and at collision, nonlinear effects of Þfth
and higher orders are relevant. Also, the detailed form of the fringe Þelds resulting from the actual
quadrupole design (see for example [6] [7]) is expected to have an inßuence of the dynamics [8][9][10].
Finally, it is necessary to consider the so-called kinematic correction[11][12]. We expect the necessity of
limited code development for the treatment of beam radiation and the speciÞc forms of fringe Þelds and
correction schemes. We will also perform general calculations for beam transport and spin dynamics as
necessary. We will also provide a connection between the necessary beam diagnostics and the feedback
into simulation environment and the resulting beam steering.

All work will be performed under close consultation with various collaborators. SpeciÞcally, we expect
to work with the Cornell group, and in particular Dave Rubin, as well as individuals at SLAC, FNAL,
and DESY.

1
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FY2003 Project Activities and Deliverables

The Þrst year will address the assessment of the general underpinnings of the necessary development of
coding, especially related to nonlinear effects, fringe Þelds, and synchrotron radiation. We also expect
to begin implementation of the necessary simulation software in the COSY environment. Finally, as
time permits, Þrst simulations will be performed and compared to other existing results.

FY2004 Project Activities and Deliverables

During the second year, any necessary implementation work will continue, but the focus will shift more
towards full simulation of the Þnal focus region, as well as transfer lines and any possible need for the
treatment of spin transport. We will also begin exploring connections between the beam monitoring
systems and the feedback control of the beam dynamics, and as necessary contribute to the development
of relevant hardware and the interface to the beam dynamics simulation tools.

FY2005 Project Activities and Deliverables

In the third year, the emphasis will continue to lie on the detailed simulation of all relevant nonlinear
effects, and proceed towards a tighter connection to the various contemplated feedback control systems
under development and the necessary modiÞcation of beam dynamics parameters.

2
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Background information

The three faculty members from Michigan State University have very different backgrounds and ex-
pertise. Berz has worked in accelerator physics for a long time and has a lot of experience with beam
dynamics simulations. Huston and Weerts are experimental particle physicists with no expertise in
accelerator physics, but with a lot of experience in building and operating large particle physics de-
tectors and the analysis of their results. Makino, a University of Illinois - Urbana Champaign faculty
member who recently moved from MSU, also has extensive experience in beam dynamics simulations.
We feel that this combination of skills is very well suited for initial simulation of aspects of a linear
collider which ultimately will lead to development of instrumentation for the machine. The physics
department has excellent mechanical and electronics capabilities in its shops which have been and still
are extensively used for contributions to the D0, CDF and ATLAS detectors.

Budget justification

We request for support for one graduate student to work on various simulation projects for the three
year period. For years 2 and 3, we are asking for support for 1/2 of a staff engineer, and 1/2 of a
postdoctoral research associate.

We also ask for limited travel funds as well as expenses for computer workstations in the equipment
category, as well as materials and supplies.

Three-year budget, in then-year K$

Institution: Michigan State University

Item FY2003 FY2004 FY2005 Total

Other Professionals 0 46 49 95
Graduate Students 18 18 19 55

Undergraduate Students 0 0 0 0
Total Salaries and Wages 18 64 68 150

Fringe BeneÞts 6 21 22 49
Total Salaries, Wages and Fringe BeneÞts 24 85 90 199

Equipment 3 3 3 9
Travel 3 4 5 12

Materials and Supplies 0 5 7 12
Other direct costs 0 0 0 0
Total direct costs 30 97 105 232
Indirect costs 16 48 53 117

Total direct and indirect costs 46 145 158 349

3
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Proposal Name

Damping ring studies for the LC

Classification (accelerator/detector: subsystem)

Accelerator: damping rings

Personnel and Institution(s) requesting funding

S. Mtingwa, Department of Physics, North Carolina A&T State University

Collaborators

K. Kubo, KEK, Tsukuba, Japan

Contact Person

S. Mtingwa
mtingwa@mit.edu

Project Overview

The goals for the beam emittances of the proposed Linear Collider (LC) are far smaller
than those achieved at existing accelerators.  Thus, the obstacles to be encountered will
be substantial, although hopefully not insurmountable.  A major limitation on the
performance of the LC will be the damping rings and the emittances achieved there.
Experiments have been performed, or are planned, at a number of facilities, including the
ATF at KEK and CESR at Cornell.  We propose to travel to the ATF for a two-week
period and to CESR for a two-week period per year for the next three years to assist in
gaining a theoretical understanding of the results of their experiments.

The NLC/JLC design normalized horizontal emittance coming out of the damping rings
is 3 mm-mrad, with the normalized vertical emittance being two orders of magnitude
smaller.  The beam charge is about 1010 particles per bunch.  The most important
limitation on achieving the design emittances in the damping rings is that of intrabeam
scattering (IBS).  Thus, it will be important to understand more fully the challenges that
intrabeam scattering will present.  With James Bjorken, we developed the theory of IBS
for strong focusing accelerators and spent a number of years at Fermilab analyzing beam
emittance growth rates from IBS in the Antiproton Source�s Accumulator Ring.  Also, we
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worked with David Finley and Alvin Tollestrup in analyzing IBS growth rates for the
Tevatron upgrade.  In this project, we will revisit IBS within the context of the LC
damping rings.  The results will be important for the TESLA design as well.

FY 2003 Project Activities and Deliverables

Intrabeam scattering involves multiple small-angle Coulomb scatterings of particles
within a bunch.  The theory in Reference [2] does not specify the precise minimum
scattering angle of the particles and only estimates it.  Some work on this effect is
contained in Reference [3].  During the first year, we propose to work more on this issue.
Also, we will begin our studies of the data from prototype damping ring experiments at
ATF, CESR, and the Advanced Light Source.  Our results will be written in a detailed
report and published.

FY 2004 Project Activities and Deliverables

The vertical emittance in a damping ring is largely determined by vertical dispersion and
horizontal-vertical coupling; thus, one wants to minimize these effects in the accelerator
lattice design.  Even so, the operating regime of the ATF demands a better understanding
of the coupling among the three degrees of freedom and its effects on intrabeam
scattering.  An excellent start in this direction is contained in Reference [3], where they
extended the theory contained in Reference [2].  During the second year, we propose to
analyze this effect further and compare with the data from the prototype experiments.
Our results will be written in a detailed report and published.

FY 2005 Project Activities and Deliverables

Armed with a better understanding of the predictions of intrabeam scattering, during the
third year, we will concentrate on the wealth of data that should have been collected by
that time and fine tune our understanding of the ability to achieve the small design
emittances of the various linear collider designs.  Others are studying various other
effects that could compromise the damping rings� performance.  These include such
effects as electron cloud build-up, residual gas ionization, the injection efficiency of the
damping rings, the interaction of the beam with radiation, and the influence of newly
injected pulse trains on ones previously stored.  During the third year of this project, we
plan to use the results from those other studies to achieve a quantitative understanding of
how to unravel those other effects from that of intrabeam scattering.  Our results will be
written in a detailed report and published.

Budget justification

The entire project will consist mainly of theoretical and computational calculations.  The
first year�s budget will mainly support one graduate student and travel for the Principal
Investigator (PI) to spend two weeks at the ATF in Japan and two weeks at CESR at
Cornell University.  Computational equipment will be purchased for the graduate student.
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During the second year, we include the same funds as requested the first year, increased
mostly for inflation.  Also, computational equipment will be purchased for the PI.

During the third year, we include the same funds as requested the second year, increased
mostly for inflation.  Also, additional computational equipment will be purchased for the
PI.

Indirect costs are calculated at North Carolina A&T�s 41% rate on modified total direct
costs, which excludes tuition.

Three-year budget, in then-year K$

Institution: North Carolina A&T State University

Item FY 2003 FY2004 FY 2005 Total

Graduate student (RA)      12      13      14   39
Undergraduate Students                             0                      0                      0                   0
Total Salaries and Wages      12      13      14    39
Fringe Benefits                                          0                      0                      0                    0
Total Salaries, Wages & Fringe Benefits 12      13      14    39
Equipment        3        3        3      9
Travel        8        9      10    27
Materials and Supplies        1        2        3      6
Other direct costs (Tuition)                      12                    13                    14                  39
Total direct costs      36      40      44   120
Indirect costs                                            10                    12                    13                   35
Total direct and indirect costs      46      52      57   155
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Project name: A Compact Wakefield Measurement Facility 
Classification (accelerator/detector: subsystem): Accelerator 
Institution(s) and personnel 
University of Chicago, Kwang-Je Kim 
Argonne National Laboratory: Wei Gai and Stephen Milton 
Fermi National Laboratory: David Finley and Harry Carter 
Contact person: Kwang-Je Kim 
 

Project Overview 
 
A fundamental concern for the NLC is the beam-induced wakefield effect.  In general, 
the short-range wake acts back on the beam and degrades its quality, while the long-range 
wake deleteriously affects subsequent bunches. Specifically, wakefields can be divided 
into four classes: (1) the short-range transverse wakefield that causes single-bunch 
emittance dilution and drives the single-bunch beam breakup (SBBU) instability; (2) the 
long-range transverse wakefield that causes integrated emittance dilution and drives the 
multibunch cumulative beam breakup (MBBU) instability; (3) the short-range 
longitudinal wakefield that induces a correlated energy spread on each bunch that, left 
uncorrected, will give rise to dispersive emittance growth; and (4) the long-range 
longitudinal wakefield that is responsible for beam loading.   
 
Wakefield effects such as due to RMS structure misalignment and schemes to suppress 
these effects (e.g. emittance bumps) have been studied mainly with numerical 
calculations and with previous machines, such as the SLC.  These techniques, however, 
will work at the NLC only if the structure wakefields are below certain thresholds.  For 
example, the RMS structure misalignment must be less than 20 µm to avoid resonant 
instabilities.  For quality control reasons it is imperative that the wakefield characteristics 
of each NLC structure be accurately measured before being installed into an NLC 
accelerating module.  Traditionally, a GeV scale electron beam is used for mapping 
transverse wakefields in NLC structures (ASSET), but we suggest that this can also be 
done more easily, quickly, and cheaply with a dedicated low energy facility if the 
electron beam brightness is sufficiently high.  High brightness electron beams can be 
generated by laser-driven RF photocathode guns.  
  
We propose to demonstrate that a state of the art, direct wakefield measurement facility 
can be made using an inexpensive and flexible, photoinjector-based, 10 MeV accelerator.  
Such a facility could be used as the basis of an NLC quality control center. We plan to 
use the Argonne Wakefield Accelerator (AWA) facility at ANL to build a prototype 
version of this facility to prove the validity of this concept.  In addition to having a 
transverse wakefield measurement resolution comparable to ASSET, this facility will 
also be able to measure longitudinal wakefields and emittance dilution. In total, we plan 
to design a facility that will be able to measure short-range and long-range transverse 
wakefields, short-range and long-range longitudinal wakefields, wakefield effects (e.g. 
emittance dilution), and characterize the electrical center of an NLC structure with a 
beam-based technique. 
 
Due to the extensive experience of the staff submitting this proposal in the wakefield 
measurement field, we believe that the AWA is the best place to demonstrate this 
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inexpensive and flexible alternative to ASSET.  In addition to the wide range of 
capabilities that this facility offers, we think that, at the minimum, a second facility for 
characterizing NLC structures would also solve the ‘single-supplier’ problem.  In 
particular, this facility could also be used as a local quality control facility for structures 
produced by Fermilab. 
 
High Brightness Electron Beam Generation at the AWA 
Although a 1 GeV beam has been used in the past to measure the wakefields of NLC 
structures, a low energy electron beam could also be used if the beam brightness, which 
is given by beam current divided by emittance squared, were sufficiently high.  A new 1 
½ Cell L-band (1.3 GHz) photocathode gun at the AWA facility has recently been 
commissioned.  The primary purpose of this gun is to generate high-intensity beams, with 
a bunch charge of about 100 nC, for studying wakefield acceleration schemes.  The beam 
produced by the gun in the high-intensity mode is not suitable for characterization of 
NLC structures due to the large normalized beam emittance of about 100 mm-mrad. 
However, preliminary studies have shown that the gun can be operated in a high 
brightness mode (bunch-charge of 2 nC and emittance of 2 mm-mrad) that is suitable for 
the measurement of wakefields in NLC structures.  We plan to carryout a detailed 
simulation study of the AWA gun to determine the optimum configuration for the high-
brightness mode. 
 
The Wakefield Measurement System at the AWA 
Once the high-brightness mode of the AWA L-Band gun is established, both numerically 
and experimentally, this beam can be used to drive wakefields in X-Band structures. 
 
Beam Dynamics 
The existing AWA configuration can be used to directly measure both the transverse and 
longitudinal wakefields.  At the AWA facility the ‘drive’ beam (ED = 10-18 MeV) is used 
to excite a structure and the ‘witness’ beam (EW = 3-5 MeV), following the same 
trajectory as the drive beam, is used to probe the wakefield.  If we assume: (1) the drive 
energy = ED = 10 MeV, (γ=20), the drive normalized emittance = εD,n = 2 µm; (2) the 
witness energy = EW = 5 MeV (γ=10), the witness normalized emittance = εW,n = 1 µm; 
and (3) βD

* = βW
*  = 1 m is the beta function at the center of the structure; then the 

unnormalized emittance = εD = 2 µm/20 = εW,n = 1 µm/10 = 10-7 m. This means that both 
beams can easily be matched into the same transport beam line passing through the tube.  
In both cases, the beam at the center of a L = 1 m structure is σ* ~ 310 µm and the beam 
at the exit is σ ~ 340 µm both of which are significantly smaller than the inner iris of an 
NLC structure, radius ~ 3 mm. 
 
Transverse Wakefields 
In general, for an NLC structure, the transverse kick from the dipole wake, ( )W z⊥ , ranges 
between 0.1 (long-range wake) and 100 V/pC/m/mm (short-range wake) where z is the 
separation between the drive and witness beam. The transverse wakefield measurement 
resolution at ASSET, or the minimum measurable dipole wake, is 0.1 V/pC/m/mm. 
Using: (1) the AWA drive beam is 2nC so the net transverse kick from the minimum 
dipole wake is (2000 pC)* 0.1 V/pC/m/mm = 200 V/mm/m; and (2) the witness beam 
energy is 5 MeV so the angular deflection for a drive beam offset of 1 mm and a structure 
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length of L = 1 m we have 0.2 5000 40y kV kV radθ µ∆ = = . At a distance 1 meter 
downstream this produces an offset of 40 µm, well within the range of a typical BPM 
resolution.  The drive beam is separated from the witness beam by taking advantage of 
the energy difference between the beams (10 MeV vs. 5 MeV) and passing them through 
a bending magnet. 
 
Longitudinal Wakefields 
The longitudinal wakefields can be very simply measured by placing the existing AWA 
high resolution spectrometer (~0.1%) at the end of the witness beamline.  For a 5 MeV 
witness beam this would mean that we could observe absolute energy changes of 5 keV.  
Thus, for an L=1m structure, we could detect integrated longitudinal wakes of 5 kV.  
Such a small longitudinal wakefield would be nearly impossible to observe at ASSET 
since the minimum observable energy change would be 0.1% of 1 GeV, which is 1 MeV. 
 
Emittance Dilution 
The emittance dilution of the drive beam will be measured in two ways: (1) measure the 
correlated 4-d transverse emittance before and after the structure; and (2) measure the 
slice emittance.  The later is especially important for understanding the head-tail 
instability. To do these characterizations we will need to develop new, high-precision 
diagnostic hardware.  We plan to develop a diagnostic with the ability to map the full 4-d 
correlated transverse phase space (not the usual 2-d emittance) by using a ‘pepper pot’ 
with a hole pattern that reveals the 4-d information, a YAG phosphor screen, and a 
scientific grade camera.  We plan to develop the slice emittance diagnostic by using a 
pepper pot, a Cherenkov radiator, and the existing AWA streak camera. 
 
Beam Centering Measurements 
We speculate that it is possible to implement a system for finding the electrical center of 
all cells within an NLC structure by using the technique developed at SLAC [M. Seidel, 
SLAC-PUB-7519].  The method works by measuring the dipole power spectrum coupled 
out through the damping manifolds of the NLC structure.  This power spectrum of all the 
cells is known and is centered around 15.1 GHz with a Gaussian detuned width of 2.9%.  
(Although the NLC structure design is still changing, the power spectrum for any 
particular design can be calculated, and the range given here is thought to be 
representative of the final design.)  By stepping the drive beam across the vertical plane 
and monitoring the power emitted from a particular cell (by measuring the amplitude of 
its dipole mode resonant frequency), we can find the minimum power position and thus 
have found the electrical center of that cell.  To do this measurement we can make use of 
ANL’s existing 70 GHz HP Spectrum Analyzer and only need to purchase some simple rf 
circuitry. 
 

Work and Deliverables 
 
These are all ideal projects for student training. The funding requested is mainly for 
student support for 2-3 years and diagnostics installation. 
 
Year One Project Activities 
In the first year we will perform: (1) a detailed numerical parameter study of the AWA 
photocathode gun; (2) simulation of the emittance dilution in an NLC structure; (3) 
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simulation of the beamline optics; and (4) a mechanical design of the wakefield 
measurement system.  The tools that will be used for the simulation of the gun dynamics 
and emittance dilution are PARMELA and MAFIA.  We will examine the output beam 
quality vs. laser profiles (spot size, laser pulse length, etc.), the RF injection phase, and 
magnetic field settings.  The beamline optics will be designed with COMFORT, 
TRANSPORT and PARMELA. Since the drive beam will be space charge dominated, it 
is important that PARMELA is used to verify the beam transport results of the other 
codes.  In the case of the witness beam transport, the charge will be about 10 pC and is 
therefore emittance dominated.  The development of the wakefield measurement system 
will consist of a translation stage, under the control of the software control system that 
can step the structure transversely to the beam.  Towards the end of the first year we will 
begin beam characterization experiments of the photocathode gun based on the 
simulation results obtained for the low charge operating mode. 
 
Year Two Project Activities 
In the second year we will complete the beam characterization experiments and begin 
wakefield measurements of NLC structures.  We will characterize the drive beam at (1) 
the beginning of the beamline (i.e. the exit of the gun); (2) along the beamline path, 
including the structure location, to monitor for beam quality preservation; and (3) the end 
of the beamline at the offset BPM and spectrometer to estimate stability.   A similar 
characterization of the low charge witness beam in this new beamline will also be 
necessary, but will be much simpler since the witness beam is already well understood.   
 
Once the gun and beamline are operational, we can use this system to measure beam-
induced transverse and longitudinal wakefields in the NLC structures. Toward the end of 
the second year we plan to install an NLC structure in the AWA shielding bunker and 
begin wakefield characterization of the structure.  This will include transverse and 
longitudinal wakefields measurements. By continuing to develop the diagnostics made 
during the first year, we plan to measure emittance dilution of the beam after passing 
through the structure.  Finally, we will implement the beam centering rf circuitry 
developed at SLAC using the AWA HP Spectrum Analyzer. 
 
Year Three Project Activities 
Based on the lessons learned during the first two years, we will write a technical design 
report for building a production level, wakefield measurement facility in the third year.  
In addition to producing this report, work to characterize NLC structures will continue. 
 

Budget 
 
Justification 
Most of the resources needed for the first year are already part of the ANL infrastructure, 
including: (1) the expertise and the computing resources needed to run the above codes; 
(2) the MAFIA license; (3) the expertise at designing high quality beam diagnostics; (4) 
diagnostic infrastructure including a streak camera, ICTs, profile monitors, etc.   The 
funding requested is mainly for student support and some additional diagnostic hardware. 
Although most of the diagnostics already exists at the AWA, some of it will have to be 
modified to become suitable for beam measurements at lower charge.  Diagnostic 
hardware required includes a gated, intensified, high resolution camera, a pepper pot, a 
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quartz radiator, vacuum support hardware; etc.  These diagnostics will be designed and 
ordered during the first year – some of them will be installed into the system. 
 
Effort in the second year will be primarily for installation of the beamline components 
and the diagnostics.  This will require substantial assistance from a technician in addition 
to student support.  Again, much of the existing AWA infrastructure can be leveraged for 
this proposal including magnets for the beamline, video processing software, spectrum 
analyzer, etc.  
 
In the third year, no additional funds will be needed for diagnostics or beamline 
hardware.  The work will primarily consist of continuing with additional testing of NLC 
structures at the AWA prototype facility and writing a technical design report for the 
complete wakefield measurement facility based on our experience. 
 
Detailed Funding Request  
 
FY 2003 (Then year dollars) 

Item Cost ($k) 
U of C Student :Salary 
                         :Tuition 

21.5 
12.5 

Diagnostic Equipment 20 
Technician Time 5 
U of C Indirect 11 

  
Total 70.0 

 
FY 2004 (Then year dollars) 

Item Cost ($k) 
U of C Student :Salary 
                         :Tuition 

21.5 
12.5 

Diagnostic Equipment 5 
Technician Time 15 
U of C Indirect 11 

  
Total 65.0 

 
FY 2005 (Then year dollars) 

Item Cost ($k) 
U of C Student :Salary 
                         :Tuition 

21.5 
12.5 

Diagnostic Equipment 0 
Technician Time 5 
U of C Indirect 11 

  
Total 50.0 
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Proposal Name

Experimental, simulation, and design studies for linear collider damping rings

Classification (accelerator/detector: subsystem)

Accelerator: damping rings

Personnel and Institutions requesting funding

G. Dugan, M. Palmer, J. Rogers, D. Rubin, D. Sagan, LEPP, Cornell University.
R. Poling, A. Smith, University of Minnesota.

Collaborators

W. Decking, DESY
S. Mtingwa, North Carolina A&T State University
M. Ross, SLAC
J. Urakawa, KEK
A. Wolski, LBNL

Contact Person

J. Rogers
jtr1@cornell.edu
(607)255-4093

Project Overview

Studies of wiggler-related dynamic aperture limitations. Two classes of circular accelerators will gen-
erate damping almost entirely in wiggler magnets: linear collider damping rings and some low-energy
e+e− factories, such as CESR-c. Wigglers are unlike typical accelerator magnets in that they have
longitudinal magnetic fields which are comparable to their transverse fields. Also, the design orbit has
an angle and a displacement relative to the wiggler axis. The combination of the longitudinal field and
the angle through the wiggler produces an effective field error, as does the combination of the field roll-
off near the wiggler edge and the displacement from the wiggler axis. The effective field nonlinearity is
quite strong, severely limits dynamic aperture in linear collider designs, and may decrease the damping
rate for large-amplitude particles. We intend to develop and test a design algorithm for wigglers and
lattices which preserves the dynamic aperture, and test this algorithm with beam measurements in
CESR-c. We will apply the same techniques to the various linear collider damping ring designs to
demonstrate that they have adequate dynamic aperture and amplitude-dependent damping rate (or
optimize those designs until they do).

Studies of beam-based alignment and emittance correction algorithms. The linear collider damping
rings designs have an unprecedented low vertical emittance. Coupling and vertical dispersion must
be very well corrected. It is likely that beam-based alignment (BBA) will be needed to reference the

1
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beam position monitors to the magnets with high precision. We plan to model BBA and correction
algorithms in the ATF damping ring at KEK and in CESR-c with the simulation code BMAD (see
below), with special attention to the role of systematic errors in BBA. We will compare the simulation
results with observations at ATF and at CESR-c. The goal is to produce improved BBA and emittance
correction algorithms.

Studies of intrabeam scattering. At the high particle densities of the linear collider damping rings,
intrabeam scattering (IBS) will cause an increase of the emittance of the beams. In the NLC main
damping ring the achievable emittance may be limited by IBS. Several theoretical models [1], [2], [3]
have been used to calculate IBS emittance growth rates. These models agree well with each other, but
disagree with experiments at the ATF in which the emittance growth may be higher than calculated
by a factor of 1.5 to 2. We plan to use CESR-c in a low-emittance mode to measure the IBS emittance
growth, evaluate the theoretical models, and to compare with the ATF data.

Studies of space charge effects. The large density of particles in the linear collider damping rings creates
a significant space charge tune shift. The tune shift is not the same for all particles, and the area of
the tune “footprint” is significant. If this tune footprint overlaps strong resonance lines, particles may
be lost, or the emittance may grow. We want to determine if it is possible to operate a storage ring
with the large space charge tune shift of the linear collider damping rings without excessive losses or
emittance growth. To do this, we will operate CESR-c in a low emittance mode and scan the tune
plane while monitoring beam lifetime, radiation, and beam size. These observations will be compared
to particle-tracking simulations including space charge.

Investigation of collective effects relevant for damping rings. Several beam stability issues are of partic-
ular importance for the damping rings of future linear colliders. Each will be investigated by machine
studies in CESR-c. These are: the instability threshold for the electron-cloud effect in a low emittance,
wiggler dominated ring; the instability threshold for the fast-ion instability in a low-emittance ring;
and impedance-driven instabilities at the short bunch lengths of the linear collider damping rings. We
will also investigate strategies for electron emission suppression (e.g., by the use of coatings such as
TiN).

High-quality beam diagnostics are required for the measurement of small beam sizes and short bunch
lengths. We plan to improve the following existing CESR diagnostic systems: high-resolution beam
size diagnostics (interferometric technique); and streak camera bunch length and shape monitoring.

Development of simulation and modeling tools. We plan to develop, at Cornell and at Minnesota,
simulation and modeling tools to support the measurements in CESR-c and the analysis of ATF data.
The modeling code will be based on an existing object-oriented particle-tracking library, BMAD [4],
that has been extensively tested against an operating machine, CESR. We plan to develop an Intel
architecture, Linux operating system computing farm at Minnesota (10% share, with the remaining
90% for the CLEO program) and to port the simulation tools from Tru64 to Linux. To understand
the significance of measurements in CESR-c, we will make detailed comparisons of the simulated
properties of the linear collider damping rings with CESR-c, including dynamic aperture with wiggler
nonlinearities, intrabeam scattering, space charge, and other collective effects. We will also use the
models to explore coupling and dispersion correction schemes that can then be tested in CESR-c. Our
study will include an independent evaluation of the characteristics of the NLC and TESLA damping
rings.

Review of TESLA damping ring design and optics. The large number of bunches (2820) and the
relatively large inter-bunch spacing (337 ns) in the TESLA design gives a bunch train which is more
than 200 km long. A damping ring of this size would be very costly, and so the bunch train is damped
in a compressed form, with a bunch spacing of 20 ns, leading to a damping ring with a circumference
of 17 km. This ring is still quite large, and, apart from the cost issue, has some technical disadvantages
(such as large space charge effects) related to its large size. We will investigate other technical solutions
(such as vertically stacked rings) for the damping rings, and compare the advantages and disadvantages
relative to the baseline design. Many of the constraints on the ring design are determined by fast kicker
technology. We propose investigating and prototyping a fast kicker in another section of this proposal.

2
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Investigation of the superferric option for NLC and TESLA damping ring wigglers. The baseline
design of wigglers for NLC and TESLA is based on permanent magnet technology. Superconducting
wigglers were also considered in both cases but not chosen. At LEPP, we have experience both with
permanent magnet systems, and, in connection with CESR-c, have developed expertise in the design
and fabrication of superferric wigglers. We will re-examine the possibility of superferric wigglers for the
linear collider damping rings. We will re-evaluate the technical and cost advantages and disadvantages
of each technology choice.

FY2003 Project Activities and Deliverables

During the first year we plan to:

1. Complete inclusion of wiggler tracking into the particle tracking code;

2. Complete the development of a design algorithm which maximizes the dynamic aperture of a
wiggler-dominated ring;

3. Calculate the intrabeam scattering growth rate for the ATF, NLC, and TESLA damping rings
and a low-emittance configuration of CESR-c using multiple theoretical models [1], [2], [3] (including
development of codes when not currently available);

4. Develop a space charge element for particle tracking simulations;

5. Develop an Intel architecture, Linux operating system computing farm at Minnesota (10% share)

6. Port the Cornell accelerator simulation tools from Tru64 to Linux for use on the Minnesota com-
puting farm.

7. Start upgrades of the streak camera bunch length and shape monitor and the interferometric beam
size monitor, including integration into the CESR control system;

8. Perform an independent evaluation of the robustness of the NLC and TESLA damping ring lattices;
and

9. Investigate and report on alternative damping ring solutions for TESLA.

The first year deliverables are the publicly available simulation codes of items 1, 3, and 4 above and
four technical reports on items 2, 3, 8, and 9.

FY2004 Project Activities and Deliverables

In the second year we plan to:

1. Benchmark the design algorithm and particle-tracking code for a wiggler-dominated ring by mea-
suring the dynamic aperture, orbit-dependent tune shifts, decoherence, phase space distortion, and
amplitude-dependent damping rate in CESR-c;

2. Measure the intrabeam scattering growth rate in a low-emittance configuration of CESR-c and
document the implications of this measurement for analysis of the ATF data and for the linear collider
damping rings;

3. Perform a complete simulation (tune plane scan) of the NLC and TESLA damping rings and CESR-
c, including wiggler nonlinearities, intrabeam scattering and space charge, to determine the optimum
operating points and particle loss rates;

4. Complete upgrades of the streak camera bunch length and shape monitor and the interferometric
beam size monitor, including integration into the CESR control system;

5. Develop well-optimized correction algorithms for BBA and vertical dispersion and coupling correc-
tion that can be applied to the NLC and TESLA damping rings and to tests in CESR-c and possibly
ATF;

6. Perform an analysis of the ATF BBA and emittance correction data; and

7. Perform an evaluation of the technical and cost advantages of permanent magnet and superferric
wigglers for the NLC and TESLA damping rings.

3
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The second year deliverables are six technical reports on items 1, 2, 3, 5, 6 and 7 above and the
upgraded instrumentation of item 4.

FY2005 Project Activities and Deliverables

In the third year we will complete this program. We plan to:

1. Apply the design algorithm for optimizing the dynamic aperture in a wiggler-dominated ring to the
NLC and TESLA designs and optimize the NLC and/or TESLA designs if their safety margin is found
to be inadequate;

2. Perform an experimental tune-plane scan in a low-emittance mode of CESR-c while monitoring
beam lifetime, particle loss, and beam size to benchmark the particle-tracking code;

3. Implement and test the algorithms for BBA and vertical dispersion and coupling correction in a
low-emittance configuration of CESR-c;

4. Measure the instability threshold for the electron-cloud effect, the fast-ion instability, and impedance-
driven single-bunch instabilities at short bunch length in a low-emittance configuration of CESR-c.

The third year deliverables are four technical reports on items 1 through 4 above.

Budget justification: Cornell University

Each year’s activities will require the involvement of Cornell LEPP staff members and one graduate
student (who are not included in the budget shown here).

The first year’s activities at Cornell will require travel funds for consultation with collaborators at
DESY, SLAC, KEK, and LBNL. Construction of the upgraded instrumentation will require funding
for materials and supplies.

The second year’s activities at Cornell will require travel funds for consultation with collaborators.
Construction and installation of the upgraded instrumentation will require funding for materials and
supplies and 1/4 FTE technician manpower.

The third year’s activities at Cornell will require travel funds for consultation with collaborators.

Indirect costs are calculated at Cornell’s 57% rate on modified total direct costs.

Three-year budget, in then-year K$

Institution: Cornell University

Item FY2003 FY2004 FY2005 Total
Other Professionals 0 21 0 21
Graduate Students 0 0 0 0

Undergraduate Students 0 0 0 0
Total Salaries and Wages 0 21 0 21

Fringe Benefits 0 7 0 7
Total Salaries, Wages and Fringe Benefits 0 28 0 28

Equipment 0 0 0 0
Travel 3 3 3 9

Materials and Supplies 30 30 0 60
Other direct costs 0 0 0 0
Total direct costs 33 61 3 97

Indirect costs 14 14 2 30
Total direct and indirect costs 47 75 5 127

4
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Budget justification: University of Minnesota

The budget for the Minnesota component of the project assumes that scientific personnel (Poling,
Smith) will be partially redirected from other activities to linear collider research. High energy physics
graduate students who have not yet embarked on a thesis project will be recruited to participate in this
effort for roughly one year each. For the first year of the project, while the group is ramping up and
developing expertise, support is requested for one student only for the summer of 2003. In the second
and third years full support is requested for one student during the summer and half-time support is
requested for one student during the academic year. It is expected that one undergraduate student at
a time will also be involved in this research, with support from University of Minnesota undergraduate
research programs. The first-year travel budget covers two to three trips each for Poling and Smith to
linear collider meetings and to work with collaborators at Cornell. The second and third years include
additional funds to support one trip each for the graduate and undergraduate students.

The equipment item in the first year represents a 10% share of a ∼100-CPU computing farm (Intel
architecture, Linux) that is under development at Minnesota. This farm, which will replace a currently
operating 25-node (Compaq Alpha) farm, is primarily for simulations associated with our CLEO pro-
gram. The proposed 10% share can provide fast turn-around linear-collider simulations as needed by
Minnesota personnel and collaborators. The total budget for the farm is $100,000, with a planned
university contribution of one half of this total.

Indirect costs are computed using the University of Minnesota’s rate for on-campus research (48.5%).
Graduate student fringe benefits and equipment are exempt from indirect costs. The fringe rates for
graduate students include health benefits and tuition during the academic year, and health insurance
and FICA during the summer. Inflation of 3% has been assumed in computing the personnel costs for
the second and third years.

Three-year budget, in then-year K$

Institution: University of Minnesota

Item FY2003 FY2004 FY2005 Total
Other Professionals 0 0 0 0
Graduate Students 4.9 12.5 12.9 30.3

Undergraduate Students 0 0 0 0
Total Salaries and Wages 4.9 12.5 12.9 30.3

Fringe Benefits 1.1 5.7 5.8 12.6
Total Salaries, Wages and Fringe Benefits 5.9 18.2 18.7 42.8

Equipment 5 0 0 5
Travel 4 5 5 14

Materials and Supplies 0 0 0 0
Other direct costs 0 0 0 0
Total direct costs 14.9 23.2 23.7 61.8

Indirect costs 4.3 8.5 8.7 21.5
Total direct and indirect costs 19.2 31.7 35.2 83.3

References

[1] A. Piwinski, in Handbook of Accelerator Physics and Engineering, A. Chao and M. Tigner, eds., p. 125
(1999).

[2] J. Bjorken and S. Mtingwa, Particle Accelerators 13, p. 115 (1983).

[3] T. Raubenheimer, Ph.D. thesis, SLAC-387, Sec. 2.3.1 (1991).

[4] D.L. Rubin and D. Sagan, “CESR Lattice Design”, Proc. 2001 Particle Accelerator Conference, Chicago,
paper RPPH121 (2001).
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Project name 
 
Flat Beam Generation in Photocathode  
 
Classification (accelerator/detector:subsystem) 
 
Accelerator 
 
Institution(s) and personnel 
 
Department of Physics, Indiana University: 
S.Y. Lee (professor), Shaoheng Wang (graduate student) 
 
RF Engineering Group, LBNL 
J.N. Corlett (scientist) 
 
Beam Division, Fermilab 
Don Edwards (scientist) 
 
Contact person 
 
S.Y. Lee 
shylee@indiana.edu 
(812) 855-7637 
 
Project Overview 
 
Flat beam production has already been verified by A0 facility in Fermilab. The RF gun of 
A0 facility can delivers electron with a kinetic energy of 3.8 MeV. The superconducting 
booster cavity raises the electron energy to 17 MeV. The photocathode is immersed in a 
solenoid field of about 800 Gauss. The emittances of the flat beam are reported as 0.9 µm 
and 45 µm. We wish to obtain a flat beam of a smaller vertical transverse emittance less 
than 0.4 µm by this method. 
 
 
Introduction 
 
It is known that flat beams offer advantage in high energy e+e- linear colliders. Currently, 
these flat beams are controlled by the linear coupling in damping rings. It would be 
advantageous to produce high brightness flat beams directly from photocathodes. 
Recently, there have been successful experiments on the production of flat beams from 
the photocathode [1,2,3]. We propose to carry out further experiments for achieving high 
brightness flat beams at a smaller emittance. Success of these experiments will help to 
produce electron beam bunches without the need of electron damping ring. 
 
 
Description of the first and continuing year project activities 
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Experimentally, a cathode is immersed in the magnetic induction field of a solenoid to 
gain a finite initial canonical angular momentum, and before the bunch enters the skew 
quadrupole triplet, the adaptor, the beam is accelerated and experienced some drift, and 
maybe longitudinally compressed as it does in A0 facility. 
 
PARMELA simulation has been done with A0 setup, where the cathode Bz field equals 
783 Gauss, 10 ns bunch length energy at adaptor entrance is 17.65 MeV. First, 
PARMELA generates an ideal uniform cold bunch of 2 mm radius, and pushes the bunch 
through the gun, booster 9-cell cavity and drift space until the bunch arrives at the 
entrance of the adaptor. We then calculate β , α and ±ε , at this position according to 
particles distribution from PARMELA, and vary the gradient of quadrupoles in the 
adaptor to satisfy the flat beam condition. Finally PARMELA pushes the bunch through 
the adaptor. So far, the effect of space charge has not been included in our calculations. 
We have investigated the sensitivity of the final emittances to the quadrupole gradient, 
and found that final emittance is most sensitive to the first quadrupole. To obtain the 
smallest emittance, the accuracy of the quadrupole must be better than 0.2 Gauss/cm (see 
the following Figure).  
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This research will continue with PARMELA simulation for optimal flat beam generation, 
and prepares experimental condition at the A0 facility to test beam dynamics problems 
associated with flat beam photocathode. By measuring the σ-matrix before and after the 
adapter, one can verify the flat beam transformation theory. In the future, we will include 
the effects of space charge and noises in our numerical and data analysis of flat beam 
experiment.  
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Expected Deliverable Results 
 
This proposal proposes to carry out research on the generation of flat beams in 
photocathode toward the Linear Collider Research. The duration of this research will be 
two years. Our tasks are listed as follows. 
 

1) We will continue numerical simulations on the flat beam production in 
photocathode of the A0 experimental facility. Further numerical simulations will 
include effects of space charge, noise, and misalignment errors. 

2) We will propose an experiment at the A0 facility and test the flat beam 
transformation theory. 

3) We will carry out data analysis to understand the feasibility of current technology. 
4) We will carry out analysis for the need of future linear collider and provide 

realistic design of possible flat beam sources. 
 
Budget 
 
 
Institution Item Year 1 Year 2 
Indiana Annual graduate student stipend (1 student, 50%) 10,410 10,951 
Indiana Tuition (1 student) 5,297  0  
Indiana Health Insurance (1 student) 806         846 
Indiana Travel (1 student) 1,000    1,500 
Indiana Indirect cost (26% for off site rate) 3,176  3,497 
 Grand total 20,689 16,755 
 
 
 
Budget Justification 
 
We have used the current information for student’s stipend and current tuition rate for 
proposal with overhead charge. Since the student will travel off-site to participate the 
linear collider work, we use off-site indirect cost of 26% (instead of 50.5% for the on-site 
rate). The tuition for the fifth year graduate student is waived. The travel expenses will be 
used by the students to participate workshops and schools. This proposal requests fund 
for partial support (50%) of one graduate student. The grant will also cover travel 
expenses for the student to participate experiments at the A0 facility. The student is 
expected to complete his thesis in two years. This proposal is in collaboration with J.N. 
Corlett at LBNL, and Don Edwards at Fermilab. 
 
 
References 
 

[1] D. Edwards et al., Proceedings of the Linac conference, 2000. 
[2] D. Edwards et al., Proceedings of the Particle Accelerator conference, 2001. 
[3] E. Thrane et al., Proceedings of the Linac conference, 2002. 
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Background of the Researcher 
 
Mr. Shaoheng Wang is a fourth year graduate student at Indiana University. He has 
completed all his Ph.D. requirements and took many courses in accelerator physics and 
technology. He has participated the A0 collaboration [3] working on the flat beam 
generation in past 1.5 years. Mr. Wang will return to Bloomington in October 2002. He 
will travel to Fermilab to participate A0 experiments during the next two years at Indiana 
University.  
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Project name 
 
Advanced Beam Manipulations with RF quadrupoles 
 
Classification (accelerator/detector:subsystem) 
 
Accelerator 
 
Institution(s) and personnel 
 
Department of Physics, Indiana University: 
S.Y. Lee (professor), Weming Guo (graduate student) 
 
Accelerator Physics Group, ANL 
Stephen Milton (scientist) 
 
Contact person 
 
S.Y. Lee 
shylee@indiana.edu 
(812) 855-7637 
 
Project Overview 
 
The quadrupole-mode transfer function has been recently proposed to measure the beam 
emittances and mismatch compensation [1]. We propose to study the feasibility of using 
the quadrupole-mode transfer function for bunch compression in damping rings for future 
linear colliders. We will evaluate the requirement of subsystems for bunch compression. 
 
 
Introduction 
 
Bunch compression manipulation is important to beam applications in secondary beam 
production, beam matching into another accelerating structure, and the future linear 
colliders. Bunch compression is important to future linear collider, where the headtail 
beam breakup instabilities play an important role in the high energy linac. The bunch 
compression schemes include RF voltage and phase manipulations [2], and the α-bend 
bunch compression system. We propose to explore the method of bunch compression 
scheme employing the quadrupole-mode transfer function with RF voltage modulations 
in the damping ring for the next linear collider. 
 
The basic idea is to modulate the RF cavity voltage at twice the synchrotron frequency so 
that the beam bunch is set into coherent quadrupole mode motion. Since the damping 
time is of the order of a few milliseconds and the modulation frequency is of the order of 
50-100 kHz, the bunch area is expected to be preserved during the adiabatic excitation. 
When the bunch is compressed to a desired value, the beam is extracted onto the high 
energy linear accelerator section.  
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When the RF cavity voltage is modulated around twice the synchrotron frequency, i.e. 
Vrf=Vrf0 sin (ωmt+χ) with ωm~ 2ωsyn, where ωm is the modulation frequency, and ωsyn is 
the synchrotron frequency, the invariant Hamiltonian can be expressed as H=∆J - ½αJ2 + 
GJ2  cos 2ψ, where J and ψ are the conjugate phase space coordinates, ∆ is the resonance 
proximity parameter, α is the nonlinear detuning parameter, and G is the resonance 
strength parameter [3,4]. Because of synchrotron radiation damping and quantum 
fluctuation, the distribution function of the electron beam obeys the Fokker-Planck 
equation. The distribution function can be expressed as ρ(J,ψ)=N exp(H/Eth). The 
invariant Hamiltonian tori rotate at the frequency of ωm/2.  
 
RF cavity voltage modulation has been applied to alleviate the collective beam 
instabilities [1], to explore beam dynamics with Mathieu instability [5], to test the beam 
transfer function idea for emittance measurements [6], etc. Systematic numerical 
simulations and experimental measurements to understand the electron beam properties 
in the presence of RF cavity voltage modulation would also provide future advanced 
beam manipulation techniques for other applications. 
 
 
Description of the first and continuing year project activities 
 
The research proposal is intended to carry out the following tasks. 
 

• We will develop a computer program for numerical simulations including 
coherent RF voltage modulation, quantum fluctuation and radiation damping to 
study the quadrupole mode transfer function on bunch rotation. The properties of 
electron beam bunches derived from numerical simulations should be compared 
with data of electron storage rings.  

• The numerical simulation should provide realistic beam condition so that we can 
carry out necessary experimental tests at the Advanced Photon Source in Argonne 
National Laboratory or other electron storage rings, e.g. the Taiwan Light Source 
(TLS). Our experiment can carried out via the Global Accelerator Network 
(GAN) that we have proposed in the accompany proposal. 

• We will perform data analysis to compare this proposed bunch compression 
method with other bunch compression schemes [2]. From this analysis, we should 
be able to design RF voltage modulation system for the damping ring. Its impact 
on the linear collider will be analyzed. The proposed scheme includes the 
implementation of coherent bunch excitation in the longitudinal phase space.  

 
 
Expected Deliverable Results 
 

1. We will write a computer program to carry out multi-particle simulations for the 
electron bunches in the storage rings. The program should include quantum 
fluctuation, radiation damping, impedances, beam loading, and RF cavity voltage 
modulation manipulations. This task should be completed in 6 months. 

2. We will carry out systematic numerical simulations for the linear collider 
damping ring to analyze the feasibility of bunch compression. We will evaluate 
and compare this bunch compression scheme with those proposed in the linear 
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collider design report. We will also evaluate the effects of space charge force, 
intrabeam scattering, HOM in RF cavities, etc. This task will be completed in 
about 6 months. 

3. If the numerical simulation indicated that the bunch compression is feasible for 
the linear collider, we will carry out systematic numerical simulation for existing 
electron storage rings. The experimental data will be compared with those 
obtained from numerical simulations. This task will take about 4 months. 

4. The experimental data will be used to design the subsystem needed for the linear 
collider damping ring. The student will also write up his thesis based on this 
research work. The task will take about 8 months. 

 
 
Budget 
 
Institution Item Year 1 Year 2 
Indiana Annual graduate student stipend (1 student, 50%) 10,410 10,951 
Indiana Tuition (1 student) 5,297  0  
Indiana Health Insurance (1 student) 806         846 
Indiana Travel (1 student) 1,000    1,500 
Indiana Indirect cost (26% for off site rate) 3,176  3,497 
 Grand total 20,689 16,755 

 
 
 
Budget Justification 
 
We have used the current information for student’s stipend and current tuition rate for 
proposal with overhead charge. Since the student will travel off-site to participate the 
linear collider work, we use off-site indirect cost of 26% (instead of 50.5% for the on-site 
rate). The tuition fee for the fifth year graduate student is waived. The travel expenses 
will be used by the students to participate workshops and schools. 
 
 
Reference 
 

[1]  W. Guo and S.Y. Lee, Phys. Rev. E 65, 066505 (2002). 
[2]  K.M. Fung et al., Phys. Rev. Special Topics: Accelerators and Beams, 3, 100101 

(2000). 
[3] M.H. Wang and S.Y. Lee, Journal of Applied Physics, 92, 555 (2002). 
[4] S.Y. Lee, Accelerator Physics (World Scientific, Singapore, 1999). 
[5] D. Li et al., Phys. Rev. E48, R1638 (1993); D. Li et al., Nucl. Inst. Methods A 

364, 205 (1995). 
[6] M.H. Wang, Y. Sato, and S.Y. Lee, manuscript in preparation (2002). 
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Background of Researchers 
 
Mr. Weming Guo is a fourth year graduate student at IU. Mr. Guo has completed his 
course work at IU. He has attended many courses offered by the United Particle 
Accelerator School (USPAS). Some of these courses are accelerator physics, microwave 
beam measurement and beam instrumentation lab, plasma physics in beams, 
computational electromagnetism, etc. Recently, we have published a paper on the 
applications of quadrupole-mode transfer function in emittance measurement, injection 
mismatch compensation, spin resonance correction, etc [1]. In this proposal, Mr. Guo will 
continue to explore the feasibility of using the quadrupole-mode transfer function in the 
bunch compression for the linear collider damping ring. Mr. Guo is expected to complete 
his thesis in 1-2 years.  
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Project name:  
 
Study of Polarized Positron Production for the LC 
 
Classification (accelerator/detector: subsystem) 
 
Accelerator  
 
Institution(s) and personnel 
 
Princeton University, Joseph Henry Laboratory: 
Kirk T. McDonald (Professor), Changguo Lu (Research Staff) 
 
University of Tennessee at Knoxville, Department of Physics and Astronomy: 
William M. Bugg (Professor), Steve Berridge (engineer), 
Yury Efremenko (Research Professor), Thomas Handler (Professor), 
Stefan Spanier (Professor), Yuri Kamyshkov (Professor) 
 
University of South Carolina, Department of Physics and Astronomy: 
Milind V. Purohit (Professor), Achim W. Weidemann (Research Professor), 
Graduate Student 
 
Stanford Linear Accelerator Center: 
John Sheppard (Staff Physicist), Rainer Pitthan (Staff Physicist), 
Michael Woods (Staff Physicist) 
 
Contact person 
 
William Bugg 
bugg@slac.stanford.edu 
(865) 974-7799 
 
Achim W. Weidemann 
achim@SLAC.Stanford.EDU 
(650) 926-3391 
 
Motivation 
 
'The physics potential of an e+e- linear collider can be significantly enhanced if both the 
electron and positron beams are polarized.' [1] The effective polarization and hence the 
measured asymmetries are larger, if positrons are polarized in addition to electrons; the 
measurement error on the effective polarization will decrease. This is essential for a 
proposed 'Giga-Z' run of the LC at the Z0-energy. The direct control over the initial 
helicity states allows the separation of the four helicity contributions to any physics 
process, and the suppression of backgrounds generated by certain helicity states, e.g. 
from W production. 
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Several methods are known to produce (unpolarized or polarized) positrons. The 
conventional methods are based on the production of electromagnetic showers by high- 
energy electron beams impinging on heavy-metal targets. For LC conditions, these thick 
targets are close to their (thermo-)mechanical limits and therefore cannot be used , e,g, 
to generate the  high flux of positrons required by TESLA [3] due to its unfavorable 
pulse structure;  for the NLC design, based on that for SLC, target damage also limits the 
size of possible fluxes [4]. 
 
Therefore, another method based on a two-step scheme has become quite attractive 
and is the basis for this proposal.[2] In the first step, an unpolarized electron beam passes 
through a helical undulator and generates circular-polarized photons with an energy of 30 
to 50 MeV.  In the second step these photons then undergo pair production in a thin 
target. The resulting positrons are expected to be longitudinally polarized, with a 
polarization of 45-70% in the high-energy part of the spectrum [6]. Together with highly 
polarized electrons the effective polarization will be significantly higher than 90%. 
A similar scheme in which the circular-polarized photons are generated by backscattering 
of a high-powered laser beam on an electron beam has been studied  at the KEK 
Accelerator Test facility.[5] 
 
Project Overview 
 
John Sheppard and Rainer Pitthan from SLAC have proposed to test this attractive 
concept in an experiment at the Final Focus Test Beam (FFTB) at SLAC [5] together 
with university groups from South Carolina and Tennessee. The goal of this experiment 
is to demonstrate the viability of undulator-based positron production and to measure the 
achievable polarization. 
 
In this experiment, the low-emittance beam of the FFTB would be threaded through a 
helical undulator of period 1 - 2 mm to produce the circularly-polarized photons; a target 
in the photon beam (e.g. titanium) - after the deflection of the electron beam by existing 
magnets - would then produce the positrons. With the present electron flux in the FFTB 
(1010 electrons/bunch) the expected yield of positrons from an helical undulator is about  
3 107/m/bunch. 
The undulator here has a period of 1-2mm and length of about a meter; it is optimized for 
the FFTB electron energy of 46.8 GeV; by comparison, the TESLA design considers a 
150-meter long undulator of period 1.2 cm for a 150 GeV beam to produce the photons 
for their (unpolarized) positron source. 
 
Devices are needed to measure the flux, energy spectrum, and polarization of the photons 
and positrons; all of which are expected to be in the energy range up to 50 MeV. Several 
options exist for each of these, but these options still have to be investigated in detail.[7] 
Most of these options involve the transmission of the photon or electron/positron through 
a magnetized ferromagnetic foil or by their scattering on polarized electrons. The 
measurement of the polarization of positrons employs Bhabha scattering and two-photon 
annihilation (Mott scattering is not well suited for this energy range, single arm Møller 
measurements have a high background. Double arm Møller measurements are difficult 
because of the low SLC duty cycle). Another attractive concept for the SLAC site is the 
measurement of the polarization of photons from re-converted polarized positrons. The 
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photon polarization can be detected by their transmission through a block (5 to 10 cm 
thick) of magnetized iron (first reference in [7]; [8],[5]); its implementation at FFTB 
would have the advantage of significantly higher rates than those seen , e.g. at a recent  
KEK ATF experiment [8]. 
 
This experiment is now in the conceptual design stage. A collaboration between SLAC, 
University of South Carolina, and University of Tennessee has been formed. The actual 
experiment would be performed in the next 2-3 years during which the FFTB is available. 
A Letter of Intent is now being written and will be submitted to the SLAC Physics 
Advisory Committee this September, to be followed by a formal Proposal later this year. 
 
Work to be performed by South Carolina 
 
For the first year, we propose to work on the following: 

- Survey of polarimetry schemes 
- Development of simulations tools for pair production, polarimetry e.g. 
polarization transport in Geant 4, Geant4 simulation of proposed polarimeters. 

 
Once the experiment is approved, we expect to be involved in 

- Data acquisition for the polarimeters, 
- Data taking and analysis, comparison to simulations. 

 
This work is to be performed mainly by Achim W. Weidemann, who will supervise a 
graduate student (typically half-time, for a year, or full-time for shorter periods). 
 
Work to be performed by Tennessee 
 
Tennessee plans to work on the following items: 
 
1) Diagnostic techniques for the measurement of polarization of photons and positrons. 

- Design and simulation of the detection scheme. 
- Setup of the detector primarily with recycled instruments from 

SLAC/Stanford Campus, UTK and ORNL. Engineering support from the 
University will be provided. 

- Silicon Tungsten calorimeters for photon intensity/energy measurements will 
be constructed using silicon materials from E-144 and SSC prototype. 

- Data acquisition and analysis. 
 

2) Alternative scheme for high-energy gamma production based on undulators [9]. 
 
Both university groups have experience with (Compton) polarimetry from SLD (high 
energy beam at 45 GeV), and five of the University collaborators have previously run in  
the FFTB beam line with  experiments ,(E-144, E-150) and numerous FFTB runs for 
detector calibration and prototype tests. 
 
In addition to the present proposal Tennessee's future NLC  interest lies in the 
contribution to the detection of polarization at LC energies. Precision measurement of 
polarization has successfully been demonstrated by the SLD experiment at SLC resulting 
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in the world's most precise single measurement of the Weinberg angle. As demonstrated 
by SLD experience, it is crucial that other polarization measurement techniques with 
different systematics be utilized to periodically check the accuracy of the primary 
measurements. Such checks are crucial to the proper understanding of the error budget 
for the measurement. 
 
The University of Tennessee proposes to construct for LC a quartz fiber calorimeter 
similar to the one built for SLD for this purpose. The device uses the integrated energy 
asymmetry of the Compton scattered photons to provide a relatively independent 
polarization measurement. While some details of LC operation require a modified design 
the basic device is similar to that used at SLD. The potential of a suitably designed quartz 
fiber device for measurement of beamstrahlung angular and energy distribution is also 
under study by our group. 
 
 
Budget 
 
Institution Item Cost 
*Tennessee Acquisition/recycling and installation of 

instrumentation and detector construction 
$8,000 

*Tennessee Instrument Shop labor and material.  $2,000 
*Tennessee Travel(7 one week trips for setup and installation) $10,000 
Tennessee Indirect Cost (25%) $5,000 
   
S. Carolina Graduate Student Housing Subsidy – 6 Months $8,000 
S. Carolina Travel $3,000 
S. Carolina Indirect Costs (Off-site rate 25%) $2,750 
Princeton  $0 
SLAC SLAC total $0 
   
 Grand total $38,750 
 
* Construction of calorimeters requires fabrication of new circuit boards and calorimeter 
body and limited modification of data acquisition system at UT. The travel required is 
outside the capability of our present funding. The time requirements and schedules 
cannot be integrated with travel needed for BaBar shifts and collaboration meetings.   
 
Note that the cost shown in the table is only for the first year of construction and 
operation. We expect to submit a request for mainly travel funds for the subsequent year 
of operation of the experiment. 
 
 
References: 
 
[1] J. Erler et al., Positron polarization and low energy running at a Linear Collider,  
Contribution to Snowmass2001, hep-ph/0112070; 
G. Moortgat-Pick, H. M. Steiner, Physics opportunities with polarized e- and e+ beams  
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at TESLA, DESY-00-178, LC-TH-2000-055, May 2001, Eur.Phys.J.direct C6:1-27, 
2001;  also in *2nd ECFA/DESY Study 1998-2001* 1261-1296,   hep-ph/0106155; 
P.C. Rowson, Assessing the Merits of Positron Polarization at a Linear Collider, 
Contribution to Snowmass2001, SLAC-PUB-9200, April 2002. 
 
[2] U. Amaldi, C. Pellegrini, CERN-EP/80-65, May 1980, Submitted to 2nd ICFA 
Workshop on Possibilities and Limitations of Accelerators, Les Diablerets, Switzerland, 
Oct 4-10, 1979. Published in ICFA Workshop 1979:21;  
V.E. Balakin, A.A. Mikhailichenko, Preprint INP-79-85, Novosibirsk, 1979 
 
[3] TESLA Technical Design Report, Part II, The Acclerator, R. Brinkman et al., editors,  
p.II-66 ff; 
 
[4] 2001 Report on the Next Linear Collider, A Report Submitted to Snowmass 2001, 
The NLC Collaboration, N. Phinney, Editor, June 2001, SLAC-R-571, p.85 ff.  
 
[5] T. Okugi et al., Jpn.J. Appl. Phys 35,3677, 1996; 
T. Hirose et al. Nucl. Inst. Meth. A455, 15 (2000);  
T. Omori, Talk at the LC2002 Workshop, SLAC, February 4 - 8, 2002. 
 
[6] R. Pitthan, J. Sheppard, Use of a Microundulator to Study Positron Production,  Talk 
at LC2002,  February 5, 2002;  
R. Pitthan, Use of Polarized Gammas to Produce Polarized Positrons at Collider Energies 
- How to test it Sensibly with 50 GeV e- in the FFTB, Talk at SLAC NLD meeting 26 
March 2002;  
J. Sheppard, Towards an Undulator-based LC Positron Source, Talk at SLAC NLD 
meeting  25 June 2002. see [9]. 
 
[7] H. Schopper, Measurement of Circular Polarization of Gamma Rays,  Nucl. Instr. 3, 
158-176, 1958;  
Ullman, Frauenfelder, Lipkin, Rossi, Determination of Electron and Positron Helicity 
with Moeller and Bhabha Scattering, Phys.Rev 122, 536-548, 1961;  
J.M.Hoogduin, Electron, Positron and Photon Polarimetry, Thesis, Rijksuniversiteit 
Groningen, 1997; 
Circular photon polarization has recently been measured at the KEK ATF, see  A.S. 
Arychechev, A.P. Potylitsyn, M.N. Strikhanov, Determination of circular polarization of 
gamma-quanta with energy > 10 MeV using Compton Polarimeter, physics/0112060; for 
the method,  references [8] for results. 
 
[8] M. Fukuda et al., Polarization Measurement of Short Pulse Gamma-Rays produced at 
KEK-ATF, talk at the SLAC-KEK 8th International Study Group on Linear Colliders, 
ISG-8, June 24 - 27, 2002; or talk by the same title at the LC2002 Workshop, February 4 
- 8, 2002, SLAC; 
I. Sakai et al., Polarized Positron Experiment at ATF - High-Brightness Gamma-Ray 
Generation, talk at ISG-6. see [9] 
[9] Note: These and some related references are available at 
http://www.slac.stanford.edu/~achim/positrons/ 
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Proposal Name
Development of Superconducting Helical Undulators for Positron Production

Classification ( accelerator/detector :subsystem)
Accelerator: polarized positron production

Personnel and Institution(s) requesting funding
Kwang-Je Kim, The University of Chicago
(Sub-contractor) Elizabeth Moog, Magnet Device Group, APS, ANL

Collaborators
David Larbalestier and John Pfotenhauer
Applied Superconducting Center
University of Wisconsin-Madison

Contact person
Kwang-Je Kim
Kwangje@aps.anl.gov
630 252 4647

Project Overview

The TESLA linear collider employs a novel scheme to produce polarized positrons.
High-energy electron beams travel through a long undulator to produce polarized gamma
rays, which in turn are used to produce polarized positrons.  The undulator is similar to
the insertion devices employed in synchrotron radiation sources, but is more challenging
in its strength, length, and tolerance specifications.  Also, the undulator must be helical to
produce circularly polarized radiation, in contrast to the more common planar devices for
producing linear polarization.  Undulators have usually been constructed using permanent
magnet blocks, but meeting the combined requirements of a short period length and high
field strength is difficult in a permanent magnet device.  Instead, we propose to develop a
superconducting undulator.

This proposal is complementary to that by R. Pittan and J. Sheppard at SLAC, who
propose micro undulators with ~1 mm period length to test the principles of polarized
positron production using the 50 GeV electron beams at SLAC.  Our aim is to develop
longer period (~10 mm) undulators as a prototype for the actual device to be employed in
a linear collider.  The deflection parameter K will be about 1 to optimize the gamma ray
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intensity to be converted into positrons.  Thus the peak field in the undulator should be 1
Tesla or higher.

To build a short period (10 to 15 mm) undulator with a peak field in the 1.0 to 1.8 Tesla
range requires that the superconducting wire be operated at a very high current density
relative to the critical value, and it requires a winding technique that can achieve the
positional tolerances needed for satisfactory field uniformity.  The Magnetic Devices
group of the Advanced Photon Source (APS) at Argonne National Laboratory has been
studying the feasibility of building a planar undulator with a period near 12 mm and a
peak on-axis field of 1.5 Tesla.  The coil current density desired could be as high as 2000
A/mm2  for full performance.  A program is starting, in collaboration with David
Larbalestier and John Pfotenhauer of the Applied Superconductivity Center at the Univ.
of Wisconsin-Madison, to make short sample and short coil measurements to determine
how far the technology can be pushed.

For polarized positron production, a helical undulator is required rather than the planar
device already under investigation by APS.  However, both configurations share many of
the same current density and field quality requirements.  This therefore offers the
opportunity to piggyback the helical undulator investigations onto the APS program that
is just beginning.  The APS proposes to expand its tests of planar device winding
techniques to include those for helical devices.  Quench tests and coil training tests,
initially of short helical coil sections that are two to three periods long, will be
particularly important because of the high current density that will be needed.

We propose to wind several short sections of a helical undulator, only a few periods long,
for the first test of winding techniques.  There may prove to be a close correlation
between measurements made at room temperature, with low current and field, and
measurements made when the device is superconducting and at full current.  This will be
checked, because it would mean that field quality adjustments could be made more
quickly.  Measurements of the field quality will be used to check whether the winding
tolerance is being met.  Several samples will be prepared for 4.2 K tests, to add to the
samples that the APS plans to test.  Once acceptable winding techniques have been
identified, a magnetic prototype device with a larger number of periods will be
constructed.  Tests will be carried out using a vertical cryostat.  A magnetic field
mapping unit will be scanned along the beam axis for detailed field measurements.
Quench and training characteristics of the prototype will be measured.  Since stability of
the superconducting device in the lab does not guarantee stability when there is the
additional heat load from the synchrotron radiation and from the electron beam that will
pass through the undulator, thin film heaters will be attached to the inner surface of the
beam chamber to simulate the heat load.  The tests will give us the maximum allowable
heat load and help us predict the characteristics of the full-length device.  The winding
configuration at the ends of the undulator must be adjusted so that the net effect of the
undulator on the electron beam, after the beam exits the undulator, is to neither displace
nor bend the beam.  A later prototype will be built to test a proper end field configuration
for the undulator.  Tests will also be carried out at 1.9 to 2.1 K, where the allowable
current will be higher.
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FY2003 Project Activities and Deliverables
Deliverables: A few-period-long model, and a report.
Effort to complete several short (few-period) helical sample tests: 6 months technician.
M&S: Model work approximately 10 K$.  Additional travel to UW-Madison for helical
geometry testing 1.5 K$.  Additional travel related to the collaboration, 3.5 K$.
Additional cost for helical device testing at U. Wisconsin, 20 K$.

FY2004 Project Activities and Deliverables
Deliverables: A revised model, and a report.
Effort to continue testing and to fabricate additional sample sections:  4 months
technician.
M&S: Revised models approximately 5 K$.  Travel to UW-Madison for helical geometry
testing, 1.5 K$.  Additional travel related to the collaboration, 3.5 K$.  Additional costs at
UW, 25 K$.

FY2005 Project Activities and Deliverables
Deliverables: A longer, revised prototype, a model for end configuration testing, and a
report.
Effort for construction and testing of a longer prototype:  5 months technician
M&S: Longer, revised model fabrication and field mapping - 15 K$.  Model for end
configuration testing, 5 K$.  Travel to UW-Madison for testing, 1.5 K$.  Additional
travel related to the collaboration, 3.5 K$.  Additional costs at UW, 25 K$.

Relevant experience
K.-J. Kim has long experience, and is known worldwide for his work on calculating the
characteristics of the radiation output of insertion devices.

R.L. Kustom was, from 1973-81, group leader, a principal investigator, and manager of
Superconducting Magnet Group Activities in the ZGS project.  From 1981-82 he was a
consultant to the Applied Superconductivity Center at the University of Wisconsin-
Madison, and from 1985-98 was an adjunct professor in the Electrical and Computer
Engineering Department, University of Wisconsin-Madison, where he directed graduate
research on SMES and energy transfer systems, participated in research programs on
operation of SMES systems, superconducting cable systems, and energy storage and
transfer systems.

S.H. Kim was also a member of the Superconducting Magnet Group, and won a 1979 IR-
100 award for the development of the first cryostable pulsed superconducting coil.  He
led the group that measured all the conventional magnets for the APS, and is now a
member of the Magnetic Devices group at the APS.

E.R. Moog was the member of the Insertion Devices group at APS who specified the
planar insertion devices, served as the technical representative for the purchase, and
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oversaw their installation and initial operation.  She is now the group leader of the
Magnetic Devices group.

Budget Justification
The current proposal to investigate a helical superconducting undulator is very timely in
that it has the opportunity to �piggyback� on the just-beginning APS program to
investigate the possibility of a planar superconducting undulator.  There is much overlap
between the two possibilities, and piggybacking on the APS program will allow
significant savings over an independent program.  The base costs will be paid for by the
APS program; this proposal only includes the incremental costs directly involved with the
helical undulator and not the relatively large non-recurring costs of setting up a program.
Physicist time is also not included in this proposal; it will be covered under the APS
program.

Three—year budget, then-year K$

Item FY2003 FY2004 FY2005 Total

Other Professionals 0 0 0 0

Graduate Students 0 0 0 0

Undergraduate Students 0 0 0 0

Total Salaries and Wages 0 0 0 0

Fringe Benefits 0 0 0 0
Total Salaries, Wages and

Fringe Benefits 0 0 0 0

Equipment 10 5 15 30

Travel 5 5 5 15

Materials and Supplies 0 0 0 0
Other direct costs

(U. of Wisconsin testing, ANL
subcontract))

77 63 77.5 217.5

Total direct costs 92 73 97.5 262.5

Indirect costs 13.1 15.7 18.3 47.1

Total direct and indirect costs 105.1 88.7 115.8 309.6
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