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Preface 
 

Electron Ion Collider Workshop 
February 26 to March 2, 2002 

Brookhaven National Laboratory 
 

The fifth in the series of Electron Ion Collider Workshops was held at Brookhaven National 
Laboratory on February 26 – March 2, 2002.  The first two days, Feb. 26th & 27th, were dedicated 
to the accelerator and the interaction point design issues (hence forth called the EIC Accelerator 
Workshop).  On February 28th, March 1st and 2nd the focus shifted to the physics of polarized e-p 
scattering, un-polarized e-A scattering, and the detector issues (from now on called the EIC 
Physics Workshop).  The aim of the Workshop was to refine the physics goals of this proposed 
collider facility identified in previous meetings (see list below) and to begin dedicated efforts on 
the design of the accelerator, interaction region, and proposals for detectors in view of the 
physics case. 
 
In the EIC Accelerator Workshop feasibility of various collider options, including the ring-ring 
geometry and linac-ring geometry for the electron-ion and polarized electron-proton collisions 
along with their implications for the interaction point (IP) design, were studied. The performance 
potentials for various options were considered, and technical risks involved were evaluated.  The 
EIC Physics Workshop advanced the physics discussions started in previous EIC workshops 
(listed below), along with many new ideas for measurements that could be pursued with a 
Collider at BNL.  Finally, working groups were formed to focus on various tasks, namely, the 
accelerator and IP development, detailed studies of various physics processes of interest in 
conjunction with realistic Monte Carlo simulations and Detector studies.  The goal of this effort 
is to move towards a collaboration that will fully develop an electron-hadron collider design 
within the next 3 years. 
 
In all ~50 people attended the Accelerator Workshop (Feb. 26-27, 2002), while ~130 people 
attended the EIC Physics workshop (Feb. 28 – March 2, 2002).  Both had plenary as well as 
parallel sessions. For the Accelerator Workshop Chris Tschalaer (MIT/Bates) convened the 
group dedicated to the Ring-Ring collider design, Ilan Ben-Zvi (BNL) convened the group for 
the Linac-Ring design, while Witek Krasny (CERN/in2p3) convened a group focused on the 
interaction point design.  For the EIC Physics Workshop Jamal J. Marian (BNL), Antje Bruell 
(MIT) & Raju Venugopalan (BNL) convened the e-A physics working group (WG), Abhay 
Deshpande (RBRC) and Werner Vogelsang (BNL/RBRC) convened the polarized e-p physics 
WG, while Naohito Saito (RIKEN/Kyoto U.), Bernd Surrow (BNL) and Abhay Deshpande 
(RBRC) convened the WG dedicated to the detector issues.    
 
The Workshop proceedings are separated into two volumes.  Volume I includes the summaries 
and slides from the presentations of the Accelerator Workshop, while Volume II includes 
summaries and selected slides from the EIC Physics Workshop.  The authors were requested to 
summarize their presentations in two or three pages and to include a selection of the most 
important slides from their presentation.  In a few cases, when the authors did not oblige, the 
responsibility of selection of slides was borne by the editors of these volumes.  In addition to the 

 vii



 viii

paper volumes, the proceedings are also available on CDs as PDF files and will be available in 
the near future on the EIC web pages at http://www.bnl.gov/eic. 
 
This Workshop benefited immensely from the enthusiastic support and active involvement in the 
scientific organization and program development by the Electron Ion Collider Steering 
Committee and the Local Organizing Committees.  Doris Rueger, the Workshop Secretary, was 
instrumental for the success of these workshops.  She was well supported by Marcy Chaloupka.  
Sue Davis did an incredible job of putting together the EIC White Paper in time for the workshop 
and getting these proceedings in order and in their final form. We would also like to thank Pat 
Yalden of BNL’s Photography and Graphic Arts department for doing a wonderful job on the 
Workshop posters and the cover pages of the proceedings.  Last but not least, we appreciate the 
financial support from Brookhaven Science Associates without which this workshop would not 
have been possible. 
 

     Abhay Deshpande & Satoshi Ozaki 
May, 2002 

 
 

Electron Ion Collider Steering Committee: 
J. Cameron (IUCF), R. Holt (ANL), V. W. Hughes (Yale), P. Jacobs (LBNL), R. Milner 
(MIT/Bates), G. Garvey (LANL), P. Paul(BNL), J. C. Peng (UIUC). 
 
Local Organizing Committee for EIC Accelerator Workshop: 
S. Ozaki (Chair), S. Peggs, T. Roser, C. Tschalaer(MIT-Bates) 
 
Local Organizing Committee for EIC Workshop: 
A. Deshpande (Chair), W. Guryn, J. J. Marian, L. McLerran, B. Surrow, R. Venugopalan (Co-
Chair), W. Vogelsang 

   
   Previous Electron Ion Collider Workshops: 

1. Physics with a High Luminosity Polarized Electron Ion Collider, EPIC 99, 
      April 1999, IUCF, Bloomington, IN 
2. The eRHIC Workshop, April 2000, Yale University, New Haven, CT 
3. The eRHIC Workshop, July 2001, BNL, Upton, NY 
4. Physics with an Electron Polarized Ion Collider, EPIC 2000, September 2000, MIT, 

Boston, MA  
 











Brookhaven Science Associates
U.S. Department of Energy

Goal of the Workshop

Satoshi Ozaki

EIC Accelerator Workshop
February 26-27, 2002

Brookhaven National Laboratory



Brookhaven Science Associates
U.S. Department of Energy

Purpose of the Workshop

Study feasibility of various collider options for the electron-ion and 
polarized electron-proton collisions,

•Ring on Ring Option
•Ring on Ring Option with Top-off Linac 
•Energy-Recovery-Linac on Ring Option

Assess their performance potentials, and evaluate technical risks 
involved.

Now is the time to review the options, with an idea that future R&D 
efforts can be focused on a promising few options.



Brookhaven Science Associates
U.S. Department of Energy

The Facility Requirements
• Collider geometry capable of e-A and polarized e-p Collisions 
• Range of s1/2 for e-A as high as possible: (~63 GeV/u)
• Range of variable s1/2 for e-p: 30 – 100 GeV

⇐ (Beam Energy)Max: (Ee)10 GeV, (Ep) 250 GeV, (EA) 100 GeV/u
• Ep/Ee, EA/Ee: preferably independent of s1/2 for detector geometry?

• Range of Ion Species: As wide as possible, p to U?
• Polarization: 70% × 70%

• Luminosity: 1033 cm−2s−1 per nucleon  
• Integrated Luminosity for Significant Physics:

For inclusive physics (Yale workshop): ~2 fb−1

For exclusive and semi-inclusive: ~5 –10 times more

• e+p, in addition to e−p, requirement?  
To be addressed by Electron Ion Collider Workshop



Brookhaven Science Associates
U.S. Department of Energy

Questions to be Answered  by Working Groups

Each working group should answer the following questions.

• What is the likely performance achievable with each option?

• What are advantages and disadvantages of each option?

• What is the impact of each option on the IR design?

• What is a showstopper, if any?

• What is the path forward?



Brookhaven Science Associates
U.S. Department of Energy

Expectations

• The output of this Workshop can provide several options on 
which to build physics cases in the workshop that immediately 
follows.

• This workshop should act as a catalyst to begin the R&D 
collaborations towards the realization of an electron-ion collider. 

• The work here should lead to other future workshops, most 
likely scheduled in conjunction with the next EIC Workshops.
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Lia Merminga  EIC Workshop  2/27/2002

ELIC: An Electron – Light Ion Collider 
based at CEBAF

L. Merminga, K. Beard, Y. Chao, J. Delayen, Ya. Derbenev, J.
Grames, A. Hutton, G. Krafft, R. Li, M. Poelker, B. Yunn, Y. Zhang

Jefferson Lab

EIC Accelerator Workshop
Brookhaven National Laboratory

February 26-27, 2002
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Outline
Nuclear Physics Requirements
Basis of Proposal / Concept
ELIC Layout 
Parameter Choices / Table
Accelerator Technology issues
• Polarized Electron Source, RF, SRF, Cryogenics

Accelerator Physics Issues
• Proton Ring
• Energy Recovering Linacs
• Electron-Ion Collisions

Integration with 25 GeV Fixed Target Program
R&D Topics and Conclusions
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Nuclear Physics Requirements

An electron – light ion collider with the following requirements has 
been proposed as a means for studying hadronic structure:

• Center-of-mass energy between 20 GeV and 30 GeV
with energy asymmetry of ~10, which yields   
Ee ~ 3 GeV on Ei ~ 30 GeV up to Ee ~ 5 GeV on Ei ~ 50 GeV

• CW Luminosity from 1033 to 1035 cm-2 sec-1

• Ion species of interest: protons, deuterons, He3

• Longitudinal polarization of both beams 
in the interaction region  ≥ 50% –80% 

• Spin-flip of both beams extremely desirable for exclusive
measurements
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Basis of Proposal

CEBAF is used for the acceleration of electrons

Energy recovery is used for rf power savings and beam dump 
requirements 

“Figure-8” storage ring is used for the ions for flexible spin 
manipulations of all light-ion species of interest

Circulator ring for the electrons may be used to ease high 
current polarized photoinjector requirements
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CEBAF with Energy Recovery 
Install 50 Upgrade CEBAF cryomodules at ~20 MV/m in both linacs 
Single-pass CEBAF energy ~ 5-6 GeV 
Collision with 50 GeV ion ring 
Electrons are decelerated for energy recovery

A
B

C

25 cryomodules

25 cryomodules
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“Figure-8” Ion Ring

Zero spin tune avoids intrinsic spin resonances
No spin rotators are needed
Can get longitudinal polarization for all ion species at all 
energies continuously

spin
Solenoid
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Protons/Ions

Electrons
Fast KickerFast Kicker

Polarized Electron Source Electron Beam Dump

Energy Recovering Electron Linac

Circulator Ring
IR

 

J

t

Circulator Ring 

Injector 

J

t

1/fc CCR/c 
f

~100 CCR/c 
fDifferent filling 

patterns are being 
explored (Hutton, 
Litvinenko)
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ELIC Layout
 Ion Source RFQ

Injector

DTL CCL

IR IR

Beam Dump

Snake
Solenoids

Snake

CEBAF with Energy Recovery

5 GeV electrons 50 GeV light ions
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Parameter Choices
We have developed self-consistent parameters for 4 point designs (PDs):  
• PD0: Max peak luminosity without cooling and

parameters based on demonstrated performance to date
• PD1: Max luminosity of 1x1033 cm-2  sec-1

Electron cooling required
• PD2: Max luminosity of 1x1034 cm-2 sec-1

Electron cooling required -> short ion bunches
Circulator ring 
Crab crossing 

• PD3: Max achievable luminosity
Electron cooling required -> short ion bunches
Circulator ring 
Crab crossing 
Traveling focus ?

Assumptions  
Ee=5 GeV, Ei = 50 GeV, εn

e = 10 µm, εn
i = 2 µm (w/out cooling)

Equal beam sizes for electrons and ions are assumed at the IP
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Parameter Table

6 x 10341 x 10341 x 10331 x 1032cm-2

sec-1
Lumi

-

0.2

0.1

2

10

4.5

2.5

1500

1x1010

-

5

e-

Point Design 3

0.09

0.01

1

1

0.1

4.5

2.5

1x1010

Yes

50

Ions

0.05-0.05-0.005 --∆νL

0.010.10.0060.5.00060.5-ξe / ξi

10.150.150.1 cm              σz

145205200cm  β*

0.2100.210210µmεn

6614144545µmσ*

0.41.60.60.240.60.24AIave

500150150MHzfc

5x1092x10102.5x10101x10102.5x10101x1010ppbNbunch

Yes-Yes-No--Cooling

505505505GeVEnergy

Ionse-Ionse-Ionse-

Point Design 2Point Design 1Point Design 0UnitsParameter
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Accelerator Technology Issues
Electron Source
→ State of the art in high average current, polarized sources: 

~1 mA at 80% polarization [C. Sinclair, JLab]
Circulator ring appears promising

RF Issues
ERLs favor high Qext for rf power savings, increased system efficiency 
For 25 Hz amplitude of microphonic noise, optimum Qext~3x107

→ RF Control becomes more difficult with high Qext  at high gradient
(See J. Delayen, “RF Issues in Energy Recovering Linacs” L/R WG)

Superconducting RF Issues
→ Demonstrate high CW gradient (18 MV/m) at high Q0 (1x1010)
Cryogenics
→ At Q0=1x1010 dynamic load ~10 kW, installed ~20 kW (x2 Upgrade

CEBAF)
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Jefferson Lab 7-cell Cavity
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Jefferson Lab 7-cell Cavity Performance

Required for 5 GeV
(single pass) 

Ef
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Accelerator Physics Issues of the Proton Ring 

Intrabeam scattering: Transverse and longitudinal
⇒ For luminosity >1033 cm-2sec-1 electron cooling is required 

Collective Effects
• Longitudinal mode coupling 
• Transverse mode coupling instability
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Accelerator Physics Issues of the ERL
Accelerator Transport
→ Demonstrate energy recovery with large energy ratio

An energy recovery experiment at CEBAF has been proposed 
and is being planned (D. Douglas)

Beam Loss
→ Is 4x10-6 relative loss achievable? 
Collective Effects
• Single-bunch effects   

→ Emittance growth and energy spread due to wakes
• Multipass, Multibunch Beam Breakup (BBU) Instability

→ Ith ~ 200 mA, growth rate ~2 msecs ⇒ feedback ? 
HOM Power Dissipation
→ ~kW per cavity

JLab FEL and the ERL Prototype (Cornell/JLab) to address
several of these issues
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Accelerator Physics Issues of the 
Electron-Ion Collisions

IR design integrated with real detector geometry 

Crab crossing tolerances and resonance excitation effects

Emittance growth of the electrons (which have to be
recirculated and energy recovered) due to a single collision 
with the protons ⇒ Np < 1.5 x 1012

Beam-beam kink instability
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Beam-Beam Kink Instability
The beam-beam force due to the relative offset between the head of the 
proton bunch and the electron beam will deflect the electrons. The 
deflected electrons subsequently interact with the tail of the proton bunch 
through beam-beam kick. 
The electron beam acts as a transverse impedance to the proton bunch, and 
can lead to an instability. 
In the linear approximation, and disregarding the evolution of the wake 
within the proton bunch, a stability criterion has been derived [Li, Lebedev, 
Bisognano, Yunn, PAC 2001]

For the case of equal bunches and linear beam-beam force, chromaticity 
appears to increase the threshold of the instability [Perevedentsev,
Valishev, PRST ‘01]. 
The instability has been observed in numerical simulations [R. Li, J.Bisognano, 
Phys. Rev. E (1993)] during the beam-beam studies of linac-ring B-Factory. 
The code is presently being used to simulate unequal bunches and a nonlinear 
force. We also expect chromaticity to be beneficial in this case

* See Rui Li, “Beam-beam stability in Linac-Ring colliders" L/R WG

4e p sD ξ ν≤
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Beam-Beam in Linac-Ring Colliders
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Integration with 25 GeV Fixed Target Program
Five accelerating passes through CEBAF 

⇒ 25 GeV Fixed Target (FT) Program

One accelerating/one decelerating pass through CEBAF 
⇒ 30 GeV CM Collider Program

 

Exploring whether 
collider and fixed 
target modes can run 
simultaneously or in 
alternating mode
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Feasibility of 25 GeV FT Program at CEBAF
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See Y. Chao, Jlab TN 99-037
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Conclusions / R&D Strategy
The feasibility of an electron-light ion collider based at CEBAF 
has been examined
Self-consistent sets of parameters have been developed 
Luminosities of 1033 to several 1034 appear feasible. Electron 
cooling is required
“Circulator ring” concept promises to ease polarized electron 
source requirements significantly
Additional conceptual luminosity improvements are being explored
ERL Prototype to address high average current issues of EIC 
colliders
Energy Recovery experiment at CEBAF to address high 
input/output energy issues of EIC colliders
An integrated electron-ion collider program (CM energy 20-30 
GeV) and fixed target program (at 25 GeV) based at CEBAF 
appears feasible



Thomas Roser
EIC Accelerator Workshop 

February 26-27, 2002

RHIC Performance and Plans

RHIC accelerator performance and status

Plans and upgrades



Gold Ion Collisions in RHIC

RHIC

AGS
BOOSTER

TANDEMS

9 GeV/u
Q = +79

1 MeV/u
Q = +32

Beam Energy = 100 GeV/u 
Lave per IR = 2 × 1026 cm-2 sec-1



FY2001 - 02 RHIC Gold Parameters

55 - 56 bunches per ring (110 bunches per ring tested, intensity limited)
7.5 × 108 Au/bunch @ storage energy (intensity limited during acceleration)
1 × 109 Au/bunch achieved @ injection 
Longitudinal emittance: 0.5 eVs/nucleon/bunch (0.3-0.6 Design) 
Transverse emittance at storage: 15 π µm (norm, 95%) 
Storage energy: 100 GeV/ amu (γ = 107.4) 10 GeV / amu (γ=10.5) 
Lattice with β* squeeze during acceleration ramp:

β* =  3 m and 10m @ all IP at injection 
β*=  1 m  @ 8 and 2 m @ 2, 6 and 10 o’clock at storage 

Peak Luminosity: 5 × 1026 cm-2 s-1 (2.5 × design average) 
Bunch length: 5ns with 200 MHz storage rf system
(diamond length: σ = 25 cm) 5 ns 

RHIC bunch profile



“Typical Store” # 1812

Beam currents [x106 ions]

Collision rate [Hz]

Blue Beam Current Yellow Beam Current 

PHENIX: Lpeak = 3.7 × 1026 cm-2 s-1

Lave = 1.5 × 1026 cm-2 s-1

~ 5 hours
Expected: 5.0 for PHENIX 

2.5 for BRAHMS, PHOBOS, and STAR
Specific luminosity [Hz/1018]



RHIC Performance

BEAM  CURRENT

100 Gev / amu Au

100 GeV / amu Au
BEAM CURRENT

x 106 Au

10 GeV / amu Au

x 1023 cm-2 sec-1 LUMINOSITY



Integrated Au-Au luminosity

FY2000
(66 GeV/amu)

FY2001 – 02
100 GeV/amu



RHIC commissioning and challenges
Single- and multi-bunch instabilities

Effect of vacuum chamber impedance, electron cloud (?)
Intensity limitation for gold due to vacuum break-down

Limited to about 40 × 109 Au/ring
Electron cloud ? Ion or electron desorbtion ?

Intra-Beam Scattering (IBS)
Transverse and longitudinal emittance growth
Determines RHIC Au performance
Eventually will need electron cooling (see below)

Beam-beam tune shift and spread
First strong-strong hadron collider (after ISR)



Transverse instabilities in RHIC

Tomographic reconstruction of 
2D bunch density

High sensitivity around transition

Effect of vacuum chamber impedance, 
electron cloud (?)

Cures: beam-beam tune spread, 
octupoles, transverse dampers, rf 
quad, …

After instability with 
~ 10 ms growth rate 

Before instability



Intra-Beam Scattering (IBS) in RHIC

Longitudinal Transverse

Longitudinal emittance growth agrees well with model

Additional source of transverse emittance growth (Beam-beam, dynamic apert.)

IBS determines RHIC Au performance

Eventually will need electron cooling (see below)



Polarized Proton Collisions in RHIC

BRAHMS & PP2PP (p)

STAR (p)
PHENIX (p)

AGS

BOOSTER

Pol. Proton Source
500 µA, 300 µs

Spin Rotators

Partial Siberian Snake

Siberian Snakes

200 MeV Polarimeter AGS Internal Polarimeter
Rf Dipoles

RHIC pC Polarimeters

Absolute Polarimeter (H jet)

2 × 1011 Pol. Protons / Bunch
ε = 20 π mm mrad

Lmax = 2 × 1032 s-1 cm-2

70 % Polarization
Εcm = 50 to 500 GeV

LINAC



High intensity polarized H- source

KEK OPPIS
upgraded at TRIUMF

70 - 80 % Polarization

15×1011 protons/pulse
at source

6×1011 protons/pulse
at end of LINAC



First Siberian Snake in RHIC Tunnel
Siberian Snake: 4 superconducting helical dipoles, 4Tesla, 

2.4 m long with full  360° twist

Funded by RIKEN, Japan
Designed and constructed at BNL



“Typical Store” # 2304

STAR: Lpeak = 1.4 × 1030 cm-2 s-1

Lave = 1.0 × 1030 cm-2 s-1

~ 8 hours

Blue Beam Current Yellow Beam Current 

Luminosity [× 1030 cm-2 s-1]

Beam currents [× 106 ions]



Results from first RHIC polarized proton run

55 bunches per ring with 0.8 x 1011 p↑/bunch 
Charge/bunch and total charge higher than with gold beams
Lattice with constant β* of 3 m during ramp
Peak luminosity at beginning of store: 1.5 × 1030 cm-2 s-1

Energy/beam: 100 GeV 
Beam polarization ~ 25 %
RHIC polarimeters work reliably
Little if any depolarization in RHIC during acceleration and store
Siberian Snakes work
~ 60 % polarization loss in AGS; aggravated by lower ramp-rate from 
back-up Westinghouse motor-generator 
Strong Siberian snake in AGS (~ 30 % of full snake) could avoid all 
depolarization in the AGS



RHIC design luminosity
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RHIC luminosity upgrade (RHIC II)

‘Enhanced’ luminosity  (x4) possible with existing machine:
Double the number of bunches to 112
Decrease β* from 2 m to 1m

Further luminosity upgrades can be achieved by:
Decreasing β* further with modified optics
Increasing bunch intensity
Decreasing beam emittance

All options are limited by intra-beam scattering and require beam cooling 
at full energy!
Feasibility study on RHIC electron cooling shows that luminosity can be 
increased ten times.



Heavy Ion Luminosity Upgrades
RDM RDM+ RHIC II

Initial emittance(95%) πµm 15 15 15
Final emittance (95%) πµm 40 40 3
Beta function at IR [m] 2.0 1.0 1.0 → 0.5
Number of bunches 56 112 112
Bunch population [109] 1 1 1
Beam-beam parameter per IR 0.0016 0.0016 0.004
Angular size at IR [µrad] 108 153 95
RMS beam size at IR [µm] 216 150 95
Peak luminosity [1026 cm-2 s-1] 8 32 83
Average luminosity [1026 cm-2 s-1] 2 8 70

RDM and RDM+ assume 10 hr stores
RHIC II includes electron beam cooling  and assumes 5 hr stores since burn-off is high



Proton Luminosity Upgrades
RHIC Spin RHIC II Future Upgrade

Emittance(95%) πµm 20 12 12
Beta function at IR [m] 1 1 0.3
Number of bunches 112 112 336
Bunch population [1011] 2 2 2
Beam-beam parameter per IR 0.007 0.012 0.012
Angular size at IR [µrad] 112 86 157
RMS beam size at IR [µm] 112 86 47
Luminosity [1032 cm-2 s-1] 2.4 4.0 40.0

RHIC II :  Beam-beam tune shift limited for 2 interaction regions
Future Upgrade: Mini-beta quads and more bunches

Will also require major detector upgrades



Electron Cooling at RHIC Storage Energy

Electron beam cooling at full RHIC energy could eliminate this limitation 
and even reduce beam emittance further. 
Feasibility supported by study produced at BINP
Bunched electron beam requirements for 100 GeV/u gold beams:  
E = 54 MeV, <I> ≤ 100 mA, electron beam power: ≤ 5 MW!
Requires high brightness, high power, energy recovering superconducting 
linac, almost identical to IR FEL at TJNAF
Has several applications at BNL: PERL, eRHIC (EIC)
First linac based, bunched electron beam cooling system used at a collider
First high pt electron cooler to avoid recombination of e- and Au79+



The RHIC Electron Beam Cooler

R&D issues:
High intensity photocathode electron gun 
High efficiency energy recovering sc linac with magnetized electron beam 
Efficient electron beam transport and debunching/bunching 
High precision (10 ppm) solenoid for 30 m cooling section.



RHIC Luminosity and Emittance with Cooling
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Summary

Highly successful operation of RHIC with gold beams and first 
operation with polarized proton beams
RHIC luminosity upgrades (RHIC II): 

with existing machine: × 4
with full energy electron cooler: × 10 possible

RHIC e-cooling R&D program underway.

















































































Polarized Electron Sources for a Linac-Ring EIC
M. Farkhondeh

MIT-Bates Linear Accelerator Center
Middleton, MA 01949, USA

EIC Workshop

BNL, February 26, 2002

2002 EIC 
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OUTLINE

• Fundamentals of polarized electron sources 

• Polarized source for a linac-ring EIC

• Options for the laser system and injector

• Issues for EIC polarized source 

• Summary  

2002 EIC 
workshop



Fundamentals of PES
To date, photoemission from GaAs  is the the only  practical 
method of producing polarized electrons for accelerators.   

Two fundamental principles:

• Conservation of Angular Momentum:

excitation of the electrons in the valance band to the 
conduction band with circularly polarized photons

• Negative Electron Affinity (NEA):  

achieving NEA by lowering the  work function to allow the 
conduction band electrons to escape

2002 EIC 
workshop



Polarized Photoemission   

Courtesy T. Maruyama, SLAC

2002 EIC 
workshop



A Basic Polarized Electron Source
• A GaAs based photocathode in a gun structure

• Provisions  in the gun chamber to achieve NEA (Cs and O2, NF3)

• A laser system to illuminate the surface of the photocathode   
with circularly polarized photons of correct wavelength

• An injector to transport and to accelerate the electrons    

2002 EIC 
workshop
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A Basic Polarized Source
• Electron beam current :

• Quantum Efficiency (QE)

• Bulk GaAs:  2-10 %  with ~40% polarization

• strained GaAsP:   0.1-0.5 % with >70%  polarization 

To produce 135 mA beam:
Sample QE (%) Polarization λ (nm) Plaser(W)

Bulk 5  40 780 ~5

Strained 0.1  80 850 ~200

( ) ( ) ( ) (%) /124laserI mA nm P W QEλ=

2002 EIC 
workshop



PES Parameters for the Linac-Ring EIC

• average current: 135  mA in a 28 MHz bunch train

• electrons per bunch: 3x10 10   (~ 5 nC per bunch)

• normalized beam emittance: < 60 mm-mrad

This average current is ~ 3 orders of magnitude more than  what 
is produced by today’s accelerator based polarized sources      
(J-Lab, Bate and Mainz). The FEL at J-lab runs at 5 mA average 
current using bulk GaAs photocathodes. At MIT-Bates peak 
currents of ~60 mA in the test beam line have been produced. The
beam emittance requirement is modest.

2002 EIC 
workshop



Laser Systems (need > 200 W power)

• Lasers with RF structure.

Electrons are produced in bunches  at the laser frequency;   
challenging at  28 MHz.  Existing systems provide at best a 
few Watts of power at 500 MHz (M. Poelker) .

Do not exist  for EIC currents and frequency. Laser farm

• High power CW diode lasers

CW e beams are produced and  subsequently bunched with 
accelerator structure to the desired frequency; bunching may 
be difficult at 28 MHz.  Today, fiber coupled diode array 
lasers have power ~ 100 Watts. 

Issues: bunching and capture efficiencies at 28 MHz .

2002 EIC 
workshop



OPTION 1
(P. Hartman, C. Sinclair of Jefferson-Lab at previous EIC workshops)

Laser with 28 MHz structure:

with a laser spot size ~ 3 cm2,  QE= 0.1% for high P will  need ~ 
200 W laser for 1/e lifetime. Using the best cathode lifetimes at  J-
lab with 100-200 µA average currents and ~0.2 mm laser spot, 
and extrapolating to the EIC currents, he states that 1 week of 
continuous beam can be maintained. 

“… This is a very considerable extrapolation, and must be 
demonstrated to be believed.”   C. Sinclair.

M. Poelker is working on a laser system at lower frequency for a 
Hall-C experiment.

2002 EIC 
workshop



Jefferson Lab’s New  Laser/G-Zero Table

http://www.jlab.org/accel/inj_group/laser2001/laser2001.html

M. Poelker, et. al.

2002 EIC 
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OPTION 2
High power CW fiber coupled diode array lasers

with no RF structure

• These inexpensive lasers produce ~ 60-100 W power at fixed 
wavelength but have very large emittance (200 mm-mr). Can 
couple multiple bars into a single fiber for higher power. 

Peak currents of ~ 60 mA at 1% duty cycle have been 
demonstrated. High average current needs to be demonstrated.

MIT-Bates laser 
setup

2002 EIC 
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Laser:  OPTION 2 ...

Large aperture optics

can use waveplates
instead of Pockels cells

MIT optics and 
results

2002 EIC 
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Issues for Linac-Ring  PES :

• Surface charge limit 

• Average currents 

• Laser systems

2002 EIC 
workshop



Surface Charge limit

• electrons  are trapped on the 
surface before recombining with 
holes.

• beam current  not proportional 
to laser intensity

• effect more severe in high P that 
have low QE’s

• time scale of ~100 ns

2002 EIC 
workshop



Surface Charge limit

Data  from  SLAC

Increasing Charge limit:
• Increase doping concentration

• superlattice structure

• large band-gap material

• larger cathode area 5x1018 2x1019

2002 EIC 
workshop



Surface Charge limit

T. Maruyama, SLAC

2002 EIC 
workshop



Average Current:
100-200 mA average current is three orders of 
magnitude over today’s currents. Need serious R &D 
and tests to probe this new territory

• Photocathode lifetime is a strong function of 
vacuum condition between anode and cathode and  
presently is limited by the ion back bombardment of 
the surface of photocathode

• Excellent UHV vacuum condition well into Extreme 
High Vacuum XHV is essential.

2002 EIC 
workshop



Average Current:
Excellent vacuum conditions achieved at J-lab and MIT-Bates by 
adding large capacity NEG pumps near the anode-cathode 
reagion which lead into very long  photocathode lifetimes.

MIT added NEG pumps 
on top J-Lab added massive 

NEG pumps below the 
anode plate

2002 EIC 
workshop



Laser Systems:
More than 200 W of laser power is needed to produce ~100 mA 
average current assuming no surface charge limit.

• Lasers with RF structure at these  high power levels do not 
exist. CW diode array lasers approaching ~60-100 Watts exist 
today but need to evaluate the feasibility and the efficiency of
bunching the electron beam at 28 MHz and handling large 
emittance.  

The MIT-Bates Test Setup and the laser system 
may be a suitable benchmark for R&D on the latter 
option.

2002 EIC 
workshop



MIT 60 keV test beam setup

2002 EIC 
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Summary
• EIC average currents of 100-200 mA highly 

polarized electron beam is very challenging, but 
seems feasible by extrapolating the performance 
of the existing polarized sources. 

• EIC   frequencies of 28-56 MHz may be a difficult 
regime for both types of laser systems. 

• Based on high peak current photoemission tests 
at MIT and at SLAC,  surface charge limit may 
be overcome for EIC currents.

• Need serious R&D efforts to demonstrate the 
feasibility of achieving the EIC injection for a 
Linac-Ring EIC.   

2002 EIC 
workshop
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Jefferson Lab 500 MHz laser system        
( M. Poelker) 2002 EIC 

workshop





PESP-2002 Polarized Electron Sources and Polarimeters, 
Satellite 
Workshop of  SPIN-2002

September 4-6, 2002
MIT-Bates Linear Accelerator Center

TOPICS:

• Physics of Polarized Electron Photocathodes

• Polarized Electron Sources

• Low Energy Polarimeters

•Application of polarized electron sources

• Polarized Sources and Parity-Violating experimentsInternational Advisory Board:
K. Aulenbacher (Mainz)
T. Nakanishi (Nagoya Univ.)
J. Clendenin (SLAC)
Yu. A. Mamaev (SPTU)
M. Poelker (Jefferson Lab.)
A. S. Terekhov (Novosibirsk)
T. Maruyama (SLAC)

Local Organizing Committee:
M. Farkhondeh (Chair) MIT-Bates
W. Franklin MIT-Bates
E. Ihloff MIT-Bates
C. Tschalaer MIT-Bates
E. Tsentalovich MIT-Bates
T. Zwart MIT-Bates
A. McInnis MIT-Bates

G. Bullard (Conf. Secretary)
Sponsored by:
• International and Local Organizing Committees
of the Spin Physics Symposium

• MIT-Bates Linear Accelerator Center
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e
hν

For More Information:

http:/mitbates.mit.edu/pesp2002

pesp2002@batespop.mit.edu
Photo:FreeFoto.com 
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St. Petersburg sample
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Fundamentals of PES

SLAC sample grown by Bandwidth 
semiconductor Inc.
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A Basic PES
•
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Courtesy T. Maruyama, SLAC
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Jefferson Lab 500 MHz laser system  
(M. Poelker)

2002 EIC 
workshop



Jefferson 
Lab Test 
Load-Lock 
Gun
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Jefferson Lab’s New  Laser/G-Zero Table

http://www.jlab.org/accel/inj_group/laser2001/laser2001.html
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MIT 60 keV test beam setup
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Strained  layer GaAsP on 
GaAs substrate

Courtesy T. Maruyama, SLAC 2002 EIC 
workshop



Strained Superlattice  

2002 EIC 
workshopCourtesy T. Maruyama, SLAC



Effect of high doping on strained samples

(SLAC data)   

2002 EIC 
workshopCourtesy T. Maruyama, SLAC
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Energy Recovering Linac Issues
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Outline
Energy Recovery
RF Stability in Recirculating, Energy Recovering Linacs (ERLs)
Instability Mechanism / Single-cavity Threshold
RF Control and Beam Loading Instabilities
• Theory
• Experiment

Transverse Beam Breakup (BBU)
• Theory
• Experiment

Higher Order Mode Power Dissipation
• Theory
• Experiment

Conclusions
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Energy Recovery
Energy recovery is the process by which the energy invested in 
accelerating a beam is returned to the rf cavities by decelerating 
the same beam. 

There have been several energy recovery experiments to date, 
the first one at the Stanford SCA/FEL*.

Same-cell energy recovery with cw beam current up to 5 mA and 
energy up to 50 MeV has been demonstrated at the Jefferson 
Lab IR FEL. Energy recovery is used routinely for the operation 
of the FEL as a user facility.

More ER experiments planned, most immediate at JAERI FEL.

* T.I. Smith, et al., “Development of the SCA/FEL for use in  
Biomedical and Materials Science Experiments,” NIM A 259 (1987)
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The JLab 2.13 kW IRFEL and Energy Recovery 
Demonstration

Wiggler assembly

G. R. Neil, et al., “Sustained Kilowatt Lasing in a Free Electron 
Laser with Same-Cell Energy Recovery,” PRL, Vol 84, Number 4 
(2000)
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RF Power Requirements with Energy Recovery
With energy recovery the required linac rf power is ~ 16 kW, 
nearly independent of beam current. It rises to ~ 36 kW with 
no recovery at 1.1 mA.
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The Cornell ERL and ERL Prototype

Beam Energy 5-7 GeV
Injection Energy 10 MeV
Beam current       100 mA

Beam Energy 100 MeV
Injection Energy      5 MeV
Beam current        100 mA

Courtesy: I. Bazarov
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RF to Beam Multiplication Factor in an ideal ERL
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RF Stability in Energy Recovering Linacs

Collective effects driven predominantly by high-Q superconducting 
cavities and can potentially limit average current 

In a recirculating linac, the feedback system formed between beam 
and cavities is closed and instabilities can result at sufficiently high 
currents 

Instabilities can result from the interaction of the beam with 
• fundamental accelerating mode -> beam loading instabilities
• transverse HOMs -> transverse BBU
• longitudinal HOMs -> longitudinal BBU

The basic mechanism is the same: 
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Instability Mechanism

Courtesy: N. Sereno, Ph.D. Thesis (1994)
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Instability Threshold

There is a well-defined threshold current that occurs when the power fed 
into the mode equals the mode power dissipation

An analytic expression that applies to all instabilities:

• For i,j = 1,2 or 3,4 and m → ⊥ HOM ⇒ Transverse BBU
• For i,j = 5,6 and m → || HOM ⇒ Longitudinal BBU
• For i,j = 5,6 and m → Fundamental mode ⇒ Beam-Loading Instabilities

(1)
/ 2

2
( / ) sin( ) m mr

m m m ij

r
th t Q

m r

p cI
e R Q Q k M t eωω

−=



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

Lia Merminga  EIC Workshop  2/27/2002

Beam Loading Instabilities

Instabilities can arise from fluctuations of cavity fields.
Two effects may trigger unstable behavior:

• Beam loss which may originate from energy offset 
which shifts the beam centroid and leads to scraping 
on apertures 

• Phase shift which may originate from energy offset 
coupled to M56 in the arc

Instabilities predicted and observed at LANL, a potential 
limitation on high power recirculating, energy recovering  
linacs. 

M56 is the momentum compaction factor and is defined by: 

56
El M

E
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Beam Loading Instabilities Flow Chart
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Beam Loading Instabilities: Theory
Model of the system includes: 
• Beam-cavity interaction
• Precise representation of low level rf feedback 
• FEL interaction

Model was solved analytically and numerically 

Predicts instability exists in the IRFEL (Ith~ 27 mA) however is 
controlled by LLRF feedback (Ith~1 A)

Experimental data from the IRFEL are quantitatively 
consistent with the model, with the FEL turned off. Model 
reproduces data qualitatively, with the FEL turned on*

*Presented at the 1999 FEL Conference, Hamburg
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RF Control in ERLs

Phases may not differ by precisely 180o

• Typical expected path length control adjustment leads to 
~ 0.5o deviation from 180o

• FEL on                         FEL off

Beam loss may occur, resulting in beam vectors of unequal 
magnitude

⇒All of the above give rise to a net beam loading vector,
typically of reactive nature in the case of phase errors

⇒ Increase of rf power requirements and reduction of κ
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Energy Recovery Phasor Diagram
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RF Control (Linac)

Open loop response

Closed loop response

0 mA
2 mA
3 mA
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RF Control (Injector)

Open loop response

Closed loop response

0 mA
2 mA
3 mA
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Transverse BBU: Theory
Analytic models include: • Description of the effect for distribution of cavities

along  linac with several recirculations in impulse  
approximation (Bisognano, Gluckstern 1987)• Generalization to include subharmonic bunching (Yunn 1991)

⇒ For N-passes, M-cavities, solution reduces to finding 
M-eigenvalues of M-dimensional matrix, or NxM-1 for
subharmoning bunching

Numerical codes: • TDBBU: A 2D simulation code (Krafft, Bisognano, Yunn 1987)• MATBBU: A computational tool that solves the exact equations 
for a given configuration (Yunn, Merminga 2001) 
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BBU Stability Plots for the JLab IR FEL
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Transverse BBU: Experiment 
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Typical RF Cavity Response to Beam Excitation
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Table of BBU Data
Cavity 

HOM Freq. 
(Measured) 

R/Q 
(Meas.)

Q 
(Meas.) Energy 

Optics 
Setting Ith  

 [MHz] [Ω]  MeV  mA 
       

4 1730 0.08 3.8x107 48 Nominal 16 
4 1730 0.08 3.8x107 37 1 18.4 
       

4 1895 22.02 1.6x105 48 Nominal 21.4 
4 1895 22.02 1.6x105 37 1 15.6 
4 1895 22.02 1.6x105 37 Nominal <0 
       

5 1818 13.74 4.5x104 37 2 15.0 
5 1818 13.74 4.5x104 37 3 6.9 
       

5 1887 22.21 4.0x105 37 3 12.5 
5 1887 22.21 4.0x105 37 4 11.3 
5 1887 22.21 4.0x105 37 2 32.0 
5 1887 22.21 4.0x105 37 3 16.4 
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BBU Data Analysis
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⇒ Ith = 1/a1= 6.9 mA

Data were fitted to 1st and 2nd

order models and thresholds were 
derived:

log|S21| vs.log(I0)

log|S21| vs. log(I0)

⇒ Ith = 1/a1 = 12.5 mA



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

Lia Merminga  EIC Workshop  2/27/2002

Conclusions from BBU Experiment

Threshold current in the IR FEL recirculating linac varies 
between 7 mA and 32 mA for varying accelerator setup

Under the nominal FEL configuration, threshold current is 
between 16 mA and 21 mA

Theoretical prediction is 27 mA ⇒ agreement within ~40%

Observed optics dependence has not been quantified yet

More exact analysis tools are being developed
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HOM Power
High average current, short bunch length beams in srf cavities 
excite HOMs. Power in HOMs, primarily longitudinal:

PHOM = 2k|| Q2 fbunch
(factor of 2 for energy recovery)
For Iave= 100 mA, Q = 0.5nC ⇒ PHOM~ 1 kW per cavity for k||=10.3 
V/pC at σz~ 0.7mm 

In the IRFEL: Iave= 5 mA, Pdiss~ 6 W

Fraction of HOM power dissipated on cavity walls depends on the 
bunch length 

It can potentially limit Iave and Ipeak due to finite cryogenic capacity
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HOM Power Dissipation: Theory
The fraction of HOM power dissipated on cavity walls 
increases with HOM frequency, due to Rs ~ ω2   degradation
from BCS theory 

We developed a model that estimates fraction of power 
dissipated on the walls and specifies HOM-power extraction 
efficiency required

We found:
• Frequency distribution of HOM power: >90% of HOM power 

is in modes < 100 GHz
• Fraction of power dissipated on the cavity superconducting 

walls is 
- a strong function of bunch length
- much less than the fundamental mode load

• High frequency fields propagate along the structure
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Frequency Distribution of HOM Losses
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Frequency Distribution of HOM Power

Monopole Mode Single Bunch Power Excitation per 9-Cell Cavity
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Frequency Distribution of HOM Losses

~40% of HOM losses occur at frequencies below ~4 GHz
⇒ In TESLA cavities this power will be extracted by input 

couplers and HOM couplers and be absorbed in room 
temperature loads

The remaining losses, at high frequencies ≥ 4 GHz, will 
propagate along the structure and be reflected at normal and 
superconducting surfaces
⇒ on-line absorbers are required 

Effect of losses in frequency range beyond the threshold for 
Cooper pair breakup (750 GHz) in superconducting Nb has been 
investigated: the resulting Q0 drop is negligible
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HOM Power: Experiment

HOM power dissipation may impose design choices to improve 
cryogenic efficiency

HOM power was measured with temperature diodes placed on the 
two HOM loads of the 5-cell CEBAF cavity

Measurements were repeated at different values of the bunch 
charge and bunch repetition frequency 
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HOM Power vs. Bunch Charge
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Measured HOM power dissipated at the loads is 1.6 W at 60 pC,  
5 mA, σz= 2.5 ps 
Calculated total HOM losses at 60 pC, 5 mA is 4.2 W
Calculated fraction of HOM power in frequencies ≤ 15 GHz is ~ 50%
or 2.1 W

⇒ Loss factor agrees within 25%
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Extrapolation to Higher Currents  
5 mA energy recovering linac: JLab IR FEL

Transverse BBU threshold ~ 27 mA
RF instabilities threshold ~ 27 mA w/out fdb, ~1 A with fdb

HOM power ~ 6 W/cavity

10 mA energy recovering linac: JLab IR FEL Upgrade
Transverse BBU threshold ~ 50 mA if Q~ 105

RF instabilities threshold ~ 27 mA w/out fdb, ~1 A with fdb
HOM power ~ 40 W/cavity

100 mA energy recovering linac: Cornell ERL
Transverse BBU threshold ~ 200 mA
RF instabilities threshold ~ 22 mA w/out fdb, ~1 A with fdb
HOM power ~ 160 W/cavity

Where is the limit?
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Where is the limit?

At the present time, transverse BBU appears to be the limiting 
instability

However,
• Better damping of HOMs in multi-cell cavities

and
• Bunch-by-bunch transverse feedback, similar to the B-Factory 

(4 nsec!), may be possible

⇒ Ib ~ 0.5 – 1 A conceivable?

Something else?
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Conclusions
RF stability in recirculating, energy recovering linacs is 
theoretically well understood

Experimental verification of simulation codes and models is being 
pursued at the JLab IR FEL. Quantitative agreement between 
simulation codes and experimental data has been demonstrated 

Greater capabilities for experimental verification of the models
are offered with:
• the 10 mA JLab FEL Upgrade
• the 100 mA Cornell ERL Prototype

Inspired by the success of JLab IR FEL, energy recovery is 
emerging as a powerful application of rf superconductivity. The 
question is “Where is the limit of energy recovery, in the multi-
dimensional space of Iave, Eb, Qbunch, σz, … ?”
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RF Issues in Energy Recovery Linacs

Jean Delayen

Jefferson Lab
Newport News, VA

EIC Accelerator Workshop
BNL, 26-27 February 2002 
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Outline

• Energy Recovery Linacs (ERLs) 
• Examples
• Basic features

• Efficiency of ERLs
• Power Requirements

• RF Stability
• Higher-Order Modes Issues
• Conclusions
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Energy Recovery Linacs
• Energy recovery is the process by which the energy invested in 

accelerating a beam is returned to the rf cavities by decelerating the 
same beam. 

• There have been several energy recovery experiments to date
• Stanford SCA/FEL
• Los Alamos FEL
• CEBAF front end

• Same-cell energy recovery with cw beam current up to 5 mA and 
energy up to 50 MeV has been demonstrated at the Jefferson Lab IR 
FEL. Energy recovery is used routinely for the operation of the FEL as 
a user facility.
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The JLab 1.7 kW IRFEL and Energy 
Recovery Demonstration

G. R. Neil, et al., “Sustained Kilowatt Lasing in a Free Electron Laser with Same-
Cell Energy Recovery,” Physical Review Letters, Volume 84, Number 4 (2000)
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Demonstration of Energy Recovery
Gradient modulator drive signal in a linac cavity measured 
without energy recovery (signal level around 2 V) and with
energy recovery (signal level around 0).
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Demonstration of Energy Recovery
With energy recovery the required linac rf power is ~ 16 kW, 
nearly independent of beam current. It rises to ~ 36 kW with 
no recovery at 1.1 mA.
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Linac–Ring Collider: Schematic Layout

Energy Recovery Electron Linac

Proton Ring 

Electron Beam Dump

Polarized Electron Source
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Features of Energy Recovery

• With the exception of the injector, the required rf power is nearly 
independent of beam current.
• Increased overall system efficiency. 

• The electron beam power to be disposed of at beam  dumps is reduced 
by ratio of Emax/Einj. 
• Thermal design of beam dumps is simplified
• If the beam is dumped below the neutron production threshold, 

then the induced radioactivity (shielding problem) will be reduced.
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RF to Beam Multiplication Factor for an ideal ERL
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RF to Beam Multiplication Factor for an ideal ERL
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RF to Beam Multiplication Factor for an ideal ERL

• The efficiency of an ERL (as measured by the rf to beam multiplication factor) 
increases with current
• Asymptotic value is Emax/Einj

• The efficiency increases with the loaded Q of the energy-recovering cavities
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Qext Optimization
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Generator Power vs. Loaded Q

7-cell, 1500 MHz
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Qext for ERL Injector and Linac Cavities

• ERL Injector (2-cell) cavities: 
• f0=1300 MHz, Q0= 5x109, Vc= 1 MV per cavity, Lcav = 23 cm
• For I0=100 mA ⇒ Optimum QL= 4.6x104 ⇒ Pg = 100 kW per   cavity 

• Note: I0Va = 100 kW ⇒ optimization is entirely dominated by beam loading 

• ERL linac (9-cell) cavities: 
• f0=1300 MHz, Q0=1x1010, Vc=20 MV/m, Lcav= 1.04 m, 
• R/Q=1036 ohms, δfm=25 Hz
• Resultant beam current, Itot = 0 mA (energy recovery) 
• ⇒ Optimum QL=2.6x107 ⇒ Pg = 8 kW per cavity with δfm=25 Hz

• Note: optimization is entirely dominated by amplitude of microphonic noise
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Increasing the Efficiency of  ERLs
What is the maximum achievable loaded Q for energy-recovering cavities?
• Microphonics control 
• Lorentz force detuning 

• Non-ideal energy recovery
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Self-Excited Loop-Principle of Stabilization

Aq A

Ap

φ

Controlling the external phase shift  θ l can compensate 
for the fluctuations in the cavity frequency ωc so the 
loop is phase locked to an external frequency 
reference ωr.

Instead of introducing an additional external controllable 
phase shifter, this is usually done by adding a signal 
in quadrature

⇒ The cavity field amplitude is unaffected by the phase 
stabilization even in the absence of amplitude 
feedback.
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Self-Excited Loop – Block Diagram
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Non-Ideal  Energy Recovery
• Ideal energy recovery assumes perfect cancellation of 2 large and opposite 

vectors
• Accelerated and decelerated beams are equal in magnitude and 1800 out of 

phase at the fundamental frequency
• In practice there will be a residual net current:

• Phases may not differ by precisely 180o

• Typical expected path length control adjustment leads to ~ 0.5o deviation 
from 180o

• Beam loss may occur, resulting in beam vectors of unequal magnitude
• High-frequency beam current fluctuations

⇒All of the above give rise to a net beam loading vector, of random amplitude 
and phase, but that will typically be  reactive

⇒ Increase of rf power requirements and reduction of κ



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

EIC Accelerator Workshop, Jean Delayen     27 February 2002

Energy Recovery Phasor Diagram



Operated by the Southeastern Universities Research Association for the U. S. Department of EnergyThomas Jefferson National Accelerator Facility

EIC Accelerator Workshop, Jean Delayen     27 February 2002

Sensitivity Analysis: Beam Loss
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Sensitivity Analysis: Phase Errors
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Amplitude and Phase Stability Requirements

• Specifications set by the users on energy spread and timing jitter will 
impose requirements on the phase and amplitude stability in the 
cavities

• These requirements will determine the characteristics of the LLRF 
control system, including gain and bandwidth of the feedback loops

• In ERLs, additional constraints on the LLRF system design may be
imposed due to possible longitudinal instabilities 
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RF Instabilities

• Instabilities can arise from fluctuations of cavity fields.
• Two effects may trigger unstable behavior:

• Beam loss which may originate from energy offset which shifts 
the beam centroid and leads to scraping on apertures.  

• Phase shift which may originate from energy offset coupled to 
M56 in the arc

• Instabilities predicted and observed at LANL, a potential limitation on 
high power recirculating, energy recovering  linacs. 

M56 is the momentum compaction factor and is defined by: 

56
El M

E
∆∆ =
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RF Stability Flow Chart
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RF Stability Studies
• Model has been developed (Lia Merminga) in support of the Jlab FEL program.  It 

includes:
• beam-cavity interaction, 
• low level rf feedback 
• FEL interaction

• Solved analytically and numerically 

• Model predicts instabilities that agree with experimental measurements performed on 
JLab IRFEL
• Agreement is quantitative with FEL off
• Agreement is qualitative with FEL on

• Instabilities can be controlled by LLRF feedback
• Further analysis and modeling is needed to understand the rf stability issues of 

ERLs with much higher current (Control of random reactive loading currents in 
superconducting cavities)
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Higher Order Modes

• Even in the case of perfect energy recovery cancellation of accelerated and 
decelerated beam occurs only at the fundamental mode frequency

• Coupling to other monopole modes
• HOM power dissipation

• Coupling to dipole modes
• Beam breakup instabilities
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HOM Power Dissipation
• Accelerated and decelerated beams will couple to the (non fundamental) monopole 

modes and will deposit energy in those modes

• Power dissipated depends on product of bunch charge and average current

• For typical TESLA-type cavities k ~ 8.5 V/pC for σz ~ 1 mm
〈I〉 ~ 250 mA,  Q ~ 2 nC

Pdiss ~ 8 kW/cavity

• Need a better understanding of where that power goes
Only a small fraction ends up on the cavity walls

• Need engineering development of HOM absorbers

2dissP k Q I=
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Beam Breakup Instabilities

• Coupling of accelerated and decelerated beams to dipole modes

• Single bunch, single pass effects: limit the bunch charge
• Energy spread induced by variation of longitudinal wake field across 

bunch
• Emittance growth induced by single-bunch transverse BBU
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(Multi-Bunch) Beam Breakup Instabilities

• Multi-pass, multi-bunch effects: limit the average current

• Recirculating beam through a cavity can lead to transverse instabilities
• Transverse displacement on successive recirculations can excite HOMs that 

further deflect initial beam
• Feedback loop between beam and cavities
• Threshold current above which the system becomes unstable
• Because of their high Q, superconducting systems can be more sensitive to 

this type of instability

• TDBBU: 2d beam breakup code used for simulation (Krafft, Bisognano, Yunn)
• Being benchmarked at the JLab FEL
• Predicts threshold current of ~ 250 mA, and rise time of ~ 2 msec.
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Conclusions
• Energy recovery superconducting linacs are very efficient devices for certain 

applications
• They can approach the efficiency of storage rings while preserving the 

beam properties of linacs 
• Concept has been fully demonstrated and is used routinely in a user facility
• Studies have uncovered no fundamental show stoppers
• The ultimate limits of the energy-recovering concept have not been fully 

determined
• Highest Ql for the cavities while maintaining phase and amplitude stability

requirements
• Highest current that can be accelerated/decelerated 

• Preservation of rf stability 
• Avoidance BBU instabilities
• Extraction of HOM power
• Control of beam loss
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Electrons are not protons:
electron polarisation in rings, decoherence and spin matching
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Abstract
Although depolarisation in proton and electron beams in storage rings and ring accelerators is rooted in

the spin–orbit coupling embodied in the Thomas–BMT equation, the details of the depolarisation

mechanisms are very different. In particular the polarisation of a high energy proton beam depends on

its history whereas the polarisation of a high energy electron beam can depend strongly on the

depolarising effects of synchrotron radiation. In both cases the spin distributions are most efficiently

described in terms of the invariant spin field. The invariant spin field also provides the best framework

for quantifying the differences. A good example of the differences is provided by the use of a Siberian

Snake in an electron storage ring.

Snakes are essential for preserving proton spin polarisation during acceleration to high energy and can

help to stabilize spin motion at the top energy. But snakes can be inappropriate for stored high energy

electron beams which are self–polarised via the Sokolov–Ternov effect or prepolarised before injection at

the full energy. For example, snakes can, in effect, “switch off” the Sokolov–Ternov effect and at high

energy a single snake, installed to constrain the equilibrium polarisation direction (~n0) to the machine

plane can lead to a prohibitive increase in radiative depolarisation. The latter point will be demonstrated

with a simple, exactly solvable model of spin decoherence and the result will be compared with that from

the standard Derbenev–Kondratenko–Mane (DKM) calculation based on an exact expression for the

invariant spin field. The model is a useful pedagogical tool for demonstrating the meaning and

limitations of the DKM approach and for demonstrating the danger of horizontal ~n0.

Depolarisation of electrons by synchrotron radiation increases strongly with energy and can be especially

strong if the ring is misaligned or has spin rotators to provide longitudinal polarisation at interaction

points. But the depolarisation can be reduced by “linear spin matching”, i.e. by a careful choice of the

optics in sections of the ring. Spin matching is conveniently carried out in terms of the 8 × 8 spin-orbit

transfer matrices of the SLIM formalism. This approach emphasizes the locality of the required “spin

transparency”, is convenient for diagnosis and allows computer algebra to be used.
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The central differences:

• Proton depolarisation during acceleration by resonance crossing: memory, deterministic,

“reversible”.

Proton spin   INFORMATION  preservation during resonance crossing.

SATURNEAGS

P

0
E

P

0
E

TimeTime

The final polarisation depends on the history.

• Electron depolarisation by synchrotron radiation “noise”, irreversible, short memory,

independence of history.
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Stationary spin–orbit states in rings

• We don’t discuss particle dynamics by sitting on the closed orbit.

• We also shouldn’t discuss spin dynamics by sitting on the closed orbit — we must get out

into phase space.

And understand STATIONARY SPIN–ORBIT STATES:

===> “Invariant spin field”.

• Essential for understanding/calculating high order e± depolarisation.

And indispensible for understanding proton spin dynamics at very high energy (e.g. HERA

at 800 GeV).

Can then compare the two phenomenologies very easily.

• ===> Maximum attainable polarisation

• ===> Starting point for perturbation theory — if needed, e.g. noise, non-linear fields,

. beam-beam....
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Invariant fields: phase space
Protons

.

• Canonical particle coordinates: ~u ≡ (x, px, y, py , z, pz) Indep. var. = azimuth, s

• For electrons at high energy: ~u ≡ (x, px, y, py , σ, η = δE/E0)

• Phase space density, ρ(~u; s): Liouville: ρ constant along paricle orbits =====>

∂ρ

∂s
= {Horb, ρ}

• Stationarity: ρ(~u; s) = ρ(~u; s + C)
i.e. 1–turn periodicity of the (statistical) scalar FIELD ρ(~u; s)

although individual particles MOVE AROUND IN PHASE SPACE.
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Spin motion in electric and magnetic fields:

The T-BMT spin precession equation:

d~S

ds
= ~Ω× ~S

~S: spin expectation value

~Ω: depends on ~B, ~E, ~β, γ

In transverse magnetic fields:

Ω ∝ (a + 1/γ) ·B

a = (g − 2)/2 where g is the relevant g factor.

a = 1.793... for protons.

a = −0.143 for deuterons.

(a = 0.00115... for electrons.)
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Invariant fields: spin

How can a proton beam be fully polarised but the polarimeter gives ZERO?
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Invariant fields: spin
Protons

• Local spin polarisation ~P (~u; s): T-BMT. =====> PARTIAL diferential equation:

∂ ~P

∂s
= {Horb, ~P}+ ~Ω(~u; s)× ~P

• Stationarity: ~P (~u; s) = ~P (~u; s + C)
i.e. 1–turn periodicity of the (statistical) vector FIELD ~P (~u; s)

although individual particles MOVE AROUND IN PHASE SPACE AND THEIR SPINS

MOVE TOO.

• | ~P | is constant along orbits: ===> n̂(~u; s) = ~P/| ~P |

∂n̂

∂s
= {Horb, n̂}+ ~Ω(~u; s)× n̂

• Stationarity: n̂(~u; s) = n̂(~u; s + C) ===> n̂ is called the INVARIANT SPIN FIELD.

• Non–trivial T–BMT solution satisfying CONSTRAINTS.

• Solutions obeying these constraints are unstable (illdefined) at spin–orbit resonances.
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The invariant spin field (n–axis, Derbenev–Kondratenko vector)

0

0

n

n

0n

s1 s2

s1 + C

f (u ; s ) , x z
u = (x, p ,y, p ,z, p )

y

A pre−established s−periodic unit vector field at each phase space point
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The invariant spin field (n–axis, Derbenev–Kondratenko vector)

0

0

0

n

n

n

s1 s2

s1 + C

f (u ; s ) , x z
u = (x, p ,y, p ,z, p )

y

A pre−established s−periodic unit vector field at each phase space point  
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The Invariant Spin Field, n̂

.

• ~n(M(~u; s); s) = R
3×3

(~u; s)~n(~u; s)

This is NOT the eigenproblem ~N(~u; s) = R
3×3

(~u; s) ~N(~u; s)

n̂ is NOT a “closed spin solution”!!!

Instead, the field seen AS A WHOLE is invariant.

• On the closed orbit n̂(~u; s) −→ n̂(~0; s) ≡ n̂0(s).

• ===> n̂ and n̂0(s) should not be confused!!!

• The invariant spin field for 1 plane of orbit motion is a smooth closed vector

curve.

• For 3 planes of orbit motion n̂ is on a smooth surface but is not closed.
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The invariant spin field (ISF):

defines one axis of a local orthonormal coordinate system
at each point in phase space and azimuth for describing spin motion

— Pre-established at each s, ~u, γ0 independently of the presence of particles or spins.
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For protons: the invariant spin field
defines the maximum attainable equilibrium polarisation.

~Peq( ~J, ~φ; s) = P ( ~J) n̂( ~J, ~φ; s)

| ~Pmeas(s)| = | < P ( ~J) n̂( ~J, ~φ; s) > s| ≤ | < n̂( ~J, ~φ; s) >
s
|

Over one turn, the particles of an equilibrium phase space distribution replace

each other, and spins set parallel to the local n̂’s replace each other too.

Even if the spin field is very complicated: once in equilibrium, stay in equilibrium

— but small ~Pmeas.
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Figure 1: HERA protons at about 800 GeV: propagation of a beam that is initially completely

polarised parallel to ~n0 leads to a fluctuating average polarisation. For another beam in which the

spins are initially parallel to their local ~n the average polarisation stays constant, in this case equal

to 0.765.
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The stable spin direction?

• The ISF gives the stable POLARISATION directionSSSSSSSSSSSS.

• n̂0 gives the stable spin direction on the closed orbit.

BUT THERE ARE NO PARTICLES ON THE CLOSED ORBIT!

• At very high energy

< n̂( ~J, ~φ; s) > s and < P ( ~J) n̂( ~J, ~φ; s) > s need not be parallel to n̂0(s)
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 a: HERA-p / 8 snakes / 4 pi mm mrad / 800 GeV
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Figure 2: The n̂–vector for the 4π mm mrad ellipse at 800 GeV (left) and 802 GeV (right).

 a:  HERA-p / 8 snakes / 64 pi mm mrad / 800 GeV
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Figure 3: The n̂–vector for the 64π mm mrad ellipse at 800 GeV (left) and 802 GeV (right).
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The spin tune:

In transverse magnetic fields:

δθspin = aγ · δθorbit

• aγ is called the “naive spin tune”:

• It is a natural spin frequency of the system.

• At 27.5 GeV for electrons aγ = 62.5

• At 920 GeV for protons aγ = 1759–BIG!!

• ===> 1 mrad of orbit deviation causes > π/2

of spin precession!!!!

High fields=====> extreme sensitivity.
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The real spin tune: measures rate of precession around n̂

y zx

spinνAmplitude dependent spin tune! ( J)

phase space point

= n1,n2 axes

=  Spin projectionn1

n2

n1

n2

n1
n2

n1

n2

on n1,n2 plane

s2

s1

Attaching coordinate axes to each 

Spin precession rate w.r.t.  n1, n2  is the same at all phase space points with same J  , J  , J  . 
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The real spin tune:

Not a single number, but an equivalence class

with elements related by “gauge transformations” of the local coordinate systems.

Even without snakes, the real spin tune ν( ~J) does NOT oscillate with synchrotron
motion: although aγ does.
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Spin–orbit resonance.

• Interleaved vertical and horizontal (quad and

imperfection) fields.

• Rotations around different axes don’t commute.

• If the spin and (linear) orbit motion are in resonance:

νspin( ~J) = m + mx ·Qx + mz ·Qz + ms ·Qs

====> CRAZY spin field:

• High order resonances even for perfectly linear spin

motion. (non–commutation).

• Two main groups of resonances:

– Integer resonances due to motion along the distorted

periodic orbit ===> strong tilt of n̂0 from ideal.

– Synchro-beta (‘intrinsic’) resonances due to

synchro-beta oscillations AROUND the distorted

periodic orbit.

===> |n̂(~u; s)− n̂0(s)| LARGE.

===> | < n̂( ~J, ~φ; s) > s | SMALL — geometry.

e.g. ≈ 60◦ ===> Pmeas ≈ 0.5 !!!!
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SPIN98 + M. Vogt thesis 2000.

With no snakes, spin tune rises with energy and resonances are crossed.

With snakes REAL spin tune (6= 1/2) and can still hit resonances even with perfect alignment!!!!
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Figure 4: The amplitude dependent spin tune ν and the static polarisation limit Plim vs. vertical

orbital action Jy as calculated with SPRINT for the HERA–p. Left: vertical tune Qy = 32.2725,

right: Qy = 32.2825.
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SPIN2000 + M. Vogt thesis 2000.
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• Top left:

Energy scan of Plim and ν for HERA–p with flatteners and a 4 snake scheme

(rad., 45◦, rad., 45◦) with purely vertical motion at 0.75 σ.

• Top right:

The dependence of the final Pdyn after ramping through the resonance at approximately

802.7 GeV on the energy gain per turn.

• Bottom left:

Tune scan of Plim and ν for HERA–p with flatteners and a 4 snake scheme

(long., −45◦, rad., 45◦) with purely vertical motion at 2 σ.

• Bottom right:

The dependence of the final Pdyn after ramping through the resonance at [Qy] ≈ 0.2635 on

the total number of turns.



EICA Workshop, BNL, Long Island, Feb. 2002. 24'

&

$

%

Acceleration: evolution through stationary states?

At fixed γ0:

d ~S · n̂
ds

= 0

along an orbit (angle between 2 T-BMT solutions is constant).

During acceleration (using pre–established) n̂(~u; s, γ0):
d ~S·n̂(~u;s,γ0)

ds 6= 0
If

dγ0

ds and ∂n̂(~u;s,γ0)
dγ0

are small enough ~S · n̂ is an adiabatic invariant and a stationary spin distribution transforms to a

new stationary spin distribution with the same P ( ~J)!!! Spin can follow n̂ !!!

If a ~J dependent resonance is crossed, P ( ~J) can change but ~P ( ~J, ~φ : s) is still parallel to n̂( ~J, ~φ; s)

| ~Pmeas(s)| = | < P ( ~J) n̂( ~J, ~φ; s) > s| ≤ | < n̂( ~J, ~φ; s) >
s
|

|P ( ~J)| ≤ 1

HISTORY!
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The Froissart–Stora formula for crossing resonances

Pfinal

Pinitial
= 2 e−

π|ε|2

2α − 1

• ε is the “resonance strength”, a measure of the dominant spin perturbation at resonance

(Fourier component),

• α expresses the rate of resonance crossing.

Very fast resonance crossing: Large |ε|2

2α
: polarisation preserved.

Very slow resonance crossing: Small |ε|2

2α
: adiabatic invariance ===> full spin flip.
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Electrons

• Synchrotron radiation: ===> polarisation build up by

the Sokolov–Ternov effect!!!

• Synchrotron radiation: ===> noise and damping.

• ===> Stochastic orbital motion in the magnetic fields

• ===> Spin diffusion ===> depolarisation!!!!

• The resulting polarisation comes from a balance of

polarisation and depolarisation.

• How to calculate???
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For an overview of polarised electron phenomenology see:

“Electron polarisation in rings”, D.P. Barber, Snowmass 2001, Working

Group M5

at http://snowmassserver.snowmass2001.org/
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n0

‘‘Longitudinal’’ snake

Ideal snake: no syncho−beta dependence n0 horizontal everywhere

A simple model example: a single Siberian Snake in a perfect flat smooth ring.

Synchrotron phase space (σ, η) , smooth dispersion and quads.

n̂0(s) ≡ cos

(

g6(s)

)

ê1 + sin

(

g6(s)

)

ê2,

n̂ ≡ cos(f)ê1 + sin(f)ê2

f(σ, η; s) = g6(s) + σg19(s) + ηg20(s) =⇒ (T− BMT solution along orbit σ(s), η(s))

At HERA, 27.5 GeV, |n̂(σ, η; s) − n̂0(s)| ⇐⇒ 200 mrad ===> | < n̂ > | ≈ 1
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Simple model continued:

The corresponding stochastic differential equation for the spin–orbit motion







σ′(s)

η′(s)

ψ′(s)







=







0 −κ 0

Ω2
s/κ −2 αs/C 0

0 ±2πν0/C 0






·







σ(s)

η(s)

ψ(s)







+
√
ω ·







0

ζ(s)

0







For notation:

K. Heinemann, DESY Report 97–166 (1997) and Los Alamos archive: physics/9709025.

D.P. Barber, M. Böge, K. Heinemann, H. Mais, G. Ripken, Proc. 11th Int. Symp. High Energy

Spin Physics, Bloomington, Indiana (1994). AIP Proceedings 343.
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K. Heinemann, D.P. Barber 1996

Figure 5: No radiation, spins initially set parallel to n̂0, 27.5 GeV HERA: initial

state not in equilibrium ===> oscillating polarisation.

Figure 6: With radiation, spins initially set parallel to n̂0, 27.5 GeV HERA: af-

ter transients ~P (σ, η; s) parallel to n̂(σ, η; s) with the (σ, η) independent |P | falling

exponentially.
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horizontal0n everywhere:

hours at few hundred MeVBatesMIT− τ
dep

tens of seconds at 10 GeVeRHIC τ
dep

millisecs at 27.5 GeVHERA τ  =  260 
dep

No Sokolov−Ternov very exciting possibility  to observe 

‘‘kinetic polarization’’ at MIT−Bates ring.

A single Siberian Snake in a perfect flat ring.

‘‘Longitudinal’’ snake

n0
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Full 3–D spin motion
Particle transport in the presence of damping and diffusion.

Fokker–Planck equation:

∂ρ

∂s
= L

FP,orb
ρ

where with synchrotron photon emission modelled as additive noise the orbital Fokker–Planck

operator can be decomposed into the form:

L
FP,orb

= Lham
︸ ︷︷ ︸

Lham→Liouville

+ L0 + L1 + L2
︸ ︷︷ ︸

damping and noise

.
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Without the S–T terms, the corresponding form for the

Polarisation Density ~P:

∂ ~P
∂s

= LFP,orb
~P + ~Ω(~u; s)× ~P

Barber + Heinemann 1990’s

~P (s) =
∫

d6u ~P(~u; s).

This equation:

• can be derived in a classical picture,

• is homogeneous in ~P i.e. it’s “universal”,

• is valid far from spin–orbit equilibrium,

• contains the whole of depolarisation!
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After including the S–T terms, this becomes (Derbenev + Kondratenko, Barber +

Heinemann):

∂ ~P
∂s

= L
ham

~P + ~Ω(~u; s)× ~P
︸ ︷︷ ︸

≡Damping and noise free part

+L0
~P + L1

~P + L2
~P +

1

τ0(~u)

[

~P − 2

9
v̂(~P · v̂) +

8b̂(~u)

5
√

3
ρ

]

︸ ︷︷ ︸

ST in BKS form

+ X−terms
︸ ︷︷ ︸

Kinetic pol.

︸ ︷︷ ︸

SMALL

⇓
≡ T-BMT equation (BIG)

⇓
Stationary state

⇓
n̂-axis (Invariant spin field) → DETERMINES DIRECTION

⇓

Rate of polarisation loss ∝ Functional of n̂, ∂~u n̂, ∂
2

~u n̂ . . . . . . (e.g. DK formula ).

=⇒ large near spin orbit resonances — since n̂ is then very sensitive to ~u.
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The Derbenev–Kondratenko–Mane Formula: full 3–D.

P
eq,DK

= − 8

5
√

3

∮

ds 〈|K|3b̂ ·
[

n̂− ∂n̂
∂η

]

〉s
∮

ds〈 |K|3{1− 2
9
(n̂ · v̂)2 + 11

18

∣
∣
∣
∂n̂
∂η

∣
∣
∣

2}〉s

τ−1
dep

=
5
√

3

8

reγ
5h̄

me

1

C

∮

ds

〈

|K|311

18

(

∂n̂

∂η

)2〉

s

b̂ field direction, K curvature

〈 〉s: ensemble average.

~Pmeas(s) = P
eq,DK

〈n̂〉s ≈ P
eq,DK

n̂0 since |n̂(~u; s)− n̂0(s)| SMALL.
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Check the DKM formula for the Barber – Heinemann model:

Exact result of model:

τ−1
spin =

d2

λ2
0

· ω

2 c λ L
· 1

{cosh(cL/2) + cos(λL)} ·
(

2λ sinh(cL/2) − c sin(λL)

)

DKM version using the expression for n̂(σ, η : s):

(c0 τdep
)−1 =

d2

λ0
2
· ω

2 λ0 L
· 1

{1 + cos(λ0L)} ·
(

λ0L− sin(λ0L)

)

.

• Resonance denominators

• BIG effect even way off resonance

• ===> Avoid n̂0 in horizontal plane!!!

===> Avoid that spin couples to dispersion (sync. phase space is BIG).
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For electrons with radiation:

• The VALUE of the polarisation P
eq,DK

is the same at all phase space points and azimuth s.

• The DIRECTION of the polarisation is parallel to n̂

• At practical energies |n̂(~u; s)− n̂0(s)| SMALL e.g. ≤ 100 mrad away from resonances.

• The rate of depolarisation depends on the DERIVATIVE ∂n̂/∂η

• An estimate for pure synchrotron motion: ση ≈ 10−3, |n̂(~u; s)− n̂0(s)| ≈ 1 mrad

=⇒ |∂n̂/∂η| ≈ 1 =⇒ P
eq,DK

≈ 0.60!!!

• Very close to resonances n̂(~u; s) is a very sensitive function of ~u so that ∂n̂/∂η can be large

and the equilibrium P
eq,DK

can be small.

• For electrons, even without Sokolov–Ternov build up, the equilibrium of the spin

DIRECTIONS (along the spin field n̂ ) is established by noise and damping.

• For protons, the equilibrium of the spin DIRECTIONS is established during acceleration.
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Full calculation of n̂(~u; s) is HARD and needs big computing power

High order perturbation theory: Unitarity problems near resonances.

SMILE (S.R. Mane),

SpinLie (Yu. Eidelmann and V. Yakimenko).

Nonperturbative:

SODOM (K. Yokoya),

SPRINT (K. Heinemann, G. H. Hoffstaetter, M. Vogt).

===> linearize

SLIM/SLICK (A.W. Chao (D.P. Barber)) , SITF (J. Kewisch),

ASPIRIN (V. Ptitsin)

Linearization ignores most non–commutation ===> only first order resonances. Unitarity

problems.



EICA Workshop, BNL, Long Island, Feb. 2002. 39'

&

$

%

SLIM/SLICK/SITF I.

~Ω = ~Ωco + ~ωsb

~ωsb is small (?)

In practical electron rings n̂(~u; s) is close to n̂0(s) so use:

n̂(~u; s) = n̂0(s) + α(~u; s)m̂(s) + β(~u; s)l̂(s)

where
√

α2 + β2 � 1

We write the components ωsb
s , ωsb

x , ωsb
y in the form







ωsb
s

ωsb
x

ωsb
y







= F3×6
















x

px

y

py

σ

η















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SLIM/SLICK/SITF II.

In linear approximation the combined orbit and spin motion is

described by 8 × 8 transport matrices of the form

M̂ =







M6×6 06×2

G2×6 D2×2







acting on the vector (~u, α, β),
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SLIM/SLICK/SITF III.

The eigenvectors for one turn defined by M̂(s0 + C, s0) · ~qµ = λ̂µ · ~qµ
are written in the form

~qk(s0) =




~vk(s0)

~wk(s0)



 , ~q−k(s0) = [~qk(s0)]
∗

for k = I, II, III ;

Then with respect to the (n̂0, m̂, l̂) frame,

∂n̂

∂η
≡ i

∑

k=I,II,III

{v∗k5 ~wk − vk5 ~w
∗
k}

= −2 Im
∑

k=I,II,III

v∗k5 ~wk

Note that this is independent of the phase space vector and emittances!

The v∗k5 describe the coupling of the orbit to radiation.

∂n̂
∂δ
≡
∑

3modes coupling of spin to orbit × coupling of orbit to radiation
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Spin matching I.

To minimize depolarisation, minimise the coupling of the spin to the orbit at dipoles where the

coupling of orbit to radiation does not vanish.

~wk(s0) = −
[

D(s0 + C, s0)− λ̂k

]−1

G(s0 + C, s0)~vk(s0)

for k = I, II, III ;

Minimize the appropriate parts of the 1–turn SPIN–ORBIT coupling matrix G(s0 +C, s0) ===>

Minimize the appropriate parts of the SPIN–ORBIT coupling matrix G(s+ ∆, s) for strings of

elements: SPIN TRANSPARENCY
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Spin matching II.
The matrix approach to linear spin matching: minimize G2×6

Advantages:

• Direct connection to quantities appearing in SLIM (SLICK).

• Necessary for coupled systems (skew quads, solenoids).

• For a big ring:

Evaluation (numerical) of integrals in a thick lens optimization

program is too slow ===> analytic integration? ===> integrals

already contained in G2×6 .

• “Locality”: once G2×6 is zero for a section of the ring it remains

zero no matter what changes are made to the optics outside.

• Provides a systematic basis for investigation of the algebraic

properties using e.g. REDUCE, MATHEMATICA, MAPLE.

• The interpretation is usually transparent, e.g. arbitrary string of

quads and drifts.
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Spin matching III.

The basic rules of self polarisation and spin matching.

• Keep n̂0 aligned to the field in as many of the ring dipoles as possible to drive S–T effect at

full rate. E.g. minimize the regions around IPs where n̂0 is horizontal and there is radiation

in dipoles.

• Minimize G2×6 across the regions around IPs where n̂0 is horizontal.

• Get a grip on the remaining effects of G2×6 .

• Then do very good orbit correction to avoid the n̂0 tilts (resulting from misalignments) that

couple spin to horizontal synchro–betatron motion and nullify the effect of good spin

transparency.
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Spin matching IV.

See the article by D.P. Barber and G. Ripken in the Handbook of Accelerator Physics and

Engineering, Eds. A.W. Chao and M. Tigner, 2nd edition, World Scientific, 2002.
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Higher order resonances. e.g. sync. side bands

Beam–beam forces!!!
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1. The Kinetic polarization mechanism: 
Why should we verify it experimentally for EIC ? 
*Self-polarization of the e-ring is the key technical advantage 
of the EIC ring-ring option over others. At 10GeV, it is not 
totally trivial to achieve high P in short time. 
*Kinetic Polarizing term in the DK formula has never been 
well verified experimentally. 
*Calculations show significant reduction of the equilibrium 
polarization level caused by horizontal dipoles between the 
spin rotators on both sides of the IT region.  
*If the reduction is true, then using higher fields in the arc 
dipoles or installing special polarizing wigglers are options to 
reduce the polarization losses. But what should we decide to 
do for the design? 
We should not keep holding  and guessing what to do about it 
if we can test this KP mechanism now with minimal efforts.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure1. The Peq and the spin relaxation time vs. energy for the 
3.5-7 GeV “EPIC” Electron Ring 

“Concept for a Polarised Electron-Proton Collider with 15-30 GeV c.m. Energy and 1033 
cm-2s-1 Luminosity” I.A. Koop et. Al . Pac200 
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The DK Formula: 
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is the spin orbit coupling vector. 
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ˆ

33

W

WW
W

W
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dsdnbdnb

+


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


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∫

− πρ
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α

rr

 

Two observations: 

a) In general, if  12Lw:Here1 23
w

2
w

2

>>
ρ

π
ρ

>>
ρ
ρ

 

 
Wiggler effect is dominant in self polarization.  
At SHR: ρ=9.14m , ρW=0.3-0.5 m 

 A relative small high field wiggler can make difference. 
 

b) Since α_ is d direction sensitive, while α+  is only d 
amplitude dependent, therefore  proper location and field 
direction of wigglers are essential for kinetic polarization.  

 

 3



 
2.  Kinetic polarization at Bates South Hall Ring. 
 
Bates South Hall Ring: 
C=190.204 m 

 Energy:  up to 1.5 GeV with existing  RF system capacity. 
 One Siberian snake: Spin direction in horizontal plane. Spin tune=0.5 

Measurement means: laser back-scattering  Compton polarimeter,  
spin flipper. 
 
This is a unique situation: 
• Spin in the horizontal plane.  
• The SK self polarization mechanism does not work. 
• The spin-orbit coupling vector can be aligned with guiding field or 

with transverse wiggler fields. 
The KP is dominant in self polarization. 
 
Also at SHR energy range 0.3-1.5 GeV , aγ changes from 1 to 3: 
There are  three “magic” energies  which is  convenient  for 
experiment observations. 

 
 Previous KP research 
 *AmPS:   
  “Siberian snakes for electron storage rings” 
   V.Ptitsin and Yu. Shatunov 
    1997  

Proposals for exploring KP mechanism at Bates: 
 
*Proposal to S. Peter Rosen(Associate dir. Office of H 
Energy & Nuclear Physics DOE US) 

   Desmond. P. Barber 
    2000 

* “Radiation Polarization in the BATES South Hall 
Ring” 

   M.Korostelev and Yu. M. Shatunov 
    2000  
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2.1 Descriptions of spin –orbit coupling vector, and the kinetic 
polarization. 

 
The equation of spin motion , can be expressed in general as: 

S
ds
Sd rrr
r

×+Ω= )( ω       

 )(sΩ
r

is the angular frequency vector of spin precession, and is periodic, 
i.e. )() sΩ=Ω( Cs + with C being the circumference of the ring. 

rr

Aperiodic parts such as betatron oscillations are contained in )(sωr . 
The effects of closed orbit distortions are assumed to be included in the 
unperturbed part )(sΩ

r
. 

 
The base vectors for such a solution is expressed as  
They form a right-handed orthonormal base (SLIM notation). 

.)(ˆ)(ˆ),(ˆ slandsmsn

 Vector  (s) is periodical.  And   satisfy  n̂ )(ˆ),(ˆ slsm
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For the unperturbed part : 
r

SS

S
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Sd
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xy rr
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And can be solved in the form of )(),()( 00 sSssRsS

rr
=  

Where R is the transfer matrix from s0 to s. 
As R3x3 is periodical and Det [R]=1, for this one turn matrix, there are three 
eigenvalues and three eigenvectors: 

kkk00 ÊÊ)s,Cs(R λ=+  
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πνλ 2
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011
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At the first order approximation, the spin orbit coupling vector: 
 

)ˆiDRe(n̂d *η≈
γ∂

∂γ=
r

 is orthogonal to . n̂

In general:  βγ DDD +=
 
For a practical case like at SHR: 

Snake location dispersion free.  
No x,y coupling outside the snake. 

 
The D expression outside the snake: (E.A.Perevedentsev, V.Ptitsin & Yu. 
Shatunov) 
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 fI: first mode Floquet function, ψ dispersion. 
For spin-matched snake:GIX,Z=0,  Dβ->0. 
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The 
H

dγ

r
≡0 at internal target, and = πν 0  at snake straight. 
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2.2 The d and KP plots from SLICK and ASPIRIN: 
   
 

 

 
 
       Figure 2. The spin directions and base vectors at SHR 
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 Figure 3. Total kinetic polarization with snake on 
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  Figure 4. The Vertical part of synchrotron mode of  the d 
 
The Vertical part of synchrotron mode of the d  is almost azimuthally 
independent. 
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Figure 5. The horizontal part of the synchrotron mode of the d 
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  Figure 6. Total |d| at magic energy 
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2.3 Wiggler connecting to Vertical component of the d 
vector 
 

 
 
 Figure 7. KP and polarization time vs. energy 
  with horizontal wiggler at west straight 

 12



2.3 Wiggler connecting to the horizontal component of 
the d vector 
 

 
 
 Figure 8.1 KP vs. energy with vertical wiggler  at 
     east straight. 
 

♦ At “magic” energy, the horizontal d is aligned with the vertical wiggler 
field. KP is  maximized. 

♦ While the vertical component of d  is zero at magic energies, so does the 
KP level achieved with H-wigglers.  

♦ Due to large |d| values, at V-wiggler, the wiggler will well 
dominate the KP process. As a result the Peq level almost 
independent of wiggler field changes (still Bw>>Bb).  
Figure 8.2: Manual calculation of Peq with double wiggler 
strength (C. Tschalar). 

♦ The polarization time however will strongly depend on the 
wiggler field.  
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3. The Test plan 
About the proposal by M.Korostelev and Yu. M. Shatunov (2000). 
3.1 The test plan 
Step1 :A 
 Purpose:  Verification of KP from d (horizontal)   

0.88 GeV, LEM Lattice 
 Vertical wiggler in the east straight (snake straight) 
 Expected Peq= 21%, logitudinal at internal target. 
 Porilization time ≈1700 sec 

Measurement: Compton polarimeter. 
      Check: Spin flipper. 

Hardware Requirement: One V-wiggler + necessary focussing q 
etc. 

Step1 :B  
 Purpose: KP from d (Vertical) 

1.1GeV,  LEM lattice. 
Horizontal Wiggler in the west straight (internal target) 
Location: W-straight, between Q10-Q11. 
Two (or multi) 2856 RF cavities. 
Expected Peq= 50.8% 

 Polarization time ≈1900 sec 
 Measurement: Compton polarimeter. 
      Check: Spin flipper. 

Hardware Requirement: 
1. One H-wiggler + necessary focussing q etc. 
2. Full usage of the existing RF capacity with multi-cavities. 

Step 2 :  
Purpose: Complete Mapping of KP : 

 1.1-1.5 GeV  LEM  lattice.  
 Injection ~ 1.1 GeV.  

Energy ramp required. 
 Add one more snake or use a single high field (10T) snake. 
 H-wiggler.  Mapping: Vertical d 
  1.1, 1.5 GeV 

V-Wiggler. Mapping: Horizontal d  
 1.32 GeV 

Hardware Requirement: 
1. A second snake or upgrade existing snake to 10T. 
2. Ring energy ramping: dipole PS, sextupole coils etc. 
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 3.2  Hardware requirement and discussions 
  3.2.1 The “asymmetry” wiggler: ( Bc/Bs>6 ) 
      The centerpiece will be dominant. 

0.1m Center dipole, Max.  Bc=10T, 
Compensation dipole, Max. Bs=1/9 Bc. 

 Additional focussing quadrupoles.   
 
 
                       10T,0.1m 
 
                        1.11T  
 
                                      q        q  
 
   wiggler from the BINP proposal(2000) 
   
 
• What happens if such an “original ”(no extra q’s and 

optics matching) wiggler is inserted? 
 

For H-wiggler. νx not changed, νy increases (e.g. for LEM lattice from 
0.1 to 0.128). 
Distortion of Twiss parameters at snake is very small. Dβ effect? 
 

 For V-wiggler. νx increases (from 0.58 to 0.64), νy  no changes.  
 Distortion of βx at snake location is obvious. Dβ effect? 
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Figure 9.1 The unperturbed LEM lattice. Green-βy,red-βx. 

Figure 9.2 The perturbed lattice with an “original” horizontal 
wiggler. 
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 Figure 10.1 The unperturbed LEM lattice at snake location 
 
 

 
Figure 10.2 The perturbed lattice (snake location) with an “original” 
horizontal wiggler at west straight.  
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Figure 10.3 The perturbed lattice (snake location) with an “original” 
vertical wiggler at east-straight. 
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3.2.2 RF requirements 

 Synchrotron radiation loss 
   
  Wiggler:  center piece: ρ=0.5m, L=0.1m  
         Compensations: ρ=4.5 m, L=0.45m  
  Wiggler*: B(center)=10T, B(compensate)=1.11T 

 
E(GeV) Loss Per turn(KeV) Q life (sec), LEM Lattice 
 Dipoles Wiggler Wiggler

* 
Total 130kv 260kv 400kv 

0.88 5.8  10.9 16.7 >10 
hour 

  

1 9.7 6.3 14 23.7 1000   
1.1 14.2 9.1  23.2 1420   
1.1 14.2 9.1 17 31.2 28   
1.2 20.1 13 20 40.1 / >10 

hour 
 

1.35 32.1 20.45 25.6 57.7 / 290  
1.4 37.2 24 27.5 64.7 / 56 >10 

hour 
1.5 49 32  81 / / 4000 
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RF System Parameters for SHR at 1.5 GeV 

 
     (Abbi Zolfaghari and Defa Wang) 
 
 
RF frequency, frf [MHz]    2856 
 
Harmonic number, h           1812 
 
RF Voltage, V[kV]              448 
 
Beam Current, I(mA)     100 
 
Energy  Loss/turn [keV]    49 
 
Wiggler Loss /turn [keV]    32 
 
Klystron Power, P[kW]    50 
 
Number of cavities     4 
 
Gap voltage/ Cavity, *Rs [MΩ]   0.9 
 
Number of Klystron     1 
 
*Rs=V2/2p 
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3.3 Bates planned tasks: 
 
3.3.1 Ring Lattice up-grade 
 

The original Lattice, Half of the 1800 Bending section 

The Low Emittance Lattice. 
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3.3.2 Polarimeter & spin flipper 
(W.Franklin, T.Zward) 
 
(a)Improvement of polarimeter performance. 
 Steady high rate operation, systematic error reduction 
(b)New Spin flipper  
     
 
3.4 Schedule for KP test 
 

Tasks Status        Time (in month) 
  Design & 

Spec. 
Manufactu
re 

Installation  Test 
(Beam 
time) 

Ring Lattice Planned*     
Polarimeter Planned     
Flipper Planned     
V-wiggler  2 10 1  
H-wiggler  2 10 1  
RF cavities  2 10 1  
Dipole PS  2 10 1  
1 snake  2 10 1  
Sextupole 
coils 

 2 6 1  

KP test      3-4  
 
* Planned tasks will be accomplished within next year. 
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Outline

Design of original HERA interaction region and 
luminosity upgrade (HERA II) IR 

Design considerations
Optics
Layout of Interaction Points
HERA Parameters
Special Magnets
Synchrotron Radiation
Conclusions - Present Status
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HERA Overview

Electron (positron) -
Proton Collider

Beam energies
protons 920 GeV
electrons 27.5 GeV

180 bunches
96 ns bunch spacing
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Design Considerations
Very asymmetric beam energies
High luminosity low beta quads close to IP, high                  
gradients (different focusing magnets for p and e beam)
Early beam separation, use off-axis quad magnets (combined 
focussing and beam separation)
Sufficient beam aperture 

Acceptable background conditions: 
synchrotron radiation and 
particle background

Good detector acceptance
Detector coverage down to small angles

Little “dead” material in front detector components
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Layout of HERA I Straight Section 
Top view of straight section (right side)
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Optics of HERA I  IP
β-function  electron beam
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Optics of HERA I  IP
β-function and dispersion of proton beam

)( β
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HERA I Parameters
                                
  Design  2000

Beam energy  p 820   920    
 (GeV)                    e     30   27.5

Beam emittance    p-hor/vert 5.72/5.72   4.1/4.1
(nm) e-hor/vert 50/5   42/4

β ∗ function p-hor/vert 10/1    7/0.5
(m) e-hor/vert  2/1   1.0/0.6

Beam size  (µm)   hor/vert    240/76   170/45

Aperture limit p-hor/vert  14/14   12/10
(sigma) e-hor/vert >30    >15

Protons/bunch       (1011)  1    0.8

E beam current     (mA) 58    50

Beam-beam p-hor      .0016/.00035    .0019/.0003
tuneshift e-hor 0.02   0.0161

Luminosity  (1031  cm-2 s-1) 1.4    2.0  
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ZEUS Detector - HERA I IP

First HERA magnets (off-axis quads) at ± 5.8 m from IP
Calorimeter covers  >99.8% of full solid angle

forward hole in calorimeter  6.3 cm diameter
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Synchrotron Radiation - HERA I

Total power  6 kW  (original design 18.6 kW at 35 GeV)
Critical energy 34 keV (original design 70 keV at 35 GeV)

• Detector shielded by 3
movable upstream 
collimators.

• Two fixed collimators
near IP against back-
scattering.

• Background conditions
very low. 
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Luminosity Upgrade - HERA II
Increase luminosity by reducing beam size at IP
• Reduce beta functions of proton and electron beams at IP
• Reduce emittance of electron beam 

(max. beam-beam tune-shift                 )
beta function
• Low beta quadrupole magnets as close as possible to IP 
• Early beam separation 

• First magnet 1.7 m from IP (separation and focusing) 
• First proton quadrupole now at 11 m instead of 27 m from IP

Electron beam emittance 
• Electron machine lattice stronger focusing
• Phase advance per cell increased from 600 to 720.
Constraints
• Try to keep good forward and backward coverage of calorimeters
• No upstream synchrotron radiation collimators anymore
• Have to remove compensating solenoids

04.0=∆ e
yν
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Layout of HERA II  IR 

S (m)

X 
(m

)
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Optics of HERA I and II IRs

HERA II

HERA I
β-function electron beam

HERA I

β-function proton beam

HERA II
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Comparison HERA I and HERA II
                                             HERA I HERA II
  Design  2000           Design exp. 2002

Beam energy  p 820   920               920   920
(GeV)                    e     30   27.5             30    27.5

Beam emittance    p-hor/vert 5.72/5.72   4.1/4.1 5.1/5.1   4.1/4.1
(nm) e-hor/vert 50/5   42/4           22/3.5   21/3.5

β ∗ function p-hor/vert 10/1    7/0.5 2.45/0.18   2.45/0.18
(m) e-hor/vert  2/1   1.0/0.6           0.60/0.26   0.60/0.26

Beam size  (µm)   hor/vert    240/76 170/45 112/30  100/27

Aperture limit p-hor/vert  14/14   12/10 12/12   12/12
(sigma) e-hor/vert >30    >15            20    20

Protons/bunch       (1011)  1    0.8              1    0.7

E beam current     (mA) 58    50             58    50

Beam-beam p-hor      .0016/.00035  .0019/.0003           .0033/.0005     .003/.0004
tuneshift e-hor 0.02 0.0161          0.0291             0.0278

Luminosity  (1031  cm-2 s-1) 1.4   2.0       7.3      5.1
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Special Magnets for new IR
Normal conducting magnets

6 types of magnets
New type of septum magnet: 
half quad/mirror plate with 
triangular cutout
High gradients (30 T/m)
Good field quality ∆B/B 10-4

Relatively large power

Final design and manufacturing
Efremov Institute, St.Petersburg

Super-conducting magnets
1.7m from IP
Increased beam aperture
Higher gradients possible
Combined function magnet: 
several coils inside magnet    
Good field quality
Very limited space
More compact than normal 
conducting magnets 
Inside detector fields

Final design and manufacturing BNL
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Superconducting Magnets (BNL)

GO GG

Gradient 13 T/m 3.5 T/m

Current 500 A 500 A

Quadrupole

Layers 3 1

Field .168 T .3 T

Current 500 A 300 A

Dipole

Layers 1 2

Gradient 1.24 T/m .54 T/m

Current 150 A 37 A

Skew Quad

Layers Half length 1

Field .0876 T .04 T

Current 150 A 37A

Skew Dipole

Layers Half length 1

Field 4 T/m2 3 T/m2

Current 20 A 20A

Sextupole

Layers 1 1
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ZEUS Detector - HERA II IP
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GO Magnet installed in ZEUS
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Normal Conducting Magnet (Efremov)

Special septum magnet (half-quadrupole)
Function: focussing of proton beam, gradient  25 T/m
Mirror plate with triangular cutout for electron beam pipe
Beam separation 60 mm
Stray field (e-beam)  < 10 G, field quality < 3 10-4 at 25mm
Two correction coils
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Synchrotron Radiation - HERA II
Total power 18kW (26kW at 
30GeV)

Critical energy up to 115 
keV (150 at 30 GeV) 

“No” upstream collimators

Radiation fan must pass 
through IR

Main background source:
back-scattering from absor-
bers 11 to 27 m right of IP

Small central beam pipe

Top view of interaction region

Details: talk by D.Pitzl
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Layout of Interaction Region
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Conclusions - Present Status
HERA I IR:  First magnets at 5.8 m from IP
HERA II IR: 
• Magnets as close as possible  to IP (1.7 m)
• No dipole magnet for beam separation 

• different electron and positron orbits 
• Special magnets: super-conducting magnets, septum magnet,
normal conducting magnets with high gradients

• No free space between magnets
• Big effort: 10 month shutdown for installation
Status
• Installation completed July 2001
• HERA re-commissioning started in August 2001
• Achieved design specific luminosity (with low currents)
• Synchrotron radiation background too high to turn on central  
drift chambers

• Need additional collimators, installation February/March
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Outline of Talk
• PEP Overview

• IR Design Parameters & Lattices

• IR layout & components

• Some Performance Issues

• Summary
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SLAC LINAC and PEP-II Ring
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PEP-II Ring
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The BaBar Detector
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  Design  Achieved (delivery)

 Energies e− / e+ (GeV)  8.973  3.119   

 Currents e− / e+ (A)

 Single beam currents (A)

 0.75  2.14  0.98

 0.95

 1.68

 2.10

 Number of bunches  1658  762

 Bunch currents e− / e+ (mA)  0.45  1.29  1.24  2.09

 Bunch spacing (m)  1.26  2.52

 IP spot size σx
* / σy

* (µm)  155  4.7  147  5

 Luminosity (×1033/cm2/sec)  3.0  4.51

 Tune shift horiz. e− / e+  0.03  0.03  0.059  0.069

 Tune shift vert. e− / e+  0.03  0.03  0.027  0.055

 Integrated lumi. / 3 shifts (pb−1)  135  308

 Integrated lumi. / week (pb−1)  785  1836

 Integrated lumi. / 7 days (pb−1)  785  1865

 Integrated lumi. / month (fb−1)  3.3  6.35

 Beam crossing angle  0 (head-on)  0 (head-on)

PEP-II Parameters
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IR Design Parameters

• Head-on collisions

• ß* x/y = 50/1.5 cm
with room to lower to 33/1.0 cm

• Min. bunch spacing 1.25 m

• 1:3 ratio of beam energies

• Min. unobstructed forward angle 350 mr
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IR Design Parameters (cont’d)

• Energy ratio => Use magnetic separation
(B1)

• Bunch spacing => separating dipoles within
detector field (avoid parasitic x-ings)

• Low ß* => 1st D-quad within detector field,
common to both beams

• Separation => next (F)-quad not common
(LER only)
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The BaBar Solenoid
• About 5 Tm of B-field

• End fields clamped by shielding plugs

• Yawed against IR orbit by 16.8 mr

ÒWigglesÓ in field
Caused by pm magnets
(µrÅ1.05)



U. Wienands, SLAC-PEP-II
EICAW  IR talk ppt, 26-Feb-02

PEP-II IR Schematic M. Sullivan
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Interaction Straight Side-View
M. Sullivan
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Interaction Straight Top-View
M. Sullivan
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HER IR Lattice

• Relatively “standard” doublet-focusing IR.

• ß ≈ 500 m in insertion quadrupoles.

• Low-field dipoles match dispersion,
stop s.r. fans from arc,
sweep out some lost particles.

^
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PEP-II HER IR Lattice
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LER IR Lattice

• Local chromaticity compensation.
Use dispersion from B1 to achieve this,
plus 2 sextupoles (7.7T/m) 180° apart.

• ß ≈ 100 m in insertion quads & at sexts.

• 3-d geometry to meet HER beam.

• Skew quad component at QF2
part of solenoid compensation
=> use permanent-magnet ring.
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PEP-II LER IR Lattice
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Beam-Stay-Clear

• Do not want to scrape close to detector

• BSC formula around the ring

• BSC formula within IR 2:

– (Although the c.o.d. in IR 2 is smaller than
elsewhere)

BSC =  12  +  . . .,    or

BSC =  12 2

σ

σ ηδ

c o d

c o d+ +( ) . .2

BSC =  15  +  . . .,    or

BSC =  15 2

σ

σ ηδ

c o d

c o d+ +( ) . . .2
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S.R. Fans in the IR

• B1, the beam-separator, is the strongest dipole in
the ring, Bmax = 8.37 kG.

• HEB fan generated is 56 kW, LEB fan, 20 kW
from B1 and offset Q1 magnets (at 1 on 2.14 A).
εc=45 keV (HEB), 5.3 keV (LEB)

• Most sr goes through the IP without interference,
the remainder is absorbed by masks
designed to protect detector acceptance
from direct s.r. and scattered s.r.
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PEP-II IR with HEB SR Fans
M. Sullivan
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PEP-II IR with LEB SR Fans
M. Sullivan
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Insertion Magnets
• PEP chose permanent magnets over s/c

magnets because of time constraints.

• Due to high ß, harmonics at 10-4 level.

• QD1a is combined quadrupole/dipole magnet.

• Rotatable magnet slice provides for skew-
component adjustment.

• Significant detector field @1st Fe-Cu magnet
=> shaped mirror plate to counteract induced
skew octupole
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IR Magnet Details
Magnet From…To Field Aperture

(cm) (Ø,cm)
B1 21.5…69.5 0.27…0.84 Tm 3.6…6

QD1 90…206 12.2…10.64 T/m 6…9
+ 0.35 T B x

QF2 280…342 7.26 T/m 9.56
(LER only)

QD4 350…520 7.57 T/m 12
(HER only)

QF5 594…746 6.17 T/m 16
(HER only)
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IR SM2Co17 Magnets
Q1 magnet & rings

B1 magnet in measurement

Q1a ring
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Q1a Magnetic Field Harmonics
S. Ecklund

dipole

quadrupole

12-pole
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SK1 Rotatable Quadrupole
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QF2 magnet with Mirror Plate
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HER IR Quad with Slot for LER
Back sideFront (IP) side
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IR Vacuum System

• ≤ 10-9 torr pressure (except in vtx chamber).

• 50 mm ID Be vertex chamber, ≈3.5 mm wall;
LCW cooled, He cooling possible.

• Largest possible aperture in insertion quads.

• 2 radial ion pumps, ≈ 400 l/s each.

• NEG pumping in Q4&Q5 insertion magnets.

• Cu and GlidCop used extensively.

• S.R. masking in all chambers except vtx.

• HOM absorber @ bellows near “crotches”
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Inner IR Forward Side Vacuum

      e+      

B1 Chamber
VTX Chamber

Rad. Ion pump

Top view

Side view
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Inner IR Backward Side Vacuum

      e-      
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IR Vacuum Chambers

Q1 chamber

Be vertex chamber

Q2 septum mask
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Backward QF2 with
Vacuum Chamber
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VTX Chamber with SVT
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IR support Tube Assy

Support tube assembly

Inner IR vacuum & B1 magnets

Support tube assembled
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Support Tube Installation
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Background Issues

• Two background sources: lost particles and
synchrotron radiation (x-rays)

• The former is aggravated by the separator
dipole’s sweeping debris into detector.

• The latter is aggravated by high s.r. power
with significant x-ray contribution.
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Backgrounds, spikes

• Compare Y2k with

•  Y2k+1 trip rates

– “Dust trapping”
much reduced from
early Y2k rates

T. Meyer/BaBar
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Lost-Particle Backgrounds

IP

Normalized to:
- uniform pressure profile of 1 nT
- 1 A beam current

e- Brems-
strahlung

in last 26 m

(near IR,

x-plane)

Vacuum pipe / mask
apertures

W. Kozanecki

IP

Coulomb
scattering

in Arcs

(distant)
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Guesses:

¥ The magnetic separation (B1, Q5) is largely responsible for the spikes in the horizontal plane.

¥ X-ing angle has the potential of reducing sensitivity in horizontal plane by ~ 1 order of
magnitude for the SVT

¥ The relative gain will be smaller for other detectors (e.g. DCH)

PEP-II 1999

Beam-gas backgrounds: X-ing angle
W. Kozanecki
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Some issues we encountered

• Vacuum and magnets move with beam current.
– Thermal expansion quite significant

• A few s.r. masks hit by B1 fans and by B3 fans
from the HER failed due to improper execution
and design issues.
– These have been replaced

• Be vertex chamber getting hot at forward end.
– Septum chamber may be culprit

– Replace with backward-end type chamber
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Magnet shift with beam current

Vac. Chamber temperature

QF5L x position

HER beam current
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VTX pipe Temperature
VTX beam pipe thermocouple compared to model (S. Ecklund)

Beam current
(HER & LER)

Temp (blue)
Fit (red)

Beam current 
(mA)

∆t (¡F)
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Bellows that is heating up

Be beam pipe at the center of BABAR
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Frequency = 5.280 GHz
Power loss = 230 W

Mode at Forward Mask
N. Folwell, C. Ng
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More Issues…
• Solenoid coupling compensation

operationally very difficult
– Design correct, but no good diagnostic

capability due to strong local coupling

– Orbit deviations in local sextupoles change
coupling

• Backgrounds have been higher than
originally anticipated
– But vacuum cleaned up considerably and

detectors more rad. tolerant => “under control”
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Vertical Orbit through IR

In BaBar coordinates
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SVT Radiation Monitoring

¥ About 1 MR
until end of
Y2001 run.

¥ Å13 kr/fb-1

¥ Dominated by
HER backgnd.

C. Campagnari (SVT)
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New bellows

New Q2 chamber

Side view of the BABAR Detector
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Summary
• The PEP-II IR is challenging due to

– high beam currents, close bunch spacing;

– zero crossing angle and forward angle clearance

• The requirements were met by
– pm magnets within the detector, some common;

– elaborate s.r. masking and shadowing of s.r.;

– use of high-strength materials like GlidCop.

• The operational experience has been
positive overall.
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 Toy Model of a Detector for EIC

arch 2001) in the context of

d accelerator will be needed”

ffstaetter (Snowmass2001)

e

  24/2/02

PLAN:

Revisit our toy model (cf. Whitepaper M
interaction regions design.

“Strong interaction between detector an

G.Ho

-10 0 10 m

Hadron-side Lepton-sid

Parton-side
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TRANSPARENT versus OPAQUE TARGET

2 m HBC 1968
EMC 1980

e-RHIC 200x

10

50

-10

-50

cm

10

50

-10

-50

cm

γ

e

A

m

-2 -1 0 1 2 m

1

2

  24/2/02

HERA1 1992

A
p

n γ

Λ
Κ0

Κ+

Ω−

π+

p

Κ−
π+
π−π−

π+

µ →
K-→
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General

entification

get remnants and jets

 “skew vacuum chambers”

cal, SiO2-fibers,...)

ls:

 200 MeV/c

 ±10 MeV/c
  24/2/02

Toy model goals:

• 4 π acceptance for a complete final state id

•  “spectroscopic resolution” resolution for tar

Machine requirements:

• beam divergence and crossing angle

• reasonable luminosity and backgrounds

• “active beam pipes”, “active collimators” and

Near beam detector requirements:

• rates, background rejection, resolution (spa

• special designs? (active beam pipes)

Compatibility of near beam detectors with other goa

•  p-A, A-A, polarization, high luminosity...
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Machine Requirements

ERA hi-lumi upgrade1:

”H. ibid.)

cs with HERA as eA collider workshop,

p

p
synchrotron
radiation

new

edium rigidity spectrometer
  24/2/02

In-beam spectrometers

Novel feature of the toy model? It comes from the H

 (“magnets inside detector - detector inside magnetsG.

1. cf. “Evolution of HERA detectors towards e A physics”, E.B., Physi
DESY 25/05/99

e

H1

e

old

m

high rigidity
spectrometer



 E . B A R R E L E T

5 of 17

Magnets inside detector ...
  24/2/02
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Spectrometer design parameters:

• aperture of medium and of high rigidity spectrometers

s

26 28

0.06 0.04 0.02 0 0.02 0.04 0.06 0.08

Beginn of QM

x

pπ = pA mπ/mA GeV/c
(pion sign opposite to lepton)

π0
iron

σ p 10σ
  24/2/02

• length of drift space  between spectrometer

•  ∫ B dl (fixed by beam optics)

• beam divergence (as low as possible)

0 2 4 6 8 10 12 14 16 18 20 22 24
0.5

0.4

0.3

0.2

0.1

0

0.1

0.2

0.3

0.4

Lk

QJ QM QM
QN QN QN

QI

QH
QG

± 10 mrad

0.1 0.08

0.04

0.02

0

0.02

0.04
y 1( )x

y 1( )x

y 2( )x

y 2( )x

y 3( )x

y 3( )x

y 4( )x

y 4( )x

y 5( )x

y 5( )x

drift
spaceQO

e 10
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Detector Requirements

on beam (or same rigidity ion)

rπ0); hadron calo for

ting p+& ions; tracking for

adron calo for measuring
nded p; tracking for measuring

charged particles emitted in the
  24/2/02

Hadron-side
-main functions (left to right):

Romanpots (not on plan): diffractive scattering

High rigidity spectrometer: EM calo for nucleaγ(
measuring evaporation neutrons and identifica

measuring evaporation p+& ions

Medium rigidity spectrometer: EM calo forπ0s; h
wounded neutrons and identificating ions&wou

nuclearπ±, wounded p+ and ions

Rapiditygapπ-tagger: close the acceptance for
DIS process and tags diffractive events
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Toy model ~hadron-side~:

ft chambers (orµstrips) at center.

ty calorimeters (plastic or SiO2?)

rapidity gapπ−tagger

05

10

50

-10

-50

cm

ium rigidity
ctrometer

active beam pipe

DE

S.R. mask
  24/2/02

-both spectrometer trackers using MWPC and dri

-scintillating fiber  calo for medium and high rigidi

-scintillating fiber tracker (“active beam pipe”) for 

101520 m
e

A
p

n γ

high rigidity
spectrometer med

spe

D0 DX
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Detector details

High Rigidity Spectrometer question: plastic or SiO2 fibers?

per and easier to build. Spacal
r spectator-neutron

ation resistant design than

ial resolution. Needed for heavy
  24/2/02

• Plastic has better energy resolution, is chea
type hadronic resolution (30%/√Ε) is needed fo
identification (D beam), but with a more radi
former H1 FNC.

• SiO2 is radiation hard and gives highest spat
ions (backed by dE/dx measurement?).

Arnaldi et al NIM A411 (1998) 1

SiO2 fiber in NA50



 E . B A R R E L E T

10 of 17

active beam pipe:

fiber layers
  24/2/02

flattened pipened
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Toy model ~parton-side~  (good jet analysis, but not very high luminosities):

r inside magnet (=ℵ/23)

1 2 m

Spacal
DE
  24/2/02

• Barrel is TPC backed by gas EM calorimete

• Both endcaps are Spacal (=H1)

• µ−vertex provides small angle tracking

-2 -1 0

1

2

TPC
Spacal

superconducting coil

instrumented iron

µ-vertexDE

EM barrel



 E . B A R R E L E T

12 of 17

Toy model ~lepton-side~ (left to right):

photoproduction or DIS
M calo confirms e- tagging.

 tags initial bremhstrahlung;

5 20 m

cm

γ

e

A

D0

active beam pipe

ipe
  24/2/02

electron tagger: tracker measure e- up to 10 GeV(
tagging) and closes acceptance for π’s; backing E

γ tagger: measure Bethe-Heitler spectrum and
receives copious synchrotron radiation.

0 5 10 1

10

50

-10

-50

DE DX

active beam p

S.R. mask
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Toy Model:

• active beam pipe for electron tagger backed by Spacal on electron side

to a fewγ per bunch cross)

specka@poly.in2p3.fr
  24/2/02

• quartz fiber calorimeter forγ tagger (takes up 

Arnd E. SPECKA, Ecole Polytechnique, France
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Properties of new H1 SiO2 fiber luminometer (thanks to A.Specka for the plots!).

0.1 ETOT

ETOT,X

ENERGY RESPONSE For earlier work on this type of
detector see P.Gorodetzky et al
NIM A361 (1995) 161-179
  24/2/02

Resolution:  5 mm/  E[GeV]

0

0.02

0.04

0.06

0.08

0 20 40 60 80 100

ETOT,Y

EBEAM  [GeV]

σ(
E

T
O

T
) 

/ E
T

O
T

Granularity: 10 mm

Run 30179  Event 1084   (pos 484)

13 14 15 16 17 18 19 20 21 22 23 24
1

10

10 2

10 3

10 4

1999/09/28   11.58

vert. strip

 h
or

iz
. s

tri
p

Etot   =  13069.
EtotV =   7147.
EtotH =   5922.
evType =  1

11010
2

10
3

1

2

3

4

5

6

7

8

9

10

11

12

 A
D

C
 / 

A
.U

.

10

10 2

10 3

-10 -8 -6 -4 -2 0 2 4 6 8 10

12 GeV:
σX=1.50mm

50 GeV:
σX=0.75mm

x(chamber)-x(fit) [mm ]

RECONSTRUCTION
POSITION

better than 1%

BREMSSTRAHLUNG EVENTS:
SEPARATION OF e AND 

γ e

sampling fluctuations: 16%/  E[GeV]

γ

(electrons)Resolution:

Linearity:

- constant term compatible with 0

- stochastic term 19%/  E[GeV]

photostatistics: 9%/   E[GeV]
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Summary of Toy Model Parameters

n char. granularity

p ? X0

.02 X0 15x15µm

/✓E X0=1.7cm 3.5x3.5cm

/✓E X0=.84cm 4x4cm

/✓E 4.5 λ 20x20cm

p 0.2 X0 5x5mm

p 0.2 X0 1x1mm

%/✓E X0=.7cm 3x3cm

/✓E 7 λ 3x3cm

% .3 X0 0.5x2cm

/✓E X0=.84cm 2x300cm

/✓E X0=.5cm 2x2 cm
  24/2/02

detectors type δαxδβ precisio

central tracker TPC 10-3x10-3 σ/p=0.5%

µ_vertex Si 10-3x10-3

Barrel EM Gas 10-2x10-2 σ/E=18%

endcap EM Spacal 2÷1 3.10-3x3.10-3 σ/E=7%

had calo Inst.iron σ/E=90%

spectro track1 DC 10-3x10-3 σ/p=.02%

spectro track2 MWPC(1mm) 10-3x10-3 σ/p=.05%

spectro  caloEM Spacal 4÷1 2.10-4x2.10-4 a

a. overestimated for high rigidity spectro

σ/E=9.5

spectro calohad Spacal 4÷1 4.10-4x4.10-4 σ/E=30%

e&π-taggers sci.fiber 2.10-2x10-1 σ/E=1&5

e-tag calo Spacal 2÷1 σ/E=7%

γ-tagger W/SiO2 fiber 10-4x10-4 σ/E=20%
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Background Rates

0 p/bunch for all detectors,

ot predictive for e_RHIC)

s
eup rejection with < 1% loss

IM A 426 (1999) 518-537

s   (ms) bunch cross number

ta
g

  24/2/02

H1 background rates applied to the Toy model:

- proton induced background around 3.x10-3 for a 5x101

<1.5x10-3 for a single detector

- e+ induced background 10-3 for 2.5x5x1010 e/bunch (n

Performances of Spacal timing calorimeter1:

- timing accuracy: 0.1 ns/√Ε, timing resolution: 30 n
consequences for the toy model --->clean pil

1- The electronics of the H1 lead/scintillating-fibre calorimeters, N

Time between event

H1 1997

OR of 4 near-beam calorimeters: 28khz

(from E.B. et al, LPNHE 2001-10 )

luminosity around 5x1030cm-2 s-1

1s da
takin
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Synchrotron radiation

Power:

P =
2
3

I e

4πε0

∆φ

ρ

(
Ee

mec2

)4

or

P [W] = 14 I [A]
∆φ [mrad]

ρ [m]
(Ee [GeV])4

at HERA-II:

Beam current I = 58mA

Bending angle ∆φ = 10mrad

Bending radius ρ = 400m (1280m at HERA-I)

Beam energy Ee = 27.6GeV

⇒ P = 12 kW on each side of the IP

Quadrupole radiation adds 15%.

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



Synchrotron spectrum

Universal spectrum, characterized by the critical energy:

Ec =
3
2

h̄c

R

(
Ee

mec2

)3

or

Ec [keV] = 2.22
(Ee [GeV])3

ρ [m]

at HERA-II: Ec = 120 keV

Photon spectrum:

dNγ

dEγ
=

P

E2
c

S(ξ)
ξ

with ξ = Eγ/Ec, and the spectral function:

S(ξ) =
9
√

3
8π

ξ

∫ ∞

ξ

K5/3(x)dx

where K5/3 is a modified Bessel function.

At low Eγ: dNγ/dEγ ∼ ξ−2/3

At high Eγ: dNγ/dEγ ∼ e−ξ/
√

ξ

Half the power is carried by photons above Ec

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



Photon rate and limits

Integrate spectrum:

Nγ =
15
√

3
8

P

Ec
∼ Ee

at HERA-II: Nγ = 2 · 1018/s on each side of the IP.

Limits:

• Drift chamber pattern recognition:

< 10 hits per bunch crossing = 108/s at HERA

• Drift chamber ageing:

Accumulated charge < 0.1C/cm = 3 · 108 hits/s for

10 years

• Silicon radiation damage:

Dose < 100Gy per year = 4 · 108 hits/s

Reduction factor of 1010 needed!

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



Shielding strategy

System of upstream collimators and downstream

absorbers.

• Direct radiation must not hit anything close to the

central detector.

• Central detector must be shielded against

backscattering from primary absorbers.

• Only doubly-scattered radiation may reach the central

detector.

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



Tracking code for direct radiation

• Electron tracking through magnet lattice in cm steps.

• Up to 106 ’superelectrons’ tracked to cover tails.

• Photons radiated tangentially to local orbit.

Radiation cone ∆Θ ≈ me/Ee = 18 µrad at HERA

neglected compared to beam divergence.

• Also ’analytic’ calculation done using beam profiles.

• Need large horizontal aperture

⇒ elliptic excentric beam pipe.

• Special photon beam pipe extension downstream.

• Recent HERA problem: tight vertical tolerance

(9.2mm opening at 3.7m from IP).

Alignment tolerance for upstream magnets

(0.25mrad) not reached

⇒ large backscattering into experiments.

Modifying absorbers this week.

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



Photon interactions

• Rayleigh (coherent) scattering:

Few % of total cross section

dσ/dΩ = Thomson · atomic form factor (tabulated)

Forward peak, no photon energy loss

• Compton scattering:

Dominates above 120 keV in Cu, above 450 keV in W

dσ/dΩ = Klein-Nishina · atomic structure function
Forward and backward maxima (for Eγ < me)

• Photoeffect:

Dominates at low Eγ

Cross section vs Eγ tabulated

Contribution of K, L, M shells tabulated

Probability for Auger effect vs fluorescence tabulated

Line intensities (Kα, Kβ) tabulated

EGS4 or GEANT4 can be used down to 1 keV

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



Backscattering

Albedo = fraction of backscattered photons

Universal curves for synchtron radiation spectra with Ec

from 10 to 500 keV calculated.

Absorber coating:

• Use high-Z material (W) as core for good absorption.

• Coat with medium-Z material (Ag) to absorb W

fluorescence lines.

• Coat with lower-Z material (Cu) to absorb Ag lines,

no too thick to create Compton backscattering.

• Optimal coating for HERA: 0.4mm Ag and 0.2mm

Cu.

• Used for secondary collimators

• Primary absorbers are pure Cu for best thermal

conductivity. Water cooled.

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



Synchrotron radiation monitoring

• Temperature monitoring at absorbers.

Problem: sensitivity at low currents.

• Photodetectors inside absorbers: measure

photocurrent.

Problems: temperature correction and radiation

damage.

• Silicon radiation monitors in central detectors.

Measure leakage current or hits above threshold.

Online display, warning levels and dump signal.

Problem: Si becomes transparent above 30 keV.

• TLD dosimeters for total dose.

Problem: no continuous readout

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



Summary

• Synchrotron radiation shielding determines the central

beam pipe geometry.

• Required free path for direct radiation has

consequences for downstream mini-beta magnets.

• Photon aperture limitations determine alignment

tolerance for upstream magnets.

D.Pitzl: SynRad shielding at HERA BNL EIC Workshop 27.2.2002



27/2/02 - D.K. Hasell EICAW - Luminosity Study1

Luminosity StudyLuminosity Study

2 scenarios2 scenarios
3 x 30 GeV3 x 30 GeV

s = 360 = q**2 maxs = 360 = q**2 max
sqrt(s) = 19 = W maxsqrt(s) = 19 = W max
equiv. 192 GeV fixed targetequiv. 192 GeV fixed target

10 x 250 GeV10 x 250 GeV
s = 10000 = q**2 maxs = 10000 = q**2 max
sqrt(s) = 100 = W maxsqrt(s) = 100 = W max
equiv. 5.3 TeV fixed targetequiv. 5.3 TeV fixed target

inclusive and exclusiveinclusive and exclusive
DISDIS
DVCSDVCS

polarizationpolarization
detector options

want to showwant to show
variable CM energies usefulvariable CM energies useful

different (x, Q**2) rangesdifferent (x, Q**2) ranges
tune luminosity for highesttune luminosity for highest

require high luminosityrequire high luminosity
option for low/high running or option for low/high running or 
upgradeupgrade

require high polarizationrequire high polarization

don’t want machine elements don’t want machine elements 
in detectorin detector

detector options
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Electron Scattering AngleElectron Scattering Angle
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Electron EnergyElectron Energy
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DIS Event RatesDIS Event Rates
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Uncertainty from Electron AngleUncertainty from Electron Angle
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Uncertainty from Electron EnergyUncertainty from Electron Energy
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Current Scattering AngleCurrent Scattering Angle
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Current EnergyCurrent Energy
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Summary from DISSummary from DIS

variable CM energies give variable CM energies give 
access to different regions of access to different regions of 
x and Q**2x and Q**2
to reach low Q**2, low x at to reach low Q**2, low x at 
the higher CM energy need the higher CM energy need 
to detect particles near the to detect particles near the 
beambeam
rates at low CM energies rates at low CM energies 
significantly higher significantly higher --> tune > tune 
luminosity for highest CM luminosity for highest CM 
and accept ~2and accept ~2--10 lower 10 lower 
luminosity at lowest CMluminosity at lowest CM
range of CM energies allows range of CM energies allows 
Q**2 evolution Q**2 evolution --> QCD > QCD 

uncertainties in determining uncertainties in determining 
x, Q**2 define useful regionsx, Q**2 define useful regions

improved by measuring current improved by measuring current 
energy / angleenergy / angle

small angles for high xsmall angles for high x
larger angles for small xlarger angles for small x

conceivable to have initially conceivable to have initially 
low luminosity and then low luminosity and then 
upgrade to high luminosityupgrade to high luminosity

would design detector in would design detector in 
anticipationanticipation

range of CM energies allows range of CM energies allows 
“overlap” with Bates studies“overlap” with Bates studies
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DVCSDVCS

important measurement in important measurement in 
determining the generalized determining the generalized 
(skewed) structure functions(skewed) structure functions
sensitive to transverse sensitive to transverse 
components of spin components of spin 
dependent structure dependent structure 
functionsfunctions

determine (x, Q**2) from determine (x, Q**2) from 
electronelectron
measure  momentum measure  momentum 
transfer t from either photon transfer t from either photon 
or protonor proton
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DVCS Cross SectionDVCS Cross Section

cross section at sqrt(s) = 3 (eq ~5 x 50)

event rates for previous luminosity

1% statistics
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DVCS KinematicsDVCS Kinematics
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Summary for DVCSSummary for DVCS

interesting measurementinteresting measurement
need high luminosity to achieve statisticsneed high luminosity to achieve statistics
need to measure x, Q**2 from electronneed to measure x, Q**2 from electron
determine t from photon around 50 degrees and in determine t from photon around 50 degrees and in 
plane with electronplane with electron
option to detector proton at very small angle and near option to detector proton at very small angle and near 
beam energy beam energy -- difficultdifficult
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PolarizationPolarization

one of the main goals for EIC to measure spin dependent one of the main goals for EIC to measure spin dependent 
structure functionsstructure functions

longitudinal and (?) transverse polarizationslongitudinal and (?) transverse polarizations
quality factor varies as 4th ! power of polarizationquality factor varies as 4th ! power of polarization

going from 70% to 50% would require 4 x luminositygoing from 70% to 50% would require 4 x luminosity

QF = Pe
2Pp

2

Pi ≈ 70% →  QF = 0.25

Pi ≈ 50% →  QF = 0.06
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Spin Dependent Structure FunctionsSpin Dependent Structure Functions

nucleon spinnucleon spin

the longitudinal and transverse asymmetries are measured to the longitudinal and transverse asymmetries are measured to 
deduce the spin dependent structure functions g1 and g2deduce the spin dependent structure functions g1 and g2
but asymmetries typically ~1.0but asymmetries typically ~1.0--0.1 %0.1 %

need ~ one million events to get even 0.1% statisticsneed ~ one million events to get even 0.1% statistics
high luminosity

AL = D(A1 + ηA2)
AT = d(A2 −ξA1)

A1 = g1 − γ 2g2
F1

A2 = γ g1 + g2
F1

high luminosity



27/2/02 - D.K. Hasell EICAW - Luminosity Study16

Toy DetectorToy Detector

~5 m long
micro-vertex, central, forward, and rear tracking

PID maybe only in forward direction
thin, superconducting solenoid with integral dipole at r~1 m

calorimetry after solenoid
instrumented iron yoke

forward and rear spectrometers
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ConclusionsConclusions

Basically we want it allBasically we want it all
variable CM energiesvariable CM energies
high luminosity 10**33high luminosity 10**33
high polarization 70%high polarization 70%
+/+/-- ~2 m for detector about IR~2 m for detector about IR
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Horizontal Tune versus Momentum Deviation 
LHC V4.1, Q' = 0 and various Insertions
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• Spin Dynamics; Theory 
(Barber)

• Derbenev, Wang, Zwart

• Invariant spin field n   
needs to be established 
properly, not just on closed 
orbit.

• Energy variation dn /dη
(=kinetic term in S.T. self 
polarization) is large and 
important in IP straights.

• Exact modeling includes 
non-linear beam-beam 
terms crucial to assess and 
optimize obtainable ???

Dynamic term dn/dη largely 
untested.  Bates has ideal 
conditions for such tests

– SHR
– Siberian Snakes
– Polarimeter
– Spin flipper
– “Brains”

• Low energy (0.8-1.5 GeV) 
gives “clean” test of dn/dη
uncluttered by strong 
betatron coupling of spin at 
high energy.

• Cost-effective test program 
using super conducting 
wigglers (horizontal and 
vertical) to map dn /d η
from 0.8 to 1.5 GeV

^

^

^

^

^

^



Ring-Ring EIC
• e-ring for eRHIC (Shatunov)

– eRHIC layout
– Vertically spread hadron beams, 12o’clock
– e-ring plane below(?) RHIC plane, intersection at 12 

o’clock point
– 5-10 GeV; longitudinal polarization at IP at 7-5 GeV
– 10.65 m bunch spacing (360 bunches)
– L=0.5 to 1x1033/cm2/s for 5 – 10 GeV
– Special features

• Super bend to speed up self polarization (15.3 min) at limited 
RF power (12.3-9.6 MW)

• Spin transparent IPs straight→minimal depolarization
• Electron Cooling

– Shatunov:
• Conceptual e-cooling scheme for RHIC
• Optimal electron bunch population of ~ 3x1033

• Gain of ~10 in emittance → luminosity
– Derbenev:

• E-cooling theory → can increase tune shift tolerance by 10 to 
0.1

– Wang:
• Calculation in progress to model e-cooling



Conclusions

Logical and Cost Effective Path 
Exists to eRHIC

5-10 GeV “Budker” e-ring with 2 GeV 
linac injector, inject unpollarized at 2GeV 
→ ramp to 5-10 GeV → self polarize in 15 
min → collide with 10-100 GeV ions or 
25-250 GeV proton with 10.7 m bunch 
spacing, 0.45 A in each ring for 0.5 to 
1x1033 luminosity.
To improve on self polarization: →
upgrade linac to 10 GeV → inject 
polarized → stack → store for seconds or 
minutes before serious depolarization 
occurs.
Install full energy recovery linac (ERL) 
boost RHIC rep. Rate, current, cooling →
run e-ring as circulator → maximum 
luminosity.















Summary - Linac-Ring Working Group 
Ilan Ben-Zvi (BNL) Working Group Convener. 
 
The Linac-Ring (LR) working group considered the subject of a Linac-on-Ring Electron Ion Collider 
(EIC) with a large range in the center of mass energy for polarized electron-proton scattering, and 
electron-Ion (heavy ion) scattering with luminosity of 1033 cm-2 sec-1. The subject covers both a pure 
electron linac colliding with a hadron storage ring as well as a Linac with Circulating Ring (LCR) option. 
 
The mission of the working group was to assess the LR potential performance and evaluate its technical 
risk.  For practical reasons, the working group spent its efforts on the electron side of the EIC and the 
issues of electron – ion interactions, but not on the specific properties of the hadron ring. When hadron 
parameters were necessary for the discussion, RHIC parameters were assumed. Important issues that are 
specific to the subject of this working group are 

• Luminosity as a function of energy 
• Energy range that may be achieved 
• Electron polarization as a function of energy 
• R&D issues for the L-R EIC. 

 
The advantages of a linac source (with or without a circulator ring) are as follows: 

• The practically achievable electron polarization is very high. 80% polarization is common, but 
this is for typically low average currents. There is no experience with high average current (ca. 
100 mA) polarized electron source.  

• The polarization may be switched fast at will. 
• There is no need for polarization rotators near the IP.  
• The energy may be changed rapidly and over a large range without losing polarization. 
• The linac maintains the high luminosity and polarization over a very large energy range. 
• The linac can tolerate a much higher beam-beam parameter than a storage ring, leading to a 

potentially higher luminosity (if the number of ions in a bunch can be increased) or to the same 
luminosity with a lower current, thus less synchrotron radiation in the detector. 

• The linac has a naturally round beam, small emittance. These are advantageous for beam-beam 
interactions and the IP design. 

 
When the option of using a circulating ring to reduce the average current of the linac, the scheme has a 
low technical risk and no show stoppers, but requires a significant amount of R&D due to the lack of 
simulations of the system. 
 
The Linac Circulator Ring (LCR), Y. Derbenev (JLAB). 
 
This new approach to the Linac – Ring (LR) was proposed by Y. Derbenev and presented in a Plenary 
Talk as well as in the LR working group. This approach provides a continuous transition from a full 
Energy Recovery Linac (ERL) to regime where one uses only a fraction of the current (1/100 to 1/1000) 
in the linac. Therefore the LCR has the potential to ease up (by orders of magnitude) system demands on 
electron source and linac while preserving advantages of linac. 
 
In the LCR approach, it is proposed to compliment the ERL by an electron circulator ring  wherein the 
injected electron bunches will be kept in a temporary closed orbit to execute a large number of 
revolutions colliding with the ion beam. In this way, electron photo injector and linac operate in a pulse-
current energy-recovery regime of a relatively low average current, while a high current circulates in 
collider. The polarization is still easily delivered and preserved. The number of revolutions in the 



circulator ring can be adjusted over a wide range, and at the extreme this scheme can be naturally 
converted to the pure linac-ring scheme when beneficial. 
 
The features of the LCR include: 

• Easy maintenance of spin (no resonance crossings, no quantum depolarization). 
• The emittance is determined by the photoinjector. 
• Easily variable energy. 
• Easier interaction point (no spin rotators next to IP, no depolarization from bends). 
• Larger acceptable beam-beam parameters leading to higher luminosities. 
• Much reduced (by orders of magnitude) requirements on the average current of the photoinjector. 
• Reduction of BBU in SRF linac. 
• Reduction of HOM power in SRF linac. 

 
Issues to be investigated include  

• The development of high quality kickers. 
• Investigation of the microwave instability of short bunches in the circulator ring. 
• Effects of CSR. 

 
Electron Cooling 
 
One issue that is critical for the performance of the EIC is electron cooling.  This subject was discussed in 
a joint session of the Linac - Ring group and the Ring - Ring group. Electron cooling of the ions is a must 
in the ion ring , regardless of the approach to the electron machine.  Electron cooling is well established at 
low energy, but for the high energy of the EIC machines, we face new developments: 

• New accelerator technology (ERL) at high-energy (for a cooler) of ~50 MeV, 100 mA. 
• Operation in a collider (some possible advantages for the collider) 
• Bunched beams 
• Electron bunch may be shorter than ion bunch 

 
Other issues we encounter in the development of a high-energy electron cooler include: 
 

• High-precision manufacturing and alignment of a long superconducting solenoid 
• Generate, transport and match a “magnetized” beam without continuous magnetic field 
• De-bunch (then re-bunch) the beam to obtain low energy spread 
• Overcome recombination 

 
Theory and New directions (Y. Derbenev, JLAB) 
 
Realization of beam recovery in superconducting linear accelerators and new concepts of beam transport: 
discontinuous solenoid, circulator rings, flat to round beam adapters – made feasible the efficient electron 
cooling for hadron beams in colliders. The precision requirements to beam alignments are relaxed by use 
of dispersive cooling. Cooling with flattened beams (yet with round beams in the IP) allows one to 
decrease the critical electron current against IBS and minimize the non-linear beam-beam disruptive 
effects. 
 
The start rate of electron cooing is limited usually by a large ion beam divergence caused by the Coulomb 
repulsion at beam forming in low energy part of ion facility.  Halo beam gymnastics in phase space is 
proposed in order to overcome the space charge limit and maintain beam emittance at a level that 
delivered from a linac while stacking and accelerating the beam in a booster. 



Electron cooling in cooperation with an intensive, high frequency superconducting field allows one to 
obtain very short heavy particle bunches, hence, raising the luminosity by making a stronger final 
focusing. Very short bunches also make feasible the crab crossing for hadron beams, that allows one to 
remove the parasitic beam-beam interactions and maximize the collision rate. 
 
Summary of the BINP-BNL study of electron cooling of RHIC. (Y. Shatunov, BINP) 
  
Electron cooling of RHIC has been investigated in collaboration between the Budker Institute of Nuclear 
Physics (BINP) and BNL. The PIs were V. Parkhomchuk (BINP) and I. Ben-Zvi (BNL).  The study has 
been published as a Collider-Accelerator Department Accelerator Physics report.  The report covers the 
performance of RHIC under electron cooling and includes simulations of the evolution of the beam 
parameters and luminosity as a function of time, the effect of starting parameters, ion-electron 
recombination, and dissociation of beam due to the collisions and various coherent effects of the electron-
ion interaction. The design also analyses the accelerator hardware to be used in the cooler. An approach 
using a DC electron gun and an energy recovery linac has been analyzed in detail, including beam optics 
of the machine, the issue of magnetized electron transport and matching as well as de-bunching and re-
bunching the beam to match longitudinal phase-space. The study estimates that 2x1010 electrons per 
bunch are sufficient to cool effectively a 100 GeV/A gold beam and achieve a luminosity increase of 
about a factor of 10 over the uncooled RHIC, with part of the gain coming for emittance decrease and part 
from the extension of the luminosity lifetime.   
 
The primary conclusion of the study was that electron cooling of RHIC may be very effective, but there 
are many points left to resolve theoretically and experimentally. 

• Need for 3-D simulations 
• Need experiments to settle various hardware issues (electron source, linac energy spread…) 
 

Electron cooling beam dynamics, (D. Wang, BNL) 
  
Dong Wang described the current effort going on at the Collider-Accelerator Department on investigating 
electron cooling of RHIC.  Electron cooling simulation software is being used, mostly the Simcool code 
written by V. Parkhomchuk BINP as part of the BINP-BNL study and the Betacool code developed at 
JINR, Dubna. A new code is being developed by Tech-X of Denver, Colorado to permit electron-cooling 
simulation using direct Coulomb interactions of the ions in an ensemble of electrons. The Betacool code 
upgrade is a subject of collaboration between JINR and BNL.  Another effort is simulation of electron 
beam dynamics, leading towards end-to-end 3-D simulations of the cooler. 
 
On the experimental side, an Electron Cooling Test Facility is planned, in which hardware will be tested, 
including:  

• A superconducting and a room-temperature electron guns provided by Advanced Energy Systems 
(AES), (the superconducting gun also in collaboration with JLAB). 

• A laser and photocathode system being developed by the BNL Instrumentation Division and C-
AD. 

• Superconducting ERL. 
• Debunching and rebunching of the beam. 
• Magnetized electron transport. 
• A high-precision superconducting solenoid prototype. 

 



Source theory, practice and lasers M. Farkhondeh (MIT)  
 
A polarized electron source that could meet the requirements of a direct (no LCR) linac-ring electron-ion 
collider (EIC) is very challenging. The necessary highly polarized average current, 100-200 mA, is about 
three orders of magnitude above what is produced today.  
 
At this point, the only practical method of producing high currents with a high degree of polarization is 
photoemission from negative electron affinity GaAs based photocathodes. Higher average currents may 
be achieved by a combination of increased laser power and/or higher quantum efficiencies of the 
photocathode. Higher degrees of polarization are routinely obtained when the four-fold degeneracy of the 
valance band is broken by adding uniaxial strain or super lattice structures. Quantum efficiency lifetimes 
at high average currents for existing polarized sources are primarily limited by ion back bombardment of 
the photocathodes, which is a function of the vacuum condition in the gun. The current state-of-the-art is 
1/e lifetime of the cathode 105 Coul/cm2.  This translates to a lifetime of a couple of weeks at an area of 3 
cm2 and 0.2 A current.  For the EIC currents, excellent UHV vacuum conditions approaching XHV 
(Extreme High Vacuum) will be required.  
 
A laser system with the RF structure of EIC and sufficient power does not exist today and R&D will be 
required to develop such a laser.  An attractive alternative may be the use of a CW high power fiber 
coupled diode array laser system that exists today.  The 28 MHz microstructure must then be introduced 
to the electron beam using chopping and bunching with accelerating structures. Highly polarized beams 
with peak currents of about 100 mA and duty factors of 1% have been produced on a test setup at MIT-
Bates. The duty factor has been limited by the source power supply. 
 
R&D issues: 

• Laser 
• Surface-charge limit 
• Demonstrate high-average current guns with large (~80%) polarization 

 
Energy Recovering Linac Issues (L. Merminga, JLAB) 
 
Energy recovery works in a users facility (5 mA, 50 MeV, the JLAB FEL facility).  This is a good starting 
point to consider ERL issues.  One of the recognized issues concerning very short electron bunches going 
through a superconducting linac at a high repetition rate is that of High-Order Mode (HOM) power 
(Merminga et. al., LINAC2000).  At eRHIC, due to the relatively long  (20 ps) pulse length, the amount 
deposited in the liquid helium cooled cavities is not a problem. However, there is still a significant 
amount of HOM power lost by the beam which couples to the beam pipes and it must be captured at room 
temperature to avoid heating of cold surfaces.  
 
Multi-bunch, multi pass Beam Breakup (BBU) is a limit on the maximum beam current in an ERL, 
however the real limits are far from being explored.  A study of BBU requires a good code.  Such a code 
has been developed at JLAB (TDBBU) and benchmarked in experiments, showing a remarkable 40% 
agreement.  Currently predicted threshold currents for this BBU are about ~100 to 200 mA, but With B-
factory style feedback one expects a large improvement. 
 
Experiments are planned (CEBAF@JLAB, Cornell, BNL) to address high ratios of final to injector 
energies and high current effects (200MeV/10mA to 50-100 MeV /50-100mA). 
 
 
 
 



RF issues  (J. Delayen, JLAB)  
 
Superconducting RF (SRF) linac structures are extremely well known (JLAB, DESY, industry).   
Energy recovery superconducting linacs are very efficient devices for certain applications.  They can 
approach the electrical power usage efficiency of storage rings while preserving the beam properties of 
linacs. The concept has been fully demonstrated and is used routinely in a user facility. Studies have 
uncovered no fundamental show stoppers. The ultimate limits of the energy recovery concept have not 
been fully determined, on questions such as: 

• What is the highest loaded Q factor for the cavities while maintaining phase and amplitude 
stability requirements. 

• What is the highest current that can be accelerated and decelerated. 
o Preservation of rf stability 
o Avoidance of BBU instabilities 
o Extraction of HOM power 
o Control of beam loss 
 

For the regime of operation of the EIC, using a 10 MeV injector, at a final energy of  7 GeV in the linac, 
the ratio of the beam energy to required linac RF power is between 200 to 400. With the current known 
level of acoustic noise on the cavities, resulting a 25 Hz rms frequency deviations, an external Q of 2x106 
is appropriate for a 7 Cell CEBAF cavity at 20 MV/m, resulting a klystron power of about 5 kW per 
cavity. 
 
Luminosity limitations in Linac-Ring Colliders (L. Merminga, JLAB)  
 
The base luminosity of a Linac-Ring collider based on RHIC as the ion ring (running with 360 bunches) 
has been calculated at the top energy of the machine as given in the table below. 

Species P Au
Luminosity x10**31 100.0 1.0
sigma* microns 32.0 32.0

# / bunch 1.00E+09 200.0 1.2
Emittance microns 0.9 0.5
Laslett x0.001 6.0 5.3
Beam-beam x0.001 4.0 4.0
beta* cm 31.0 21.0

# / bunch 1.00E+10 2.9 4.8
Emittance nm 6.0 6.0
Beam-beam x0.001 382.0 180.0
beta* cm 17.0 19.0

Electron parameters

Ion parameters

 
 
This is not necessarily the maximum luminosity that can be obtained at such a machine. These numbers 
assume an angular acceptance of the IR quads at RHIC at about a quarter of a miliradian, a value 
restricted by the very large distance of these quads from the IP.  Depending on the IP design, this angular 



acceptance may be increased significantly and with it the luminosity.  In addition, these numbers are not 
aggressive in the number of ions stored in the ring, in particular in view of the planed electron cooling. 
The behavior of the luminosity as a function of energy depends on several beam dynamical scenarios. At 
low energies the proton intensity is fundamentally limited by the intra-bunch space-charge forces, which 
impose a limit on the maximum attainable value of the Laslett tuneshift. For ∆νL~0.04, the eRHIC 
luminosity is limited to about 1032 cm-2 sec-1 at 25 GeV and scales with the third power of the proton 
energy.  
 
At intermediate energies, fundamental luminosity limits may arise either due to the beam-beam 
interaction or due to space charge forces. A simple model has been developed which calculates an 
optimum bunch length such that the two limits are equal at a chosen energy (assuming β*≈σz, opt). For 
eRHIC parameters the regime over which this analysis yields practical values for the optimum bunch 
length (20 cm to 1 cm) is from 75 GeV to 200 GeV proton beam energy. The optimized luminosity at 200 
GeV is 4x1034 cm-2 sec-1

.   Once the luminosity is optimized at a given energy E, it will be limited by 
beam-beam interaction for energies above E, and it will be limited by intra-bunch space charge for 
energies below E.  
 
For proton energies above 200 GeV the luminosity is fundamentally limited by the beam-beam 
interaction. Assuming ξe =0.2 (such as expected with the circulator ring), the maximum luminosity is 
4x1034 cm-2 sec-1.  All the above estimates assume that the Laslett tuneshift is 0.04. Lower limits of the 
Laslett tuneshift will severely decrease the luminosity.  
 
The beam-beam induced head-tail instability can also, in principle, limit the maximum attainable 
luminosity. Simple analytic models of this interaction based on a linear theory predict collective 
instabilities. These instabilities could be stabilized at some level by the nonlinear tunespread. Complete 
simulations must be done to quantitatively address the luminosity limitations due to this effect 
 
The “head-tail” instability (R. Li, JLAB) 
 
The relative high disruption of the electron beam during the beam-beam interaction makes its effect on 
the stability of the beam in the storage ring an important issue.  The electron beam acts as an active 
impedance for the ion beam via the beam-beam interaction.  A strong-strong beam-beam simulation based 
on the macroparticle model was developed for the linac-ring design, which has been benchmarked with 
results of flip-flop beam-beam instability in a ring-ring collider. For the earlier linac-ring B factory design 
study, this simulation revealed strong kink beam-beam instability with head-tail effect. Our analysis of 
this effect confirmed the numerical observation and provided further understanding of the process.  For 
recently proposed linac-ring EIC designs, we used two-particle model and Vlasov approach to study this 
strong head-tail beam-beam instability based on linear beam-beam force approximation.  Analytical and 
numerical studies of the full nonlinear beam-beam effects are still underway.  For the time being one can 
use the two-particle model to estimate the effect of this instability on the EIC luminosity.  The 
preliminary conclusion is that the kink instability will not limit the luminosity of the EIC operating at a 
luminosity level of 1033 cm-2sec-1 over its proposed proton energy range.  
 
R&D Issues 
 
High-Energy e Cooling --  
 Electron cooling Test Facility 
High-current polarized source, laser and cathode --  
 Polarized electron source R&D, including laser 
 Linac current possibly too high --  
 Circulator ring option 



 Instabilities --  
 Detailed beam dynamics 
HOM power in SRF linac: Development of on-line absorbers 
BBU feedback: Simulations and design 
Code development: BBU, beam dynamics, kink instability, electron cooling, spin dynamics in recirculator 
ring 
Energy Recovery experiment (planned at CEBAF) 
Test facilities to address the high current effects of ERLs  
 
 
 
 
 
 





ERLs for EIC Colliders

• No showstoppers have been found
• R&D topics have been identified
• HOM power: Development of on line absorbers 

(needed for electron cooling device
• BBU feedback: Simulations, design
• Code Development/improvement: BBU bam dynamics, 

kink  instability
• Energy recovery experiment at CEBAF to address high 

energy ratio of ERL-based colliders
• Jlab FEL (10/200) and Cornell (100/100)/BNL(50/50) 

prototype facility to address high current effects of 
ERLs 





























Laser Systems (need > 200 W power)

• Lasers with RF structure:
– Electron s are produced in bunches at the laser frequency; 

challenging at 28 MHz. Existing systems provide at best a few 
Watts of power at of MHz (M. Poelker).

• High power CW diode lasers
– CW e-beams are produced and subsequently bunched with 

accelerator structure to the desired frequency;bunching may 
be difficult at 28 MHz.  Today fiber coupled diode array lasers 
have power ~ 100 Watts.

Do not exist for EIC current and frequency. Laser farm.

Issues: bunching and capture efficiencies at 28 MHz.



• In linac-ring colliders, e-beam from linac acts as an 
active impedance to the ring beam via beam-beam 
interaction.  Jitter of linac beam will influence ring-
beam dynamics.

• For previous linac-ring e-e+ B factory study, strong-
strong beam-beam simulation shows that relative offset 
of linac and ring beams will be amplified by beam-
beam interaction (Kink instability with head-tail 
effect.) This is confirmed by analysis

• For linac-ring EIC, analysis based on linear beam-
beam force shows head-tail and strong head-tail effect 
on ion beam due to beam-beam interaction with linac 
beam.  Needs full nonlinear analysis.  Full scale 
simulation for linac-ring EIC is on-going.
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	H1 background rates applied to the Toy model:
	- proton induced background around 3.x10-3 for a 5x1010 p/bunch for all detectors, <1.5x10-3 for ...

	Performances of Spacal timing calorimeter1:
	- timing accuracy: 0.1 ns/÷E, timing resolution: 30 ns consequences for the toy model --->clean p...
	1- The electronics of the H1 lead/scintillating-fibre calorimeters, NIM A 426 (1999) 518-537
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