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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any employees, nor any of their
contractors, subcontractors or their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or any third party’s use or the results of
such use of any information, apparatus, product or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency thereof or it
contractors or subcontractors. The views and opinions of authors expressed herein do not necessarily
state or reflect those of the United Stated Government or any agency thereof.
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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. 26" & 27", were dedicated
to the accelerator and the interaction point design issues (hence forth called the EIC Accelerator
Workshop). On February 28" March 1* and 2™ 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
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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
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EIC Accelerator Concepts Workshop Program (Overall)
February 26-27, 2002
Brookhaven National Laboratory

Tuesday, February 26

8:30 Registration Physics Seminar Lounge
9:00 Plenary Session Physics Seminar Room S. Ozaki BNL Chairman
9:00 Welcome Greeting P. Paul BNL
Goal of the Workshop S. Ozaki BNL
9:15  Present Status of EIC S. Peggs BNL
Collider Considerations
9:35 Ring-Ring Collider Scheme Y. Shatunov  BINP
9:55 Bates R&D on Self-Polarization T. Zwart MIT Bates
10:15 Linac-Ring Collider Scheme Ya. Derbenev TJNAF
10:35  Coffee Break Physics Seminar Lounge
10:50 Plenary Session Physics Seminar Room R. Miliner MIT Bates Chairman
10:50  An Electron-lon Collider based at CEBAF L. Merminga  TJNAF
11:10  Interaction Region Consideration W. Krasny CERN
11:30  RHIC Performance Parameters and Cooling T. Roser BNL
11:50  Working Group Organization S. Ozaki BNL
12:00 Lunch
13:00 Working Group Meetings RR Group R. Miliner MIT Bates Convener
LR Group 1. Ben-2vi, BNL Convener
IR Group W. Krasny CERN Convener
15:00 Coffee Break Physics Seminar Lounge

15:30 Working Group Meetings
Wednesday, February 27

8:30  Plenary Session: WG Intermediate reports S. Peggs BNL Chairman
Physics Seminar Room

9:00 Joint Session of Working Group RR, LR & IR W. Krasny CERN Chairman
Physics Seminar Room

10:30  Coffee Break Physics Seminar Lounge

10:50 Working Group Meetings

15:30  Coffee Break Physics Seminar Lounge

16:00 Plenary: Working Group Summary Reports J. Delayen TJINAF Chairman
RR Working Group C. Tschalaer MIT Bates
LR Working Group I. Ben-Zvi BNL
IR Working Group W. Krasny CERN

Physics Seminar Room

17:30  Adjourn



EIC Accelerator Concepts Workshop Program (Ring-Ring Group)
February 26-27, 2002
Brookhaven national laboratory

Tuesday, February 26

13:00 RR-LR Joint Working Group Physics Small Seminar Room
(Richard Milner/llan Ben-Zvi, Convener)

13:00 EIC luminosity limits, e-cooling feasibility Ya. Derbenev TJNAF
13:40 Electron cooling at RHIC Y. Shatunov  BINP
14:20 Electron cooling beam dynamics D. Wang MIT Bates
15:00 Coffee Break Physics Seminar Lounge

15:30 RR Working Group Physics Small Seminar Room (tentative)

(Richard Milner, Convener)

15:30 Introduction to ring-ring group

15:50 "Electrons are not protons: electron polarization in rings, spin  D. Barber DESY
16:30

17:00

17:30 End of Session

Wednesday, February 27
8:30 Plenary Session: WG Intermediate reports
Steve Peggs, Chairman Physics Seminar Room

9:00 Joint Session of Working Group RR, LR & IR

(Witek Krasny, Chairman) Physics Seminar Room
10:30 Coffee Break Physics Seminar Lounge
10:50 RR Working Group Physics Small Seminar Room (tentative)

(Chris Tschalaer, Convener)
10:50 EIC e-ring size considerations, self-polarization, wigglers, spin  Ya. Shatunov BINP
transparency
11:30 Discussion
12:00 Lunch
13:00 Self polarization test at Bates F. Wang MIT Bates
14:00 Discussion
14:30 Working Group summary writing

15:30 Coffee Break Physics Seminar Lounge

16:00 Plenary: Working Group Summary Reports
(Jean Delayen, Chairman) Physics Seminar Room

17:30 Adjourn



EIC Accelerator Concepts Workshop Program (Linac-Ring Group)
February 26-27, 2002
Brookhaven National Laboratory

Tuesday, February 26

13:00 RR-LR Joint Working Group Physics Small Seminar Room

(Richard Milner/llan Ben-Zvi, Convener)
13:00 EIC luminosity limits, e-cooling feasibility Ya. Derbenev  TJINAF
13:40 Electron cooling at RHIC Y. Shatunov BINP
14:20 Electron cooling beam dynamics D. Wang BNL
15:00 Coffee Break Physics Seminar Lounge
15:30 LR Working Group Physics Orange Room (tentative)

(llan Ben-Zvi, Convener)
15:30 Polarized electron source for Linac Ring Collider M. Farkhondeh MIT Bates
16:10 Energy recovering linac issues L. Merminga TJINAF

16:50 Discussion
17:30 End of Session

Wednesday, February 27
8:30 Plenary Session: WG Intermediate reports
Steve Peggs, Chairman Physics Seminar Room

9:00 Joint Session of Working Group RR, LR & IR

(Witek Krasny, Chairman) Physics Seminar Room
10:30 Coffee Break Physics Seminar Lounge
10:50 LR Working Group Physics Orange Room (tentative)

(llan Ben-Zvi, Convener)
10:50 Beam-Beam stability in linac-ring collisions R. Li TJNAF
11:30 Circulator Rings for ERL-based EIC Ya. Derbenev  TJNAF
12:00 Lunch
13:00 RF issues in ERLs J. Delayen TJINAF
13:40 Luminosity limitations in Linac-ring Colliders L. Merminga TJINAF

14:30 Working Group summary writing

15:30 Coffee Break Physics Seminar Lounge

16:00 Plenary: Working Group Summary Reports
(Jean Delayen, Chairman) Physics Seminar Room

17:30 Adjourn
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EIC Accelerator Concpets Workshop Program (Interaction Region Group)
February 26-27
Brookhaven National Laboratory

Tuesday, February 26

13:00 IR Working Group Physics Room 2-160
(Witek Krasny, Convener)
13:00 Introduction and Organization of Working Group
13:20 Review of the existing designs of the interaction regions relevant for the EIC Project

IP design for the HERA ep collider U. Schneekloth DESY
IP design for the SLAC B-factory U. Wienands SLAC
14:30 Luminosity of EIC and its dependence on the available space for S. Peggs BNL
the detector. Luminosity vs. beta* trade-off
15:00 Coffee Break Physics Seminar Lounge
15:40 Constraints on the IP design and the e momentum range imposed J. Kewisch BNL
by spin rotator magnets, ion beam momentum range, & eRHIC
16:20 Detector-accelerator interface issues: integration of accelerator & B. Parker BNL
detector components, dual role magnets, beam separation
17:10 A toy model of a 4-pi detector for EIC E. Barrelet in2p3/cnrs

Wednesday, February 27
8:30 Plenary Session: WG Intermediate reports
Steve Peggs, Chairman Physics Seminar Room

9:00 Joint Session of Working Group RR, LR & IR

(Witek Krasny, Chairman) Physics Seminar Room
10:30 Coffee Break Physics Seminar Lounge
10:50 IR Working Group Physics Room 2-160 (tentative)
(Witek Krasny, Convener)
10:50 Shielding against synchrotron radiation D. Pitzl DESY
11:30 Luminosity & polarization requirements as a function of center of D. Hasell MIT

mass energy. Physics cases for highest achievable ep & eA

12:10 Lunch

13:10 Feasibility of a design of n unique "three-beam interaction zone" A. Verdier CERN
13:40 Possibilities of low beta* crab crossing and traveling ion focus for EIC

14:10 Working Group summary writing Ya.Derbenev TJINAF
15:30 Coffee Break Physics Seminar Lounge

16:00 Plenary: Working Group Summary Reports
(Jean Delayen, Chairman) Physics Seminar Room

17:30 Adjourn
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Goal of the Workshop

Satoshi Ozaki

EIC Accelerator Workshop

February 26-27, 2002
Brookhaven National Laboratory

Brookhaven Science Associates BHOOKHgNI;)N
U.S. Department of Energy NATIONAL LABORATORY



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 BROOKHEAUEN
U.S. Department of Energy NATIONAL LABORATORY



The Facility Requirements

« Collider geometry capable of e-A and polarized e-p Collisions
« Range of s'2 for e-A as high as possible: (~63 GeV/u)
« Range of variable s'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 s'2 for detector geometry?

« Range of lon Species: As wide as possible, p to U?
« Polarization: 70% x 70%

« Luminosity: 1033 cm=2s~' per nucleon
* Integrated Luminosity for Significant Physics:
For inclusive physics (Yale workshop): ~2 fb™"
For exclusive and semi-inclusive: ~5 —10 times more

* e'p, in addition to ep, requirement?
To be addressed by Electron lon Collider Workshop

Brookhaven Science Associates BROOKHFEVEN
NATIONAL LABORATORY
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 BROOKHEAUEN
U.S. Department of Energy NATIONAL LABORATORY



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.

Brookhaven Science Associates BROOKHEAUEN
U.S. Department of Energy NATIONAL LABORATORY
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EIC Status & Considerations
— The White Paper
S. Peggs, BNL
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EIC Workshop, BNL, Feb 26, 2002



FIGURE 2. Layout of e-p eollicler.

We chosen the scheme of two intersecting in two points rings. Both rings have ap-
proximately equal circnmferences 1388 m. Each ring has two experimental straight
sections, two technical straights and four identical arcs. The rings are separated
vertically about 1 m outside the interaction areas.

MIT-Bates ring-ring scenario
(Koop et al, 2nd EPIC Workshop)
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eRHIC ring-ring scenario



cRHIC linac-ring scenario, with Energy
Recovery Linac




Beam-beam parameters (round beams):

ol
6 — ]226 (TZZ(;;/ZC)Z) )

Emittance subscripts are correct! For example, e-
cooling reduces €; and allows N to be reduced.

Electron-ion luminosity can be written

AT VeV
L = F.&6 Ué*Oé*( %%) (3)

Teri

e When beam-beam limits and angular apertures
have been met, &0 0" is fixed.

e Then the only way to increase the luminosity is to
increase the collision frequency Fi. (more bunches)

e Linac-ring collisions allow the usual & ~ 0.06
limit to be violated.



Scenario

Ion specie

Luminosity, [103%cm ™27}
Dipole bend radius, [m]
RMS beam size, o™ [um]
Bunch spacing, |[ns]
IONS

lon energy, |GeV /u]

lon rms emittance, [pum]
lon average current, [A]
lon IP beta, 3 [m]

Ion b-b parameter, §;
Laslett SC tune shift
ELECTRONS
Electron energy, [GeV]
Electron emittance, [nm]|
Electron beam current, [A]

THERA EPIC 2 eRHIC

linac-ring
protons
041

608

10

211

1,000
1.0
071
10
0023
0003

250
2
000084

Electron beam power, [GW] .023

Synch. rad. power, [MW]
Electron IP beta, 5 [m]
Electron b-b parameter, &,

.00
23

linac-ring linac-ring
protons/gold

protons
21

~ 50
25

6.7

50
2.0
2.4
10
004
024

D

§

264
1.32
~ .29
10
3D

1.6/.036
243
21/60
35.5

100/250
0.8/1.0
14/.68
15/.39

.0046/.0015

001/.003

10
3
135/.135
1.35/1.35
49/.49
15/1.2
11/.57

eRHIC

ring-ring

protons/gold

3.5/.086
243
10/50
35.5

250,100
0.8/1.0
42/.42
53/.27
004,/.004
003/.003

10
18
12/.37
1.2/3.7
43/1.3
089/.139
06/.06

HER
(SLAC)

165
157
4.2

19
1.5
13.5
7.2
05/.50
055




Long range beam-beam. Early beam separa-
tion is easy with very unequal rigidities. EPIC:

Electron cloud. Ionized electrons are accelerated
by the next ion bunches, possibly with runaway,
threatening cryogenic heat load, instabilities.

e A paucity of data from superconducting rings
(Tev, HERA, RHIC, LHC). More work required ...

Intra-Beam Scattering, electron cooling.
RHIC expects the gold rms emittance to grow from
2 pm to 7 pm in 10 hours. With electron cooling it
should shrink to about 1 pm in 1 hour.



Laslett space charge tune shift.

N, C
e o107’

)

A0 ~ - 2(2m)3/2

| o«

Strong dependence on circumference C', RMS bunch
length o7, and the Lorentz factor 3+2.

e Make the bunch longer at injection (eRHIC: 28
MHz to inject, 197 MHz to collide).

e The bunch must be shorter than 5" in collision
(hourglass effect).



Synchrotron radiation. The total synchrotron
POWer 1S

E* [GeVY]
p [m]

e The SLAC HER serves as a natural “ruler” to
compare prospective electron rings. (See Table).

P[MW] = 0.08%5 Al (5)

Polarization. The natural polarization time

Cp? m”) ;
E?2 [GeV?)] (6)
can be too long (9.9 hours in eRHIC) — may have
to inject pre-polarized!

Tpol [S] = 15.8

e Acceleration through intrinsic spin resonances

probably impossible (E = J 0.441 [GeV])).

e Permanent magnets”



Interaction Region optics — spin rotators.

H\%: 1] |

£ o I T Hiy i
=l ) -
| I

Distance ‘east’ from IP [m]

e Spin rotator dipoles tend to be stronger than arc

dipoles — must keep linear synchrotron radiation
load to less than 15 kW /m.

e The vertical displacement is useful ...



I IR
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e RHIC tunnel cross section, with an electron
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A four stage Energy Recovery Linac

10 GeV e beam -90MeV o mw

—
to and back 9 GeV ||nQC>D (09Gev I: 'EI dump
> 90 I\/IeV 10 MeV

source

e Linac must be superconducting.

e Accelerating and decelerating beams must go in
the same direction.

e [lach stage has an energy range of about a factor
of 10 — or much more? (Bazarov, PAC 01).

Beam transport. The electrons must circulate
once with little synchrotron energy loss.

e Use a “full radius” recirculator, even with colli-
sions at only one IP?



Energy recuperation. Electron beam power is
~ 1 GW, so recuperation must be very efficient.

e JLAB IR-FEL (250 kW, 5 mA, 50 MeV) reports
a beam loss upper limit of 2uA, or < 4 x 10~*

e Losses in a high power ERL at this upper limit
could be unacceptable. Very little power can be lost
at cryogenic temperatures.

e More work is required to understand both the
origin of ERL beam losses, and their possible cures.



Higher Order Mode power dissipation.
Collective instabilities can be driven by HOMs in
the superconducting cavities.

e LPIC 2 predicts about 8 kW of HOM power dis-
sipated per cavity, primarily in longitudinal modes,
with only a few Watts at cryogenic temperatures.

e More studies & operating experience are required.

Beam Break Up. Collective BBU phenomena
are longitudinal and transverse, single and multi-
bunch, and single and multi-pass.

e Calculated EPIC 2 and eRHIC thresholds are
somewhat below nominal currents. Use feedback.



INTERACTION REGION ISSUES
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The “NIM” ring-ring IR optics

— with 3 beams
— electron ring in the RHIC tunnel
— geometrically constrained spin rotators

works, but is inferior to “green field” solutions ...



.. such as that of MIT-Bates.

e eRHIC now foresees collisions only at IP12

e An electron ring can therefore be outside
the RHIC tunnel.

e Linac-ring IR optics do not require a spin
rotator

e The experiment would like to integrate IR
magnets into the detector

CONVERGE ON AN IR DESIGN?
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The existing RHIC geometric constraints
are FULLY negotiable for collisions at IP12 ...

. with either ring-ring or linac-ring schemes.
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SUMMARY

1. It is now possible to merge the electron ring
designs — if we agree that this is desirable.

2. The linac-ring scenario continues to
evolve, in addressing its challenges

3. The time is ripe to begin merging ring-ring, linac-
ring, and detector perspectives, on a common
IR optics design.

4. The White Paper describes the status of a work
in progress. How do we collaborate from
here?



Ring—Ring Collider Scheme

Yu.M.Shatunov, BINP, Novosibirsk

EIC Accelerator Workshop 2002



Radiative polarization
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CONCEPTUAL DESIGN STUDY
OF e —p RING-RING COLLIDER

WITH POLARIZED BEAMS

MIT Bates — BINP collaboration

Yu.M. Shatunov




FEATURES of PROJECT

Head-on bueh—teo-buncir collision

Multi bunch operation

Low and equal B~

Round beams

Electron cooling of protons ( ;":l e <t 0“)
+ SR

Siberian snakesin proton ring

Spin rotators in electron ring



Electron ring
E=5-10 GeV

RHIC E=25 GeV (p)
E=250 GeV (p, Au)
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Fi.g. IV.2-3. RHIC half-insertion at 6 o’clock.
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General parameters of the electron-proton collider

Units Electron ring Proton ring
Circumferences m 958.25 3833
Energy GeV 5—-10 25200
Arxc radius m 97.98 610
Bending radius m 63.59 243
Number of bunches 90 _ 360
Bunch spacing m 10.65 10.65
Bunch population 1-10!! I = B
Beam currents A 0.45 0.45
Harmonic number 1170 2520
RF frequency MHz 365.7 196.9
Accelerating voltage MV 30 i P
Energy losses/turn MeV 2.83-—21.26
Total radiated power MW 1.27-9.57
Beam emittances, Exz Hm - mrad 4365 486
Beta function at IP cm 10 10
Beam size at IP, G;:,z rm 65—-80 6824
Momentum spread 1.0-1.6-103 1.1-0.4-103"*
Bunch length, G, crn 1-2 : 10—-5

Beam-beam parameter, &
IL.asslett tune shift, Av
Luminosity

0.046—-0.023 0.009—0.002

0.2—-0.009

cm 251 0.45—1-1033




Exploration of the Derbenev Kondratenko
Equation in the MIT Bates South Hall Ring

Townsend Zwart
EIC Workshop
February 2002

E. Booth, K. Dow, M. Farkhondeh, W. Franklin, E. Thloff,
K. Jacobs, J. Matthews, R. Milner, T. Smith, E. Tsentalovich,
W. Turchinetz, J. van der Laan, F. Wang
8z
The BLLAST Collaboration

Special Thanks to
D. Barber, A. Krisch & Y. Shatunowv




Talk Outline

e What: Map out the DK formula for radiative
polarization with a special emphasis on the
“kinetic’ term.

* Why: Benchmark test of the accuracy of the DK
formula and stringent test of codes (ASPIRIIN,
SL.IM) which predict the equilibrium polarization
in storage rings. This should build confidence in
the design and feasibility of a spin transparent
rotator for the electron ring of an EIC ring-ring
machine.

* How: Use the Bates infrastructure including:
— Polarized Electron Source
— South Hall Ring
— Siberian Snake
— Laser Back-scattering Polarimeter
— RF Spin Flipper
= Add:
— Wiggler
— One additional RF cavity (new lattice)



/Sibe:rian Snake bn ~ 0O

T~

Wiggler makes T “‘realistic™

Wiggler doesn’t require too much extra RF



[Derbenev Kondratenko Mane Formula|

Po, — _B {—36'(”'—7%%}
= 5V3{ Az (1—3-2)%+ H(+3 22)%)}

Time Constant

= e’ (13 (-9 + 1 (089)”)

Syvnchrotron Radiation Power

P = Cyy*R <§2>
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Equilibrium

Polarization

World Polarization vs. Time
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The MIT Bates Facility

liouth Hall T" G A Dolarized

Ring == Injector

thASlT - Diode Laser

weior

Siberian '

_— [, ~ 10 mA
P> 65%

Compton

Polarimeter 180 m LINAC DF ~ 1%

RF Spin 1.1 GeV w/ two

Flipper pass recirculation



Polarized Source Group
at Work on the Test Beam Setup

Goto talk by M. Farkhondeh




OPTOPower Laser Diode T
(Spectra Physics)
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Stored Current
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Compton Polarimeter

il Frn et. al.

Coherent Verdi

LBO doubled Nd:YV04 (Vanadate)

Power: SW A: 532 nm e: 2.25 mm x 0.5 mr
Single Mode

Excellent Power and Pointing Stability

Frequency Doubling Possible (~2W of 266 nm)
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Compton Asylnmetry
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Asymmetry
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Froissart-Stora Spin Flipper

Anferov, B.B. Blinov, A.D. Krisch, W. Lorenzon, V.S. Morozov, C.C.
Peters and K. Yonehara
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Polarization (%)

Radiative Polarization Today
(Shatunov suggestion)
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Polarization (%)

Kinetic Radiative Polarization Tomorrow
Wiggler(s) !
Goto Talk by F. Wang
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Polarization lima, Is)

Shatunov Proposal

Goto Y.M. Shatunov talk

Add Wiggler + RF to SHR
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Conclusions

1) Bates is in a good position to make definitive
measurements of the electron radiative polarization
and rigorously test the Derbenev Kondratenko
formula, particularly the “Kinetic” term. This will
also provide a stringent test of computer programs
used to predict equlibrium polarization in electron
rings.

2) Bates has the manpower and most of the
infrastructure to achieve this goal. The addition of
a superconducting Wiggler magnet and one
additional RF cavity in the SHR are necessary to
best realize program.



Advanced Concepts for EIC

Ya. Derbenev

Jefferson Laboratory

EIC Accelerator Workshop
BNL
February 26-27, 2002
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— Contents

Electron Beam:
Electron Circulator
Scanned Photocathode

Hollow Beam Injector with Beam
Concentrator

. lon Beam:
Smoky Beam Injection in Booster
Optimizing the Electron Cooling
Very Short Bunches

Interaction Point:
Low Beta* -
Crab Crossing
Traveling Ion Focus
Circular Colliding Beams

Spin:
Solenoid Snakes for Electrons
Twisted Orbits
Longitudinal Snakes for Protons
Spin Control for d and He
Flipping Spin
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— Circulator Rings for LR Collider, or LCR option —

e Macropulse source regime (high
pulse / low average value)

e Number of revolutions in CR =
macro-duty factor

e High circulating current =
macropulse value

e Still ERL CW, although:

e Pulse SRF linac in alliance with
CR as damping accumulator
might be an interesting option

e Naturally convertible to pure LR
option when beneficial

\E‘\\ ERL 5-10 GeV
e Kickers =

.

/o

T

=

J
| l injector I

t

J

1,
1,

t

Thomas Jefferson National Accelerator Facility

Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy




~— LCR features

Respectively the RR option:

. Easy spin (no crossing resonances,
no quantum depolarization)

. Emittance determined by the
photoinjector (CR regime)
. Easily variable energy

. Easier interaction point (no
depolarization of bends to appear)

. Larger admissible beam-beam
tune shift (higher lumi)

. Larger accessible circulating
current

Respectively the LR option:

Photoinjector released of high
average current

Reduction of BBU in SRF linac
Reduction of HOM

Issues:

Fast ejection-injection (develop
best kickers)

Microwave stability of short
bunches in CR

CSR effect

SRF in CR to maintain short
bunches

e e

Thomas Jefferson National Accelerator Facility Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy




— Possible Advances In Photo Injector

Scanned Cathode Photogun

RF rotating field

The goal: To extend cathode
lifetime while emittance is still
reduced

Hollow Beam Injector with Beam Concentrator

The goal: Reduction of space-charge effect on emittance

RF —» 10 MeV

[ X X X X |

[ X X X X ]

I Mew Concentrator ("buncher")
O ) H m) 3 )
_——-——'-'-'_'-'_—_'_’_._'ﬁ_'__ . 3
\/\\/ i Alternating resonance dipoles (ramp up)

plus non-linearity (ramp down)

e

Thomas Jefferson National Accelerator Facility
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~ Smoky lon Beam Injection in Booster

beam emittance/

e Halo transformation of ion beam in
phase space after linac

/process similar to beam debunching in
a ring: after beam Kkick, an introduced
resonance dipole field (static) drops
adiabatically along the beam path /

/Similar gymnastics in y-plane/

/ how to stack ion beam in booster over space charge limit maintaining

Beam stacking:

e Focus the smoky beam to
stripping foil

e Use beam raster applying an
RF dipole field (compensated)

Turning the smoky beam
back to the true size:

e After beam longitudinal
bunching/acceleration to a
large gamma in booster, make
the reverse halo gymnastics in
phase space by resonance RF
dipoles

e

Thomas Jefferson National Accelerator Facilitv Operated by the Southeastern Universities Research Association for the U.S, Depart. OF Energy




r— Electron Cooling and Luminosity

Optimizing the Electron Cooling
Measures to undertake:

° Equalize cooling rates using
the dispersive mechanism

° This allows to avoid beam
extension, hence, relax of the
alignment demands

e  Reduce x-y coupling outside
the cooling section to a minimum

Then, one gets a minimum critical
electron current and ion
equilibrium (flat beam) against
IBS

Very Short lon Bunches

® Electron cooling in

cooperation with a strong SRF
allows to obtain very short ion
bunches (Icm or even shorter)

Circulators for Electron Cooling

@ Cooling of intense ion
beams (up to a few Amps)
requires a high electron current
(hundreds of mA), in order to
defeat the IBS

This request can be satisfied at
ERL incorporated with Circulator

¥ f“\/\/’“xi}_:?
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— [.ow Beta-star for Ion

design quite a strong final focus:

B* about 1 cm or even shorter

e,
—+—__

Beam

e Chromaticity seems not an obstacle. and it ca

n be compensated if needed

2

F* F*|( o, F’
_ _ :

p =

Py . B\ o, b U?‘

GX
O
» F >
Parameter | Units Value
Y 100
F m 3
o, mm 2
g 4x10%cm | 1

Small transverse and longitudinal beam size (both after cooling) allow one to

B*=1 em

e 2

Thomas Jefferson National Accelerator Facility
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— Crab Crossing for Interaction Point

® Short bunches also make feasible the Crab Crossing:
® SRF deflectors 1.5 GHz can be used to create a proper bunch tilt

E =100 GeV
F F =3 m
a, =20, =26,—
A=20cm (1.5 GHz a, =0.1
eB,l =
g, =—1 B, =600 G (=20 MV /m) 4 =510~
E
[, =4 m

e
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— Traveling Ion Focus ~
/R. Brinkmann, 1995, general idea/

SRF deflectors (same) also can be used for arrangement of Traveling Focus
(at li>>[l.), in cooperation with sextupole non-linearity introduced in the

final focusing magnets

Traveling Focus allows one to decrease Vi or use bunches of a larger €&:
F (%)

-

=2 _dx ‘el
p= C “= E; ’B i << AJF over the aperture:
dF 1 dF 1 N
Matching condition: —— = — feénce, ——=—— ey
ds 2 dx 2« Ease to satisfy

AF, ~ 1 1{ (over the bunch) The feasibility condition: 5 Z ~

AF, 22 F =% @Hasz——

LCSW%C}B’ T ~
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o~ Circular Colliding Beams

IR with Beam Rounders

IR telescope (usual)

+45 skew block

L -

| N

| M.

o on

Thomas Jefferson National Accelerator Facility

® Arrangement of Circular Modes
at interaction point improves the
beam-beam stability

-45 skew block

Planar to Circular Modes Transformation

\

HORIZONTAL MODE

HORIZONTAL MODE

CLOCKWISE MODE

Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy



— Circular Colliding Beams

o Circular modes seem especially effective Flat ion beams can be obtained

at a large aspect ratio (& >> &y), due to with help of electron cooling
a strong reduction of particle radial
oscillations (i.e. effective linearization of

bb interaction)

e Flat e-beams can be delivered
to CR from a magnetized e-gun

e e-beams in storage rings are
inherently flat

e a rotating electron beam at IP
in CR can be delivered from a
magnetized e-source

R4

NENES
N It ug’z@:}

Thomas Jefferson National Accelerator Facility Operated by the Southeastern Universitics Research Association for the U.S. Depart. Of Energy



— Spin Trends

Solenoid Snakes for electrons in CR

e spin

Full solenoid snake at 5 GeV: 60 TM
10 : 120

No spin rotators is needed in CR (Wien
filter in injector — optional)

“snake” /&
solenoid

%

L mmmz}:

Thomas Jefferson National Accelerator Facility Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy



in Trend
5P 8 — e
Spin features:

e  zero spin tune

Twisted Spin Synchrotrons

o No resonance crossing
e Intrinsic spin resonance stay away

® Longitudinal either transverse
polarization is easily organized, stabilized
and controlled for all the particle species
(p, d, He, ..., and electrons)

° No spin rotators are needed

@ Convenient for circulator, booster
and collider rings suited for EPIC

. Easy longitudinal snakes for protons
can be introduced (instead of 45 degree
snake axis of RHIC), to make % spin tune
value

° Polarized beam acceleration problem
is gone

LCE”\”“”“C}D J

Thomas Jefferson National Accelerator Facility Operated by the Southeastern Universities Research Association for the ULS. Depart. Of Energy




— Spin Trends ~N
Twisted Spin EIC rings

Ion spin track:

Collider
Linac 0.4 GeV: Booster 50-100
' Ge
(\ 5-20 Gev
> —> » —= —>
_._._’- ™
V\ . /V
spin

. Longitudinal Snakes
for Protons (ease)

* ¢ —circulator
could be used as
ion booster

e 20r41P

(e g
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~— Spin Trends

Spin control for D and He”3 Flipping spin
Longitudinal spin can be . Protons: all the possiblities that
stabilized by small solenoids are available in conventional
' rings

Transverse (horizontal and

longitudinal) spin both can be . Dand He: varying adiabatically
stabilized and controlled by the controlling dipoles fild
horizontal dipoles distributed strengthes and signs

around arcs

e
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~ Conclusion & Outlook

1. The SRF ERL technology provide a
potential for

realization of high luminosity EIC
(33-35 level), related to two major
elements:

- polarized 5-10 GeV electron
beam

- high quality e-beam for cooling
of ion beam

2. Incorporation with circulator ring
raises drastically the
utilization efficiency of ERL

3. Improvements of the Interaction
Region (crab crossing,...) seem easily
compatible with the LR version of
EIC (compatibility with the RR to be
studied)

4. Possible new solutions for polarized
ion beam transport (twisted rings)
seem to raise essentially the EIC
capabilities

5. A consistent concept of EIC
luminosity level 34 seems possible to
compose today basing on the existing
state of art of accelerator and
polarized sources technology

6. Luminosity level 35 seems possible at
increase of a polarized electron
source peak current by a factor of 10
(to 25 A)

7. Other approaches to efficient
utilization of e-beam accelerated in
SRF linac should be examined, as
well (say, SRF linac incorporated
with electron circulator in the regime
of damping ring)

J

N——{psion Ll
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ELIC: An Electron - Light Ton Collider
based at CEBAF

L. Merminga, K. Beard, Y. Chao, J. Delayen, Ya. Derbeneyv, 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

\
" Anelectron - 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
E.~3GeVonE ~306eVuptoE,~b5GeVonE, ~50GeV
* CW Luminosity from 1033 to 103° cm2 sec™!
* 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
aYaYa
N Gltforson it /
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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

/N
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~— CEBAF with Energy Recovery N

= Tnstall 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

k YAV
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— "Figure-8" Ion Ring N

= Zero spin tune avoids intrinsic spin resonances

= No spin rotators are needed

= Can get longitudinal polarization for all ion species at all
energies continuously

D

N s /
\\/ U v Lia Merminga EIC Workshop 2/27/2002

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



Fast Kicker
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—ELIC LayouT ~

Ion Source

5 GeV electrons 50 GeV light ions

| AN
CEBAF with Energy Recovery ))))

Beam Dump
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— Parameter Choices

° PDO: Max peak luminosity without cooling and
parameters based on demonstrated performance to date
. PD1: Max luminosity of 1x1033 cm2 sec!
Electron cooling required
. PD2: Max luminosity of 1x1034 cm-2sec!
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
E,=5 GeV, E =50 6GeV, ¢, = 10 um, ¢,/ = 2 um (w/out cooling)

Equal beam sizes for electrons and ions are assumed at the IP
NN\

® We have developed self-consistent parameters for 4 point designs (PDs):

~
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— Parameter Table ~

Parameter | Units | Point Design O Point Design 1 Point Design 2 Point Design 3
e Ions e Ions e Tons e Tons
Energy GeV 5 50 5 50 5 50 5 50
Cooling - - No - Yes - Yes - Yes
Lumi cm? 1 x 1032 1 x 1033 1x 1034 6 x 1034
sec
Nyunch ppb | 1x1010 | 2.5x10% | 1x10%0 | 2.5x101° 1x1010 1x1010

f. MHz 150 150 1500
T.. A 0.24 0.6 0.24 0.6 2.5
o> um 45 45 14 6 45 45
€, um 10 2 10 0.2 10 0.1
p* cm 200 5 20 5 4 1 2 1
o, cm 0.1
&/ -
Av, -
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~— Accelerator Technology Issues N

" 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 Q,,; for rf power savings, increased system efficiency

For 25 Hz amplitude of microphonic noise, optimum Q,,;~3x107
— RF Control becomes more difficult with high Q,,; 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 Q, (1x10°)

" Cryogenics
— At Qu=1x101° dynamic load ~10 kW, installed ~20 kW (x2 Upgrade

CEBAF)
/\/\r\ )
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Jefferson Lab 7-cell Cavity
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— Jefferson Lab 7-cell Cavity Performance |
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~ Accelerator Physics Issues of the Proton Ring —

" TIntrabeam scattering: Transverse and longitudinal
= For luminosity >1033 cm-2sec-! electron cooling is required

" Collective Effects
* Longitudinal mode coupling
* Transverse mode coupling instability

N s /
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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-¢ relative loss achievable?
" Collective Effects
* Single-bunch effects
— Emittance growth and energy spread due to wakes
* Multipass, Multibunch Beam Breakup (BBU) Instability
— I, ~ 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

N s /
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AcceleraTor Physics Issues of the
(" Electron-Ion Collisions A

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 = N, <1.5 x 10%

" Beam-beam kink instability

F\M/ -/
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~ Beam-Beam Kink Instability N

" 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.

" TIn 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]

D¢, <4v,
" For the case of equal bunches and linear beam-beam force, chromaticity

appears to increase the threshold of the instability [Perevedentsey,
Valishev, PRST '01].

" The instability has been observed in numerical simulations [R. Li, J.Bisoghano,
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
NN )
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~— Beam-Beam in Linac-Ring Colliders —~

PHYSICAL REVIEW E VOLUME 48, NUMBER 3 NOVEMBER 1993

Strong-strong simulation on the beam-beam effect in a linac-ring B factory

Rui Li and Joseph J. Bisognano
Continuous Electron Deam Accelerator Facility, 12000 Jefferson Avenue, Newport News, Virginia 23606
(Received 16 April 1993)

Since the inherently low emittance required by the linac-ring B factory implies high disruption
for the linac bunch, previous investigations of the beam-beam tune-shift limit may not apply. A
strong-strong simulation scheme was developed based on a macroparticle model to simulate beam-
beam interaction in this situation self-consistently. Included in the ring dynamics are linear betatron
oscillations and synchrotron motion, as well as transverse and longitudinal damping and quantum
excitation. As a benchmarking test, the coherent quadrupole effect in a ring-ring collider was
observed by the simulation. The code was then used to study the stability of the storage-ring
bunch in a linac-ring collider and yielded strong synchrobetatron coupling due to the deep envelope
modulation of the linac bunch. It was, however, observed that when initial conditions for the linac
beam were properly chosen to match the focusing provided by the ring beam at IP, the beam-beam
tune-shift limit of the ring beam could be comparable to that of a ring-ring collider.

PACS number(s): 41.85.~p, 41.75.—1
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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 Y DR .

alternating mode 77 N
so.l )
/\r\r\ - y
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~ Feasibility of 25 GeV FT Program at CEBAF —
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SR leads to spot sizes at the IP of 0.3-0.5 mm at 25 GeV
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

" Anintegrated electron-ion collider program (CM energy 20-30
GeV) and fixed target program (at 25 GeV) based at CEBAF
appears feasible

YAV
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RHIC Performance and Plans

RHIC accelerator performance and status

Plans and upgrades

Thomas Roser
BROOKHFVEN EIC Accelerator Workshop
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February 26-27, 2002



Gold Ion Collisions in RHIC

Beam Energy =100 GeV/u

L, . per IR=2x10% cm?2sec!

BOOSTER C )

TANDEMS

1 MeV/u
Q=+32




FY2001 - 02 RHIC Gold Parameters

e 55 - 56 bunches per ring v (110 bunches per ring tested, intensity limited)
e 7.5 X 103 Au/bunch @ storage energy (intensity limited during acceleration)
e 1 X 10° Au/bunch achieved @ injection v’
o Longitudinal emittance: 0.5 eVs/nucleon/bunch (0.3-0.6 Design) v/
« Transverse emittance at storage: 15 T um (norm, 95%) v/
o Storage energy: 100 GeV/amu (y=107.4) v 10 GeV / amu (y=10.5) v
o Lattice with B*squeeze during acceleration ramp:
= f*= 3 mand 10m @ all IP at injection v/
» = 1m @8and2m @ 2, 6 and 10 o’clock at storage v’
o Peak Luminosity: 5 X 10?6 em2 s! (2.5 X design average) v/

o Bunch length: Sns with 200 MHz storage rf system
(diamond length: 6 =25 cm) v

BROOKHFAEN
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“Typical Store” # 1812
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X 106 Au RHIC Performance
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Integrated Au-Au luminosity
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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 X 10° Au/ring
o 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)

BROOKHFAEN
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Transverse instabilities in RHIC

High sensitivity around transition Intensity
Effect of vacuum chamber impedance, oo Before instability
electron cloud (7) 0.0015 [
oot | s
Cures: beam-beam tune spread, o (o %; \
0.0005 | L e e
octupoles, transverse dampers, rf L % /2///03
quad, ... > ___
Tomographic reconstruction of <
2D bunch density 180 35 500 Energy
Intensity 200 220 180
Phase 240 160
0.002
After instability with
0.0015
~ 10 ms growth rate
0.001
0.0005 W j i ;W/,/////)@
’. 0 _////
z 240
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BROOKHFAEN R s 50 Energy
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Intra-Beam Scattering (IBS) in RHIC

40 ! ]
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: @ 30 ——Linear fits
—
B0 4. =
g £
< g
= -]
= ¥
': : : : — Measurements %
E 301/ """"" """"" . "IBScomputatipll """"

2‘5 L

2.0 i i i i i i 0 i i i i i

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6
Time in store [h] Time in store[h]

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)
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Polarized Proton Collisions in RHIC

RHIC pC Polarimeters

4 BRAHMS & PP2PP (p)
~ 4— Absolute Polarimeter (ﬁ jet)

L =2x102s!lcm?

max

70 % Polarization
E_, =50 to 500 GeV

b 4 . .
Spin Rotators Siberian Snakes

2 x 10! Pol. Protons / Bunch
€ =20 m mm mrad

Partial Siberian Snake

LINAC BOOSTER

Pol. Proton Source

500 pA, 300 pis /' -

11
200 MeV Polarimeter ¥~ AGS Internal Polarimeter

Y Rf Dipoles
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High intensity polarized H source

| KEK OPPIS
el . upgraded at TRIUMF

70 - 80 % Polarization

15%x10'! protons/pulse
at source

6x10!! protons/pulse
at end of LINAC
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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
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“Typical Store” # 2304
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Results from first RHIC polarized proton run

« 55 bunches per ring with 0.8 x 10!! pT/bunch

o Charge/bunch and total charge higher than with gold beams
o Lattice with constant f* of 3 m during ramp

o Peak luminosity at beginning of store: 1.5 x 103 cm s°!

e Energy/beam: 100 GeV

o Beam polarization ~ 25 %
RHIC polarimeters work reliably

« Little if any depolarization in RHIC during acceleration and store
Siberian Snakes work

e ~ 60 % polarization loss in AGS; aggravated by lower ramp-rate from
back-up Westinghouse motor-generator

o Strong Siberian snake in AGS (~ 30 % of full snake) could avoid all
depolarization in the AGS
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RHIC design luminosity
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RHIC luminosity upgrade (RHIC II)

o ‘Enhanced’ luminosity (x4) possible with existing machine:
= Double the number of bunches to 112
= Decrease f* from 2 m to Im
o Further luminosity upgrades can be achieved by:
= Decreasing B* further with modified optics
» Increasing bunch intensity
» Decreasing beam emittance

o 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.
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Heavy Ion Luminosity Upgrades

RDM RDM+ RHIC 11
Initial emittance(95%) mum 15 15 15
Final emittance (95%) mtum 40 40 3
Beta function at IR [m] 2.0 1.0 1.0—-0.5
Number of bunches 56 112 112
Bunch population [107] 1 1 1
Beam-beam parameter per IR 0.0016 0.0016 0.004
Angular size at IR [urad] 108 153 95
RMS beam size at IR [um] 216 150 95
Peak luminosity [10%6 cm s-1] 8 32 83
Average luminosity [10%6 cm2 s1] 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
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Proton Luminosity Upgrades

RHIC Spin RHIC I1 Future Upgrade

Emittance(95%) mum 20 12 12
Beta function at IR [m] 1 1 0.3
Number of bunches 112 112 336
Bunch population [10'!] 2 2 2
Beam-beam parameter per IR 0.007 0.012 0.012
Angular size at IR [urad] 112 86 157
RMS beam size at IR [um] 112 86 47
Luminosity [10*? cm™ s] 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
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Electron Cooling at RHIC Storage Energy

o Electron beam cooling at full RHIC energy could eliminate this limitation
and even reduce beam emittance further.

» Feasibility supported by study produced at BINP

o Bunched electron beam requirements for 100 GeV/u gold beams:
E =54 MeV, <I> < 100 mA, electron beam power: <5 MW!

o Requires high brightness, high power, energy recovering superconducting
linac, almost 1dentical to IR FEL at TINAF

o Has several applications at BNL: PERL, eRHIC (EIC)
 First linac based, bunched electron beam cooling system used at a collider
o First high p, electron cooler to avoid recombination of e and Au”™*
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The RHIC Electron Beam Cooler

30 meters

— 01-1T

" o
o> >
6 YYYY s
Buncher magnst 5-12 MeV; 50-130 MeV Debuncher magnet
and cawity Gun Dump and cavity

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.
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RHIC Luminosity and Emittance with Cooling

— No cooling
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Summary

o Highly successful operation of RHIC with gold beams and first
operation with polarized proton beams

e RHIC luminosity upgrades (RHIC II):
» with existing machine: X 4
« with full energy electron cooler: X 10 possible

e RHIC e-cooling R&D program underway.
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Table 1.1. GOLD nominal beam parameters at various stages

Units Injection | Store start | Store end |
Nominal beam int. N; 107 1.0 1.0
Transverse emittance €,; | 95% n*um, normalized | 10 13 40
RMS bunch length o m 0.47 0.12 0.2
RMS momentum spread | 0.001 0.27 0.53 0.9

Table 1.2. List of basic parameters list used for the simulation of electron cooling in

this section

Number of electron in a single cooling bunch Ne= 010"
Electron bunch length r.m.s. [cm] cs =20
Frequency of repetition ion bunches [MHz] | f,=4.6
Average electron current [mA] lav=0---74
Peak electron current [A] Ipeak= 0--- 9.6
Magnet field at cooling section [kG] B=10
Transverse electron temperature in beam’s reference system | [eV] T,=1000

| Electron beam diameter [mm] | a=2



RHIC electron cooler layout

20 meters

Buncher magnet
and cawity



Electron Cooling System for RHIC collider (BNL)
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3.7. Injection of the electron beam into the figld ©oFf solenoid

Since we have a very strict limit on the transverse emittance of the electron beam inside the solenoid, a non-
destructive method of injection of electrons into the field of the solenoid is very important. We will consider two
possible methods of nondestructive injection of electrons into the field: (1) Injection of a flat electron beam using

quadrupoles as the focusing elements [1-3]; (2) injection of the round electron beam generated by a magnetized
cathode.

1. Injection of a flat electron beam using quadrupoles as the focusing elements.

For injecting a beam into the field of a solenoid we assume the optical system shown in Figure 3.7.1. The
radius of the electron beam is a,~0.06 cm in the magnetic field B.o,—10kG of the cooling section. Let the magnetic
field on the cathode of the electron gun be Bg.,—100 G, then the radius of the electron beam is a.gu,—0.6 cm. Afiter
acceleration to an energy of ely,=2 MeV, the electron bunch exits the magnet field and then is transformed from a

round beam to a flat beam. Before entering the main solenoid, the beam is transformed back to a round beam by the
inverse operation.

Let the wavelength of the Larmor spiral in the gun solenoid be A. Then we choose the distance between skew-

quadrupoles SKW 1 and SK'W?2 to be wi. The focal lengths of SKW1 and SKW2 are 2A and —4 A, respectively. For the
main solenoid we adopt a similar notation.

SKW1 SKW2 SKwWI1' : SKwW2'
TTA | _ L TCA —
[ <1 > accelerating ——— o
gun solenoid Zz 2 main solenoid
1 adjust 2
1 optic 1
A B C D E E

Figure 3.7.1. Schematic diagram of a matching
transition of the electron beam between solenoids.

The wvalue of the transverse momentum in the main solenoid can be evaluated from the invariance of the magnetic flux
in the Larmor circle
2 _ =]
roc B =r ., -B,. (1)
Hence

) ! - I 7w
— 2z — Lég,l ,?,’,,: 'I Bz (2}

= 557 = =
P> Py Y2 N B
Thus, the initial spread of the trar.sverse momentum in the injector should not exceed Ap,/p=1.3-107 (=100, v,=S5,
B.=10" G, B;=100 G, Aps/p=06.4- 10™) that is not so severe restriction.

The features of beam trar.sport from one longitudinal magnetic field to another is as follows. If we consider’
the invarianc= of emittance as an invariance of the phase-space volume then the proper variables are {Px = p.teA./c,
Q.—x, P, = pytesJe, Q—y, }. where P is the generalized momentum and A the vector-potential of the magnetic field.
As can ve seen Sy the choice A,=-B-y/2, A,—B-x/2 for the gauge, there is a nonzero "magnetic emittance" for a beam
generaied in a'longitudinal magnetic field. Note that this "magnetic emittance’” isn't related to the spread of transwverse
momentum of the particles (p,.=—0, p,=0). After transition of beam from the zone with magnetic field to the zone
without magnetic field, the "magnetic emittance” converts to a real emittance and a spread of the transverse
momentum of the particles appears (Busch's theorem). Howewver, with the special optics described below, it is possible
to convert th= "magnetic emittance”™ to the real emittance of just one component of particle motion, for example x. In
this case, the correlation between x and w is eliminated and the beam can be transported with a standard optical system.
The emittance of the y-component in the magnetic field free zone is defined by the thermal spread of transwverse
momentum in the magnetic field and the radius of the Larmor circle. Thus,

2

£ | e? -
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wavelength with a small resonator size. The lengith of the resonator and its wavelength

are related by the equation:

tm{gL ]__4Lﬁ
ro Z oo
where Zg is the impedance of the coaxial line, C is the value of the shunting capacitor.
is the resonance frequency of the resonator and L., is its length.

1.(9) |

b C

Y

A
o}

I.cawv

Figure 3.11. Schematic diagram of the energyv-modulating RF cavity.

In order to linearize the functional dependence of the momentum increment on the
longitudinal position it is necessary to use a harmonic combination of such resonators.
The wvalue of the final length of the bunch imposes constraints on the energy-modulating
sy¥ystem of resonators. The non-linearity of the momentum increment cannot exceed 2-10"
7. This may be determined by observing the spread of electron longitudinal positions due
to the non-linearity of the longitudinal momentum, which is approximately
ApT

=

where As is the final length of the electron bunch and Ap' is the nonlinear momentum
increment. This requirement is easily achieved wwith two harmonics (the third harmonic
has a relative amplitude of 0.05 ) for a phase interval of +50°. The suggested parameters
of the RF-system are shown in the table below. For the fundamental we use two
resonators, with a voltage of 360 kV each.

o)

Ay = 3R

Table 3.4. Suggested parameters of the RF system.

a, cm b, cm D, cm Locav, cIm H. CIN f. MH=z= P, KW U, KV
S 30 5 56 432 70 (18] T20/2
5 12 5 30 144 210 1 36
820 Y500
*
240 O.Z ¢




the debunching system with the necessary modulation of energy for optimization of the
bunch length and energy recovery at the main linac. The electron beam with a residuzal

energy of 2 MeV is terminated in a beam dump.

An initial analysis of electron optics has been made using the thin-lens
approximation. The betatron and dispersion function are shown in Figures 3.3 to 3.5. The
detailed calculation of optic scheme for electron can be completed after a choice of

parameters of electron transport system is made.
In the RF linac structure it is useful to use a special procedure for evaluation of

betatron function. The motion of particle at acceleration can be written as
&2 1 g dx
s S iy (v/c =1). 1)
ds #(s) ds ds

If we use the Ansat=:

= dj-l'
x(s) = Aw, (s)cos| | ——————~ + &, z 2>
- ST ML
Then the differential equation becomes:
d7w 1 4dp dw 1
=+ e -0, (3)
ds* »(s) ds ds »w?

which is similar to usual envelop eguation. Thus one can calculate the dynamic wvariable
wy for a given y(s) and then calculate B(s) as:

L(s) = y(s)w, (s)° . (4)
. - B= - 300
= 5000 ' e 3
(=3 9 !
- 0 _E s L)
S 40007 = 200
%= 2000 :
g 7 = I/\
= 2000*; BX " ~ ET \V'LIJ - 100
=2 1000 . = ¢ . o R e
= 7 i e /; T R < i
O — — e — ir- : = ' B b e
o 500 1000 1500 2000 2500
S, Cm
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Figure 3.3. The sketch of betatron and dispersion functions from element 4 to

y - function, cm
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Figure 3.4. The sketch of betatron and dispersion functions from element 13 to
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Figure 3.5. The sketch of betatron and dispersion functions from element 21 to
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2. Lumineosity under cooling
2.1 Beam Parameters at the Interaction Peoints
At RHIC, collisions take place at n,—6 Interaction Points. For simplifying the discussions below,
we will assume equivalency of all the IPs, with parameters listed in the table 2.0:

Table 2.0
Parameter Symbol Value Lnits
Beta function at TP B 2 m
Crossing angle o Radians
MNumber of ions per bunch ™; 107
Number of bunches in the ring for 60
Initial ion r.m.s. normalized emittance Eni = ¥or mm-mrad
Initial r.m.s. bunch length (= 22 cm
Initial momentum spread oLy 1.46-107 §
2.2, Beam-beam interaction

The main beam-beam parameter for the interaction is the linear tune shift at the IP:
N.r
Eu =t (D)
Arer,
The beam-beam parameter for RHIC storage at top energy is £;=—3.8- 1072,
MNonlinear resonances also cause a diffusion of ions to large amplitude oscillations. The result of a
simulation made at BINP shows that the power of this resonance for the proper ring lattice becomes
significant if £;>0.05. Any low-power cooling is useful for preventing the blowup of the beam during
collisions of ion bunches for a small tune-shift. Experience with electron-positron colliders shows that
increased cooling helps to reach a higher tune shift and luminosity. The Figure 2.1 shows
measurement results of the maximal tune shift in the collider VEPP2ZM at an enecrgy range 300-700
MeV [1] when the syhrotron radiation cooling changes significantly by changing the radiated power.
The maximal beam-beam tune-shift as a function of the number of turns in one cooling time may be
estimated by a simple power fitting approximation (Skrinsky formula):

2
Citma =

i @
The solid line in the figure shows calculation according this line.

coolirng

i —=— Maximal §__ VEPP2
: - . (==
fitting
0,05
2 p.04 9
=
=3
= o0.03 |
0,02 T
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Figure 2.2. Luminosity vs. time for different cooling decrement.
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Figure 2.3. Horizontal emittance vs. time for different cooling decrement.
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Figure 1.9. The transverse iom emittance (r.m.s. normalized) versus storage time at the injection
energy.

Without cooling., the initial emittance increases from 2.5 mm*mrad to 2.7 mm*mrad and the bunch
length from 1.1 m to lllm.Coohngwasmadewrthmbtmonofthecoolmgratcsothat
longitudinally the beam is mot cooled, to reduce IBS. For cooling at injection energy, the electron
beam temperature can be abowt 100 eV and the magnetic field of the cooling solenoid may be reduced
down to 1 kG (instead of 10 kG required at the top energy.) As a result of the decreased field the losses
on injection increase but for a cooling time of 1000 s the loss is not significant. Figure 1.10 shows the
number of ions in the bunch versus time under this condition.
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Figure 1.10. The number of ions in a bunch versus storage time at injection energy.

From ﬁgun:-s 1.10 one can see that the ion losses over a period of 1000 s are nearly 20%. For injection,
this loss is not very significant. The loss can further be suppressed by decreasing the electron current



3.5 Maimn limac

For electron cooling of RHIC we nced an electron beam with an energy of 52 McV, more than 10'° electromns in
a singlaebui:m:h,a.nc:nergr::pra.-dcs-fi.'a.‘;ﬁf‘:.l:lo-4 orbeuera:ﬂammmm:pmdof&g;}ﬂ-lﬂ" or better.

The main factors affecting the energy and momentum spread of the electron beam in a linear accelerator are the
following:

1 Wake field produced by higher-order modes of the cavity on the energy spread of particles.
dependence

2: The time of the accelerating RF voltage during the passage of a short electron bunch.
3. The influence of a space—charge field on the energy spread of particles.
4

The influence of inhomogeneity of the magnetic and transverse electric components on the partucle’s
motion.

The bunch is placed at a phase of 8= -10° in order o produce a linear correlation between the longitudinal momentum

and position in the bunch (chirp). This chirp will later serve for debunching of the electrons.

1. The longitudinal wake fields for LEP (350 MHz) and CEBAF(1.5 GHz) accelerating structures were calculated.

CEBAF

E as N1 o". E__= 5.5 MV/m, 10 CEBAF cavities
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Figure 3.5.1. The longitudinal wake fields for LEP and CEBAF
accelerating structures.

The LEP and CEBAF accelerating structures consist of 5 and 10 cells, respectively. The average accelerating gradient is

E=5.5 MeWV/m. The results of calculation are shown in Figure 3.5.1. The increment of particle energy spread as a
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we calculate the values of the beam size and space-charge strength terms for a couple of

bunch charges:
Table 3.5. Beam size and space-charge strength terms for two representativebunch

= <space charge term>/<emittance term>

charges.
WNe E(IMeV) As (cm) * b K1, K2,
10'1 2 30 .5 0.5 27 2.9
10'° Z 30 T.5 0.5 0.27 0.29
10" 1 30 1.5 0.5 1.4 | 0.5
One can see that the electron beam dynamics is space-charge dominated, and for
transporting a beaim bunch with Ne=10!! electrons we need a strong focusing system with
beta-functions of about 50-100 cm. The r.m.s. beam parameters are shown in Figure 3.13.
for various values of the number of electrons in a single bunch (MNe=10°, 10'° and 10! Ty
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-5. parameters of the electron beam vs. the longitudinal
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coordinate.

Flgure 3.13.

We can see that the effect of the space-charge isn't significant for Ne=101!° . but it
is crucial for Ne=10''. For transporting Ne=10'! in a single bunch, it is necessary to
provide a stronger focusing system with B-function of about 50-100 cm or increase the
injection energy.

growth is related to the difference of the

It was shown in [1] that the emittance
field energy of the bunch and an equivalent bunch with uniform density. For the case of a

highly space-charge dominated beam, a special form is required for the charge
distribution of the bunch in order to preserve the density distribution. For that reason,
additional studies of the emittance growth in intense electron bunch are very desirable.
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Overview:
Electron Cooling for RHIC

1998~2000
Advanced optics concept for beam transport
(Y. Derbenev)
Demonstration of high current e- beam with
ERL(JLAB)
U

Initial studies for RHIC e-cooling

April, 2001
Feasibility study for RHIC e-cooling
(BINP&BNL, C-A/AP/47, 2001)

2001 ~ now
A new round of study is underway at BNL
aiming at a design of practical e-cooling
facility for RHIC lum. upgrade and EIC.
Cooling evaluations
Electron beam facility designs
R&D of key technologies

2002 ~
Start ‘Electron Cooling Test Facility’ at
BLDG 939, BNL.
First, a s.c. RF-gun will be installed in May.
Other equipments will be added by stages.



Simulations of e-cooling in RHIC

RHIC Parameters for e-cooling calculation

Beam energy GeV/u 100
Bunches/ring 120(360)
Particles/bunch 10°
Cooler solenoid length m 30
Solenoid strength Tesla 1.0
Transverse emittance(nor.) pi.mm.mrad 15
Longitudinal emittance eV.s 0.5
Beta functions at cooler m 60
Bunch length cm ~30

Starting point:
SIMCOOL(BINP), installed at BNL

e simplest models for e-cooling and IBS(Intra-
beam scattering), good for fast estimations.

¢ used in Feasibility Study Report and still the basis
of our e- beam facility design.
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Crosscheck and more
BETACOQL(JINR), installed at BNL

® more options with several different models in
cooling and IBS, etc.

Problems:

Incomplete documentations.

IBS calculations don’t work well.

Some discrepancies among simulation results with different
electron cooling models/methods.

Example:
Cooling rate comparison with different model/options
D-S model Parkhomchuk model
Single particle ~4 I
Gaussian beam - ~14 ~4

Electron cooling force only, no other effects.
Same conditions of RHIC and e beams.

(What we are using is the most conservative one.)

Improvements:
Refined Betacool:
agreement with JINR group
new code, complete documentations
BNL experience in IBS, further developments here.

New code: novel solution, talk at BNL soon




Basic parameters of electron beams
required for RHIC e-cooling

Electron beam energy SSMeV(y =107.6)
Charge/bunch Sne

Repetition rate 9.4 MHz(120 b.)
Average electron current 47 mA

Bunch length at cooler 3~30 cm(TBD)
Beam radius at cooler ~0.8 mm
Transverse emittance(nom.) 10~50 mm.mrad
Energy spread at cooler 10

Note: above parameters may change with

< better understanding to physics,
e.g., recombination issue.

changing losses for
different electron temperature

—+—T=1000 eV
= Josses only by the capture electrons at cooler
e Tal00 eV —=-— + losses by dissociation ions at [Ps
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< improvements or difficulties in technology
aspects, e.g., photo-injector, solenoid.



BNL is planning to build the
E-cooling Test Facility for RHIC

Goals:

To study the key physics and technology
issues

® high performance e- source: photo-injector

¢ super-conducting RF technology with energy
recovery at SSMeVxS0mA

e transport of (magnetized) e- beam,
(de)compressions, compensations to various
effects, space charge, CSR, and so on

e high precision solenoid(one section)

e beam dump

¢ instrumentations
etc.

Test facility will be a phased project.

Eventually, it will be ready to apply to
the RHIC.



Layout of Test Facility

Location: Building 939(for neutral beam test

facility in the past), BNL

Gun and beam combiner

Re-Buncher
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Solenoid

/ LINAC

Beam
dump
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Size: 20x 6 m
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Sketch of electron beam facility for e-cooling
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Photo-injector

The e- source is crucial for getting high
quality beams.

A 1.3 GHz 2Y%-cell RF-gun with a photo-
cathode is chosen for

® its advantages in producing high charge and
high quality electron beams.

e BNL has expertise in the field

e same frequency as linac

Gun design:
Cooperating with AES(Advanced Energy System).
Gun will be built there, then installed in Test Facility.

Cathode material and laser:

R&D is to be done to determine cathode material
and corresponding laser system. (T. Srinivasan-Rao,
Instrumentation Divsion)



Major issue for gun: high dissipated power

Field (MV/m) 15 20 25

Diss. power (kw) 773 1373 | 2140
Ave. power den. (w/cm®) | 293 520 810
Max. power den. (w/cm®) | 359 | 638 937

120°C operating temperature.

Thermal and mechanical designs are being
performed in AES. It appears that it is workable
at least with 15 MV/m field gradient.

Preliminary water cooling design(AES)




Gun to Linac: Beam Merger

Try to avoid any large bending angle chicane or like.

Compressor arc

Used e- beam
55MeV

Photo injector

Special |
magnet

~2 degree

Small angle dipole |,

s.c. Linac

a few MeV
~ 1000 little
Gauss
55 MeV 2~3 MeV
e- beam e- beam




LLinac

e 1.3GHz, 3 or 4 TESLA 9-cell cavities

¢ g00d performance

e agreement with DESY in production

of cavities for BNL in ~ 2 years

Gradient in test facility: ~20 MV/m
Energy at exit: up to 55 MeV

cw operation: no fundamental problems.

This workshop: alot of things to learn from JLAB
and others on high power cw operation with Energy
Recovery.



Cryogenic issue: Heat load(2K):
TESLA Test 8-cavity cryostat module:
11 W (5 Hz), including HOM,

RHIC e-cooling 3-cavity cw-mode:

3 x 20W(14MeV/m) ~ 40W(20MeV/m)

=60~120W +HOM
(Q=1x10" at up to 20 MeV/m, if higher, say, 1.5 x10", it
is better )

Cryogenic capability in BLDG 939 (M. Iarocci)
e set a limit.
e may have to operate in pulsed mode mainly and
test in cw mode for short time.

Solenoid design
(M. Harrison, A. Jain,
Superconducting
Magnet Division)

~10* field quality
very challenging

Beam dump
(A. Hershcovitch)
~50 mA @ 2~3 MeV



Optimizations of beam performance
of photo-injector

Gun working parameters at 5 nc

Frequency: 1.3GHz

Number of cells: 2 % cell

Cathode radius: ~ 0.9 cm

Laser pulse length: ~ 20 ps

Initial RF phase: ~ 15 degree
Magnetic field at cathode: 0~100 Gs
Gradient at cathode: 15 MV/m
Energy at exit: ~2.35 MeV
External field: 3 solenoid coils

Optimization with PARMELA: non-magnetized
beam

Major parameters Unit Exitof | Entrance
RF-gun | oflinac
Beam energy MeV 2.35 2.35
Trans. emittance | mm.mrad 35 15
Long. emittance | KeV.deg 323 7.l
Energy spread % 2.2 4.3

Magnetized beam case(some arguments):

e Transverse emittance: larger by a factor of 2~3.
e Beam size: no problem.



L-band RF-gun for RHIC e-cooling
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RF-gun e-cool Ec=15MV/m, chg=5nc, ini=15deg, Bca=0Gs, r=0.9cm, 10ps
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Beam transport: start-to-end simulation

Crucial for the final electron beam quality at cooler.
Still underway.

e Preserve/control emittance
various effects, non-linearities, CSR, etc.

¢ Preserve angular momentum
Optics matching. (Derbenev, Burov)
(but how well we can do it with energy
spread?)

e Minimize the energy spread:
decompression
+ RF cavity( 28MHz, 200MHz, or higher, to be
determined)

e Back to linac:
compression + RF cavity

Current lattice design stresses the flexibilities.

A lot of modifications are expected to address
the issues found in particle tracking simulations.



Summary

e Progress in all aspects of study on electron
cooling for RHIC has been made in BNL
recently. Results so far are encouraging.

e The concept of the E-cooling Test Facility for
RHIC is defined. Design of layout and photo-
injector are done. Start-to-end simulations
and multi-bunch effects calculations are being
performed.

e Hardware installation will start this May.
More R&D are to be conducted.

e Still a lot of issues to be addressed. Your input
is needed.

Thank you.



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
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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

MEA surface

Strained Gahs

Courtesy T. Maruyama, SLAC



A Basic Polarized Electron Source
A GaAs based photocathode in a gun structure
Provisions in the gun chamber to achieve NEA (Cs and O,, NF;)

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

Cathode

Photocathode

2002 EIC
workshop

2002 EIC
workshop



A Basic Polarized Source

e KElectron beam current :

I(mA) = A(nm) B, (W) QE(%) /124

* Quantum Efficiency (QE)
* Bulk GaAs: 2-10 % with ~40% polarization

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

Sample QE (%) Polarlzatlon }\, (nm) Plaser(W)
5 40

Strained 0.1

2002 EIC
workshop



PES Parameters for the Linac-Ring EIC

e average current: 135 mA in a 28 MHz bunch train
« electrons per bunch: 3x10!° (~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 S 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)

e 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 cm?, 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 wA 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 1s 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
workshop



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

workshop




Laser: OPTION 2 ...

Diode Laser on Strained GaAsP
6/9/2000

SPIRE sample

O
o

N
(3]

_
=
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=
c
[
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=
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©
€
o

Large aperture optics

Beam Transport
for the Diode Laser

can use waveplates
instead of Pockels cells

Beam size X (mm)

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

e 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

2002 EIC
workshop



Surface Charge limit

output is not proportional to light intensity

Gas hand stcire in vicinity of T point

Photon absorption excites electrons to conduction band

Electrons can be frapped near the surface
Electrostatic potential from trapped electrons raises affinity

Increased affinity decreases emission probability

Affinity recovers after electron recombination
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

e Excellent UHYV vacuum condition well into Extreme
High Vacuum XHY 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.

M%x W% W W /f// "6;"
\ ) \1 AW /}@/
% B e L 4 A _,/./'-/ 7 Lt ;'e-/__ﬁ.,-.

MIT added NEG pumps

J-Lab added massive
on top

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



Cathode

Photocathode

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

Polarized Electron Sources for a Linac-Ring EIC
(PES-LIR-EIC)

M. Farkhondeh

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

EIC Workshop

BNL, February 26, 2002
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NLC peak micro-bunch current =9 A

Used a modified version of SLC cathode MOCVD-grown by Bandwidth
Semiconductor (formerly Spire):

3

19 .
10nm 5x10 c©m
90 nm 5 x 1{]1? emS GaAsg g5P .05

2.5 ym GaAs, 66P 34

2.5 pm

GaAs substrate

SLAC sample grown by Bandwidth 2002 EIC
semiconductor Inc. workshop



A Basic PES

Cathode

Photocathode

Anode
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Jefferson Lab 500 MHz laser system
(M. Poelker)
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Jefferson

LM U Best Technology Load-lock Polarized Electron Gun
January 14, 2002

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

2002 EIC
workshop
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Strained layer GaAsP on
GaAs substrate

GaAsP GaAs

T"
L 5B533 A
H.5968 A
e +

BEFORE

}

% B

Courtesy T. Maruyama, SLAC




Strained Superlattice

Strained Superlattice

sfrained unstrained

Gals GadsP

Courtesy T. Maruyama, SLAC



Effect of high doping on strained samples
(SLAC data)

Peak Polarization vs. High doped layer thickness

Courtesy T. Maruyama, SLAC



Energy Recovering Linac Issues

L. Merminga

Jefferson Lab

EIC Accelerator Workshop
Brookhaven National Laboratory
February 26-27, 2002
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— Outline N

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

YAV )
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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 fo 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)
YA YA
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The JLab 2.13 kW IRFEL and Energy Recovery
Demonstration

Wiggler assembly

YAV
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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.

B Beamoff
B 1.1mA NoER
6 I B 1 mA with ER I I I I
B 24mA with ER
N
5 B 35mAwithER -

RF Power (kW)
w

—

0

3 4 5 6 7 8 Avg.

Cavity number

N s /
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~— The Cornell L and ERL Prototype

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

TBA (Optical Unit) + ID

Main Linac

F*S-?Gevg—‘

Ini;ctor
[
Lo
S
. —— o ‘5a fa%e] can 3 ;}o/ o8 néucc
Beam Energy 100 MeV o gr\/f 5 : i@
Injection Energy 5 MeV | &S5277 ( J
Beam current 100 mA = Km?m D e e e e I AL
] g e
Cour"resy: I. Bazarov N S
YA YA
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— RF to Beam Multiplication Factor in an ideal ERL
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E,_ =20MV /m
500 | Q) =2x10’
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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

" Inarecirculating 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
* tfransverse HOMs -> transverse BBU
* longitudinal HOMs -> longitudinal BBU

® The basic mechanism is the same:

YAV

~

J
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— Instability Mechanism

Cavity
Beam Enters on P xf"(t) 7, 9:”@)\’ Br
Axis on First S = AXiS
P —_—— — — =
wa _{ F=E - Beam Exits
Cavity on

Second Pass
Beam Enters off
Axis on Second

a AN,

Pass Recirculated Deflected
Trajectory
M®
Recirculation Path .
Central Trajectory -
Bl o

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:
70 —2p,c
th R/ k M . t a)mt,,/2Qm
e(R/0),0,k,M, sin(w,t,)e
* For/j=120r 3,4and m— L HOM = Transverse BBU

* For/j=5,6and m— || HOM = Longitudinal BBU
For //j=5,6 and m — Fundamental mode = Beam-Loading Instabilities

/N

~

J
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~— Beam Loading Instabilities N

" 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
oh apertures
Phase shift which may originate from energy offset
coupled to M;, in the arc
" TInstabilities predicted and observed at LANL, a potential
limitation on high power recirculating, energy recovering
linacs.

M;, is the momentum compaction factor and is defined by:

=M 22
E

\ N f\w )
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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 (I,,~ 27 mA) however is
controlled by LLRF feedback (I,,~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
OAYAYA )
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— RF Control in ERLs

® Phases may not differ by precisely 180°

* Typical expected path length control adjustment leads to
~ 0.5° deviation from 180°

° FEL on FEL off
< O > — O .

" Beam loss may occur, resulting in beam vectors of unequal
maghitude

—>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 «

YAV
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~— Energy Recovery Phasor Diagram
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— RF Control (Linac)
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~— RF Control (Injector)
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~— Transverse BBU: Theory N

" Analytic models include:
Description of the effect for distribution of cavities
along linac with several recirculations in impulse
approximation (Bisoghano, 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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~ Transverse BBU: Experiment

Network Analyzer
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— 'I'Zopical RF Cavity Response to Beam Excitation <
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— Table of BBU Data

\—

J

Thomas Jefferson National Accelerator Facility

HOM Freq. R/Q Q Optics

Cavity | (Measured) | (Meas.) (Meas.) Energy | Setting j

[MHZz] [Q] 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 1.6x10° 48 Nominal 21.4

4 1895 22.02 1.6x10° 37 1 15.6

4 1895 22.02 1.6x10° 37 Nominal <0

1818 13.74 4 5x10* 37 2 15.0

1818 13.74 4 5x10* 37 3 6.9

5 1887 22.21 4.0x10° 37 3 125

5 1887 22.21 4.0x10° 37 4 11.3

5 1887 22.21 4.0x10° 37 2 320

5 1887 22.21 4.0x10° 37 3 16.4
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~— BBU Data Analysis N

Red:data,Bluefit

Data were fitted to 15t and 2nd
order models and thresholds were

derived:

log| () =g, +log(/,)—log1—a,)
= I,,=1/0,=125 mA

Red:data,Bluefit

>

log|S,,| vs. log(I,)

log|§,(w)|=a, +1og(l,) -
log[(1-a/))(1+a,l,)]

A= aE 6.9 mA - log| S5, vs.log(T,)
0 vs.lo
07%;%50”% glozg 9lio _J
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— 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 N

" High average current, short bunch length beams in srf cavities
excite HOMs. Power in HOMs, primarily longitudinal:

PHOM - 2k|| Q fbunch
(factor of 2 for energy recovery)

" ForI,.=100mA,Q=0.5nC= Py~ 1kW per cavity for k;=10.3
V/pC at o,~ 0.7mm

" TInthe IRFEL: I_,=5mA, P .~ 6 W

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

" It can potentially limit I, and I, due to finite cryogenic capacity

#WDSM ma& /
5\\/ U % Lia Merminga EIC Workshop 2/27/2002

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



~— HOM Power Dissipation: Theory

" The fraction of HOM power dissipated on cavity walls
increases with HOM frequency, due to R, ~ w? 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
\_ F\F\F\
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~— Frequency Distribution of HOM Losses

% of HOM power in frequencies above f,o, as function of f, o
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~— Frequency Distribution of HOM Power ~
Monopole Mode Single Bunch Power Excitation per 9-Cell Cavity
o, =07mm Q. , =77pC

P =185 W

P(f>5 GHz) =108 W

P(f>10 GHz) = 76 W

P(f>20 GHz) = 45 W

P(f>40 GHz) = 18 W

P(f>80 GHz)= 3 W
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~— Frequency Distribution of HOM Losses

B ~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

B 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

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

" 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

N s /
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~— HOM Powermvs. Bunch Charge ~N

'l
N 12 s 74.85 MHz
z .
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_— '!
Eu 0.8 / ‘A
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g
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= Measured HOM power dissipated at the loads is 1.6 W at 60 pC,
5mA, c,= 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 N

" 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~ 10°
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?

N s /
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— Where is the limit? N

" 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 nsecl), may be possible

— I, ~0.5-1A 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 I, E,, Quunch: O
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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 N

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

® Efficiency of ERLs
® Power Requirements

® REF 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
® CEBATF 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 ot Energy Recovery

Gradient modulator drive signal 1n 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.

B Beamoff
B 1.1mA NoER
B 1 mA with ER
6 T i T T T T T
B 24 mA with ER
B
5+ B 35mAwithER —

RF Power (kW)

f—

3 4 5 6 7 8 Avg.

NN Cavity number j
N Gitporson Fhb
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~— Linac—Ring Collider: Schematic Layout

Proton Ring

Polarized Electron Source

. aa Energy Recovery Electron Linac
w DADDMNONL ADDNDHDNLD DADDADDNL ADLDHADHDDND
bdddddadad Bl idddddaddidddadadd daaaaanal
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~— Features of Energy Recovery

® With the exception of the injector, the required rf power 1s nearly
independent of beam current.

® Increased overall system efficiency.

® The electron beam power to be disposed of at beam dumps 1s reduced

by ratio of E, , /E;, .

® 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.

/N

g%\\;ezgua‘ ( % EIC Accelerator Workshop, Jean Delayen 27 February 2002

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



~— RF to Beam Multiplication Factor for an 1deal ERL ——

P, Power absorbed by accelerated beam

- P, ~ Generator power needed to create and control rf fields

Vi 21 R
J = VCZ = [ ] QL

E\IQ
8o

_ Accelerated beam power

Installed rf power

JE,
K= '
(J=-1E

inj

+Ef
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~— RF to Beam Multiplication Factor for an 1deal ERL ——
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~— RF to Beam Multiplication Factor for an 1deal ERL ——

® The efficiency of an ERL (as measured by the rf to beam multiplication factor)
increases with current

® Asymptotic valueis E__ / Ei

® The efficiency increases with the loaded Q of the energy-recovering cavities
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Q.. Optimization

—

* Condition for optimum coupling:

IAR
)

and o _ Ve
P, —2( 1000, [b+1+\/(b+l) +L2Q0

Bop = \/(b +1)° + Lon

Al
24) ]

*In the absence of beam (b=0):

B, _\/1+L2Q0 o)

wV 5f,)
and Pg :2(7’/Q)Q0[ \/1+k2Q0 }DZﬂUé'fd
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— Generator Power vs. Loaded QQ

\—

J

EIC Accelerator Workshop, Jean Delayen 27 February 2002
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~— Q. for ERL Injector and Linac Cavities

® ERL Injector (2-cell) cavities:
° f,=1300 MHz, Q,= 5x10°%, V_=1 MV per cavity, L_,, =23 cm
° For [;=100 mA = Optimum Q, =4.6x10* = P, =100 kW per cavity

° Note: [,V, = 100 kW = optimization is entirely dominated by beam loading

® ERL linac (9-cell) cavities:

° f,=1300 MHz, Q,=1x10%°, V =20 MV/m, L _, = 1.04 m,
¢ R/Q=1036 ohms, 6f =25 Hz

¢ Resultant beam current, I_ = 0 mA (energy recovery)

° = Optimum Q; =2.6x107 = P, = 8 kW per cavity with 8f =25 Hz

¢ Note: optimization is entirely dominated by amplitude of microphonic noise
OAYEVA
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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

— CEBAF 6 GeV

— CEBAF Upgrade

Energy Content (Normalized)

-1,000 -800 -600 -400 -200 0 200
Detuning (Hz)

® Non-ideal energy recovery
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— Self-Excited Loop-Principle of Stabilization

Controlling the external phase shift 0,can compensate
for the fluctuations in the cavity frequency @, so the

loop 1s phase locked to an external frequency

reference @,.

C

w=0w,+

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 180° out of
phase at the fundamental frequency

® In practice there will be a residual net current:
® Phases may not differ by precisely 180°

® Typical expected path length control adjustment leads to ~ 0.5° deviation
from 180°

® 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 ¥
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~— Energy Recovery Phasor Diagram
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~— Sensitivity Analysis: Beam Loss ~N
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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
M, 1n the arc

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

M., 1s the momentum compaction factor and is defined by:

=M 22
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,
® Jlow 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)

g: : % EIC Accelerator Workshop, Jean Delayen 27 February 2002
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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

k YAV
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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
Pdiss = 2kDQ<1>

® For typical TESLA-type cavities £ ~ 8.5 V/pC for 6,~ 1 mm
(I) ~250mA, Q~2nC
P4 ~ 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

k YA f\w Y,
g\\/: : U % EIC Accelerator Workshop, Jean Delayen 27 February 2002
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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

/N
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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.

/N
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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 Q, 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

YAV
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Analysis and Simulation of
Beam-Beam Effects
in a Linac-Ring Collider

R. Li, K. Beard, J. Boyce, G. Krafft, L. Merminga, B. C. Yunn
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Introduction

Strong-Strong Beam-Beam Simulation

Analysis of the Beam-Beam Kink Instability in the
Linac-Ring B Factory

Strong Head-Tail Instability in a Linac-Ring e-p Collider
Summary
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(1) Faramete, Lict (stAc Pr

oposal ).
Table 4-23. Main B Factory parameters used in the beam-beasm

simulation studies,
LER (¢*) HER (e

E[Gev] - 31 9

sg [m] 126 126
Je [MHz] 238 238

Vir [MV] 8.0 18.5
Jrr [MHz) © 4760 4760

¢ [deg] - 1706 168.7

a _ 1.15x103 " 241¢103
Vs 0.0403 0.0520
0y [cm] 1 1
Ny 5.61x 1010 3.88 x 1010
&0 [nm-rad] 92 46
2y (nm-rad] 36 18
£ lem] 375 75.0
ﬂ;[ﬂ:ﬂ] _ 15 30
d‘;, [km] 186 186
%yl 24 24
% [tums] . ; 4400 5014
% [tams) 4400 5014




(2) One pass

Equilibrivem Beaw Profib Befve 164 Puss

Eauilibriva Boan Prafily in X-Z Plane (R Eauilibrive Boan Prafile in “=Z 9lges (A
bl T T T T g T Ead T T T J
e .
20 o0

"l et et | e et

- Jk.
. -
e e — o '-'-L__‘-‘-_#.‘_"—N;———‘o_:‘_.ﬁ__;‘_—:‘_‘.j__
z -

Figure 1: Initial beam profile in X-Z plane - Figure 3: Initial beam profile in Y-Z plane

Lhn%\ht\m\\ C‘.‘hﬁvf 'Di‘t*mhh.n

i Meoe . Zesl IRGELPS.Fi - t“l IRGELPS =)
\|IL ’ ke 1
.. - = e- [ 1 “ i
-t u: N 4
'S &+ |

~ = & ¥ & B
F T e ey

i

Figure 2: Longitudinal distribution of e macro- Figure 4: Longitudinal dfn{unon of e+ macro-
particles particles

Lou = 2.7% x(o%
L, = 3.02 ¢(o¥



(3)  Long Term Behavin (3 damping trmes)
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(a) Vertical Blowup Factor for e" Beam vs. Number of Turns
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(1) Pa.vgne'(e.v List (S'o.m Hﬁft‘h‘)

B-Factory Parameter List by Heifets, et.al.

Linac Storage Ring Collision
E.=3.5GeV E, = 8.0 GeV L =10"cm %sec™?
=TSR 10° W, =TT Ty = 213.7, Doy = 69.6
I =TmA— =T E T=0.00
far =15 GHs ng =30 [7-= 20 MEs
I{ = 2.2 psec sp=15m Bey = B = 3.33 mm
m,Q,:OﬁTnm €e = 5.75 nm, ¢,y = 0.057 nm | A2, = 21.55 mm
P =565 MW P=151MW | 0B, = o2, = 4.3Tym
Power Loss =2.0W/cav E' = 2.5 MeV/cavity ; a‘fy =op,=11lpm
f. = 20MHs Treas = 50
C=450m
R, =10
a=2.0x10"?
=2.45x10"°
o? = 3.33 mm
. —
i = i = 0.5 ohm
N/ tot
Prend = 45 m
Te = 0.9 msec, 7, = 2.4 msec
75 = 6.9 msec
Len=5m
B=98m, fy=14m
D, =0.255 m

Qs =0.07

C hoose Qx =064 Oy0.54

Tx =600 1 (600, € Z}

i3 > ot
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Figure 6: Trace of & particles in Y-Z plane in the

rest frame of positron bunch Figure 8: Trace of RMS for e- slices in Y-Z plane in

the rest frame of positron bunch
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(a) Trace of 10th & macro in each slice without matching Variation of rms for each e slice with matching
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Figure 14: Trace of e* macros (a) and variation of rms for e~ slices (b) in Y-Z plane in the
rest frame of the e* bunch without matching.

(a) Trace of 10th & macro in each slice with matching (b) Variation of rms for each ¢ slice with matching
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Figure 15: Trace of e* macros (a) and variation of rms for e slices (b) in Y-Z plane in the
rest frame of the et bunch with matching.



Kink Iméfabffu‘f_z and Synchrotren Oscilladion
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(3) Long Tarm Behavior

AMSYP va. NTURN (RGELPS.F1)
T T —r T T T T

‘.
. i

L 4

® a5 -

%

bk

& « W u s @
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(4) [Beam-Peam Tune shift (tmit

Beam Blowup Factor vs. Tune Shift
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Previous Observation in Simulation

of Linac-Ring B factory

€

¢t = Clallision

E, =2 GeV
N, =05 x 10°

N, = 10" Dy =90,D,, =001

E, =10 GeV | Ly = 542 x 10™cm Tsec™!

. = 500pm ly = 500 Yo = Yoffser = 0-1pm
Oey = 0.3um 0,y = 0.3pm
@,y = Jpm apr = Jpun

Table 1: Parameter List in Simulation
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Figure 3: Pre-collision distribution in the simulation for the first collision, with = < 0 for
the electron bunch and = > 0 for the positron bunch , modeled by 2000 macto-particles in
50 slices for each bunch. The offset is yo = 0.1pm.
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Figure 4: Trace of 10th macro-particle in each slice of the electron bunch, plotted in the rest
frame of the positron bunch

Pra-collision (&1 =150) distvibulions
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Figure & Pre-collision distribution in the simulation for 150th collision, with z < 0 for the
electron bunch and = > 0 for the positron bunch. The offset is yo = 0.12m for every collision
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Pre-collision (@1=150) dislribulions
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Figure 5: Pre-collision distribution in the simulation for 150th collision, with z < 0 for the
electron bunch and z > 0 for the positron bunch. The offset is yo = 0.1pm for every collision.
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Figure 6: Comparison of analytical results (solid curve) with numerical results (dotted curve)
for Y, vs. collision number N with z,/l, = 0.6.



Vertical Displacement of
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Figure 7: Comparison of analytical results (solid curve

) with numerical results (dotted curve)
for ¥, vs. the longitudinal distance Z,

at the pre-collision state for N = 150.



AN ENERGY RECOVERY ELECTRON LINAC-ON-PROTON RING
COLLIDER

L. Merminga, G. A. Krafft, Jefferson Lab, Newport News, VA 23606, USA
V. A. Lebedev, FNAL, Batavia, IL 60510, USA

Figure 1. Schematic layout of the electron linac — proton
ring collider.

N e W i e B i

¢ Recent Design of Linac-Ring Electron-Ion Collider

Table 1: Parameter table for linac-ring scenarios

\

Parameter | -~ Units | Design 1 Design 2
E. GeV 5 5
E GeV 50 50
N, ppb I.‘E,:KIOl 1.1x10"
N, ppb 1.?::16' 1.0x10"
f. MHz 150 150
o, pm 25 25
o, pm 60 25
€, nm 6 6
& nm 36 6.25
B cm 10 10
B, cm 10 10
cf, cm 10 10
a’% mm 1 1
- - 004 .004
Avy = 004 024
D, - .78 4.6
I A 264 264
I A 2.4 2.4
L cm'sec” 6.3};10’1 2.1x10%

— - ‘L/rx:{;"?.mﬁ (ré _'.5!({ T
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4. Strong Head-Tail Instability in a Linac-Ring
f e-p Collider k.

Assumptions: Linear beam-beam force
very'short e bunch

(betatron phase variation in IR is not yet included: .. <</, )

. Two Particle (or Slice) Model

. Vlasov Analysis

(‘Jr’fflr'P.*(H/f (Z{w? Srep—

Operated by the Southeastern Universities Research Association for the U.S. Dept. of Energy
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Two Particle Model vs. Vlasov Analysis

Two Paritcle Model:
® Gives clear picture of the interaction mechanism and cause of instability

e Overlooked the behavior of beam-beam kick from electron slice on the ion
bunch along the ion bunch length .

* Simplified the localized beam-beam kick as distributed interaction

Vlasov Analysis:
* (Consider dynamics of vertical dipole moments of a ribbon ion bunch
in a storage ring colliding with a ribbon electron bunch from linac
® Hourglass effect on synchrobetatron coupling is not included [ << ,8 -

+  Electron bunch is described by delta-like slice /. <</,
+  Uniform longitudinal charge distribution 4, =1/L,

o W oo W e W - S_—
— - —

jr {h 78501 C/mf

‘-.,?___,.1 ' e —
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~— Dynamics of the Stored lon Beam

Equation of motion for an ion particle: (k, =@, /c,k, = o, /c,C:circumference of the ring)

(dy _ ,
ds 7 @:_775
; duy Y- 5(s-2/24nC) ‘jis
ds pY =" £ ZO sl 7 ?-:k:z/n
. - \ £
Fy(z,s)
L E

. Vlasov equation for the distribution function g(y, U,,Z, 0,5)

F (z,s -
8g+uy6g+ ,(2,8) og sniy Bkl
os oy E 0u, 0z n 00
. Using action-angle transformation, we have for f(q,0,r,p,s)
y=gqcosd zZ=7rCoS @
u,=—kyqsiné ”§=rs'mgo
F
£+kﬁ 8f+ks 8f+ +AZ2.8) BF ~ 0
R Y Y E  ou,

_ ) > o —
L L/('{f’('?“'-(fff C i-"?dv
( » . - -

s # — e’ uw o
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P Analysis of Dipole Motion Using Linearized Vlasov quation ——

Neglecting hourglass effect
£,(q,0,r,,5)=- af“ [e

1
g.(r,p,5)= ZR;(r,s)e”"’

rosin @
+ 2

|=—=
C’.fu = 0

r cos @

>
-

Linear beam-beam interaction force
Using action-angle transformation, we have for f(g,6,7,¢,5) = fo(q)go(r)+ £,(q,0,r,9,s)
g, (:,qo,s)+e g (r, qo,*:)l

y =gqcos @
=—kyqsinf ”A—— -

O 4 k o1 k., ?f' ¢ Lyl EE) g,(r)
As Y oo E ou ,
Analogy to the broad band transverse wake function and impedance
g £+nC)-—-~ jd- W (z-2')7,(z',s'=nC),

le

S D2 A CIT) N
e
k ¢ }

f)(ru—é_) O+ ——}

ReZ" ——[

L ]
F‘(:.s)_
- ;b(s 5 nC)

W*(z)=sin k;H(.-.}, ]
2 k
- Imzt ==L
4 ke
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i
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Operated by the Southeastern Universitles Research Association for the U.S. Depi. of Energy

A p—,
e —




- Equation for Single Collision
® Expansion in terms of modes for a uniform bunch distribution

R (r,s)= W(r)Zafm(s)hm(r)

W) = \/4 (Il]+2m+1/2)mf1"(|1|+m+1/2)[ ]""Pm uz)[l f_}
(1] +k)\T(m+1/2) E 27

. Equation for aj;,, before and after a single collision:

(+) (+) (+) (+)
atm T Qo = ZM!mealm Do

I'm'

= + _ )
alm Ao ZM Imi'm@m — Ay

"

. Coupling matrix
My e =1 Tsign(D] [sign(Z)] jdk[zl(k)c]g,,f,,, (R) &y (K),

Cu

5 = ‘/(!ll 2m+ D (m+ 1 U1 [ +m+1/2) g (k)
s 2mml(| 1] +m)! i

el W V. V. "

_ - i [~
) }/r'{((’?.\ﬂﬂ (/'n’{f

( ' =y
| S— Ss? ' gy’ 'q.‘:_‘_.

Operated by the Southeastern Universities Research Assoctation for the U.S. Dept. of Energy



Stability Analysis

Equation for a beam-beam interaction and ring transport

2

with g =[1|+2m+1/2, 4’| I'| +2m'+1/ 2,
Coaa= A+ ()" /2, € 0 =1+ ()™)Y /2

. Stability requires:

|E-A1|=0, A=,

£ =0

I

/a};)\ (e—i,uﬁ \ (ei,us \ (/a’(;)\
A 0 0 (I+M M )\ :
a},;) 0 " 0 e* =M IT=M a,(:
\ e\ 4 g, ey
Expression for coupling matrix M )
) — ")
(_)(p—p')/Z Sin (ﬂ H )
Mlm,!'m' = C!J‘ﬂ' §+ X Codd‘]p (Z)J,u-(;t') + iccven 1 Jmax(p,,u') (Z)J—min(,u 1) (Z) I
Sin(y-{—,u)ﬂ' 7oy

I r 3 S ,.—'..'*__,\ “.'. W
- ) ‘:/f‘.r'((';“,\ub’ C /’:f{["
( e
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~— Transverse Mode Coupling

Q, andQ, /u, vs. D &, /v, by varying&, for D_=4and v, =0.001

x10™
4 T
2+F J
o 0F x X X % X %W ® x
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”'4 ' i i i i
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4 T T T T
- A T r S X x
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Small Growth Rate in the “Stable™ Region
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— Growth Rate for Highly Disruption Case _ =

Mode growth for &, from 0 to 0.05 while fixing D_ =273 and v, =0.07,
which are parameters used in our earlier study of linac - ring B factory
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~— Threshold vs. Disruption

For higher disruption, the electron oscillate through the ion bunch, the kink
instability threshold depends weaker on the disruption parameter.
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— Conclusion

A Strong-strong beam-beam simulation was earlier developed to

study beam-beam effects in a linac-ring B factory, and is recently modified to
study beam-beam effects in a linac-ring EIC.

Both simulation and analysis shov;fed kink instability with bunch length

effect for a linac-ring collider. Analysis was based on linear beam-beam force
approximation.

Head-tail effect due to betatron phase change in the IR for linac-ring beam-
beam was studied by Perevedentsev [PRST 4, 024403 (2001)] and later

by Yunn [Jlab-TN-01-017], which is not yet included in the present Vlasov
analysis.

For the head-tail and strong head-tail instability analysis, we need to include
effects of full nonlinearity of beam-beam interaction, and compare with
simulation.
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\r‘/ 7Y, fH ,‘Z/

Operated by the Southeastern Universities Research Association for the U.S. Dept. of Energy



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

-~

Electrons are not protons:

electron polarisation in rings, decoherence and spin matching

D.P. Barber

Deutsches Elektronen—Synchrotron (DESY)
Hamburg Germany

26 February 2002
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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 (7ip) 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 7.

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 x 8 spin-orbit
transfer matrices of the SLIM formalism. This approach emphasizes the locality of the required “spin

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

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

“reversible”.
Proton spin  INFORMATION preservation during resonance crossing.
P P
] | Time ] Time
0 0
E E
AGS SATURNE

The final polarisation depends on the history.

e 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

===2> Starting point for perturbation theory — if needed, e.g. noise, non-linear fields,

beam-beam....




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

-~

Invariant fields: phase space
Protons

Canonical particle coordinates: 1« = (., p., v, py, 2,0-) Indep. var. = azimuth, s

For electrons at high energy: « = (z, p,. vy, py. 0, 1=0E/LE))

e Phase space density, p(u; s): Liouville: p constant along paricle orbits =====>
Ip
% — {Horba /)}
e Stationarity: p(u:;s) = p(u; s+ C)
i.e. 1-turn periodicity of the (statistical) p(; s)

although individual particles MOVE AROUND IN PHASE SPACE.

-




Spin motion in electric and magnetic fields:

The T-BMT spin precession equation:

S - -
— =0 xS
ds “

—

S': spin expectation value
oF depends on g, Eigm
In transverse magnetic fields:

Q x (a+1/v)-B

a = (g —2)/2 where ¢ is the relevant ¢ factor.
a = 1.793... for protons.
a = —0.143 for deuterons.

a = 0.00115... for electrons.)

N
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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:
aﬁ — =, —
— = {How, P} + Qu;s) x P
0s
Stationarity: ﬁ(ﬁ; S) = 13(?7, S + C)
i.e. 1-turn periodicity of the (statistical) P(i; s)

although individual particles MOVE AROUND IN PHASE SPACE AND THEIR SPINS
MOVE TOO.

|P| is constant along orbits: ===>  7(i;s) = P/|P|
on . = .
% — {Horba n} + Q(u/ S) Xn
Stationarity: ﬁ(’[[; S) = ﬁ(ﬁ S + C) ===> 7 is called the

Non—trivial T-BMT solution satisfying CONSTRAINTS.

Solutions obeying these constraints are unstable (illdefined) at spin—orbit resonances.




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

-

The invariant spin field (n—axis, Derbenev—Kondratenko vector)

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)

A pre—established s—periodic unit vector field at each phase space point

10
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The Invariant Spin Field, n

o n(M(u;s);s) = R, ,(u;s)n(u;s)
This is NOT the eigenproblem N (if;s) = R,

3x3

(if; )N (i; 5)
n is NOT a “closed spin solution”!!!
Instead, the field seen AS A WHOLE is invariant.

e On the closed orbit 7n(ii;s) — 7(0;5) = ng(s).

e ===> 7 and ny(s) should not be confused!!!

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

curve.

e For 3 planes of orbit motion 7 is on a smooth surface but is not closed.

11
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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, 1,7, independently of the presence of particles or spins.

12
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For protons: the invariant spin field
defines the maximum attainable equilibrium polarisation.

Over one turn, the particles of an equilibrium phase space distribution replace
each other, and spins set parallel to the local n’s replace each other too.

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

— but small ﬁmeas.

13
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0.765 ¢

0.8

0.6

04

0.2

0 100 200 300 400 500 600

Figure 1: HERA protons at about 800 GeV: propagation of a beam that is initially completely
polarised parallel to 7y leads to a fluctuating average polarisation. For another beam in which the
spins are initially parallel to their local 77 the average polarisation stays constant, in this case equal
to 0.765.

N /
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The stable spin direction?

e The ISF gives the stable POLARISATION directionSSSSSSSSSSSS.

e 7 gives the stable spin direction on the closed orbit.
BUT THERE ARE NO PARTICLES ON THE CLOSED ORBIT!

e At very high energy
<a(J, d;s) > _and < P(J) n(J, b: 5) > _ need not be parallel to 7¢(s)

15
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a: HERA-p / 8 snakes / 4 pi mm mrad / 800 GeV b: HERA-p / 8 snakes / 4 pi mm mrad / 802 GeV

Figure 2: The A-vector for the 4 mm mrad ellipse at 800 GeV (left) and 802 GeV (right).

a: HERA-p / 8 snakes / 64 pi mm mrad / 800 GeV b: HERA-p / 8 snakes / 64 pi mm mrad / 802 GeV

Figure 3: The f-vector for the 647 mm mrad ellipse at 800 GeV (left) and 802 GeV (right).

/
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The spin tune:

In transverse magnetic fields:

505]31’7@ = a7 - 5607‘%}1’1&

e a7 is called the “naive spin tune”:
e [t is a natural spin frequency of the system.
o At 27.5 GeV for electrons a7y = 62.5

o At 920 GeV for protons ay = 1759-BIG!!

e —==> 1 mrad of orbit deviation causes > /2
of spin precession!!!!
High fields=====> extreme sensitivity.
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The real spin tune: measures rate of precession around n

Attaching coordinate axes to each phase space point

/ /2 nZ\\\\ = nLn2axes
(= S L

nl in proj ectl on
~__ - Srﬁ) nlpn plane

Spin precession rate w.r.t. nl, n2 isthe same at all phase space pointswithsame  , J,, 4 .

— Amplitude dependent spin tune! v, ( J)

~

18
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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 (/) does NOT oscillate with synchrotron
motion: although avy does.

19



Spin—orbit resonance.

e Interleaved vertical and horizontal (quad and
imperfection) fields.

e Rotations around different axes don’t commute.
e If the spin and (linear) orbit motion are in resonance:

====> CRAZY spin field:

e High order resonances even for perfectly linear spin
motion. (non—commutation).

e T'wo main groups of resonances:

— Integer resonances due to motion along the distorted
periodic orbit ===> strong tilt of 7, from ideal.

— Synchro-beta (‘intrinsic’) resonances due to
synchro-beta oscillations AROUND the distorted
periodic orbit.

===> |[n(u;s) —no(s)] LARGE.

—

—==> | < a(J, ;) >_|  SMALL — geometry.

e.g. ~ 00° ===> P,,..s ~ 0.5 1

N
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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 (# 1/2) and can still hit resonances even with perfect alignment!!!!

0.58 T T T T T T T 1 0.58 T T T T T T T 1

v v(Jy) Plim v 2Qy Plim

056 I \Flim (Jy) {08 056 | {08
Plim (Jy) (\
054 {o. 054 [ \ 06

V(Jy) |

052 - 0.52 0.4

0.5 3 0.5 1 N 0.2

O. 48 L L L L L L L O O 48 L L L L L L L 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

Jy / mm mrad Jy / mm mrad

Figure 4: The amplitude dependent spin tune v and the static polarisation limit P, vs. vertical
orbital action J, as calculated with SPRINT for the HERA-p. Left: vertical tune @, = 32.2725,
right: @, = 32.2825.
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SODOM / 96-lumi-opt / 1blb /.75 o

SPIN2000 + M. Vogt thesis 2000.
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Top left:
Energy scan of P, and v for HERA—p with flatteners and a 4 snake scheme
(rad., 45°, rad., 45°) with purely vertical motion at 0.75 o.

Top right:
The dependence of the final P4y, after ramping through the resonance at approximately
802.7 GeV on the energy gain per turn.

Bottom left:
Tune scan of P, and v for HERA—p with flatteners and a 4 snake scheme

(long., —45°, rad., 45°) with purely vertical motion at 2 o.

Bottom right:
The dependence of the final Pgy, after ramping through the resonance at [Q,] ~ 0.2635 on

the total number of turns.

23
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Acceleration: evolution through stationary states?
At fixed ~o:

dS-n
ds

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

=0

d S-h(i:s
During acceleration (using pre—established) 7.(u; s, vo): nc({ljé’%) 7£ 0
If

dyo  gnd  9E@s0)

ds do

are small enough S - 7 is an adiabatic invariant and a stationary spin distribution transforms to a

—

new stationary spin distribution with the same P(.J)!!! Spin can follow 7 !!!

If a .J dependent resonance is crossed, P(f ) can change but f’(f, b : s) is still parallel to ﬁ(f, b s)

‘ﬁmcaS(SN — ’< P(j) ﬁ(‘fagas) >3‘ < ‘ < ﬁ( _;5;8) >s‘
P < 1

HISTORY'!

24
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Very fast resonance crossing: Large

The Froissart—Stora formula for crossing resonances

e ¢ is the “resonance strength”, a measure of the dominant spin perturbation at resonance

(Fourier component),

e « expresses the rate of resonance crossing.

2
€]

€ . .
5. ¢ polarisation preserved.

2
Very slow resonance crossing: Small % adiabatic invariance ===> full spin flip.

25



Electrons

e 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/

27
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A simple model example: a single Siberian Snakein a perfect flat smooth ring.

““Longitudinal’’ sn#\

Ideal snake: no syncho—beta dependence A, horizontal everywhere

Synchrotron phase space (o,7) , smooth dispersion and quads.

no(s) = cos (gb(5)> €1 + sin (gb(5)> €2,

n = cos(f)é + sin(f)eés

flo,ms) = gs(s) + ogio(s) +ngao(s) = (T — BMT solution along orbit o(s),7(s))

At HERA, 27.5 GeV, |n(o,n;s)—no(s)| <= 200 mrad ===> |<n> |~ 1

-

28
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Simple model continued:

The corresponding stochastic differential equation for the spin—orbit motion

a’(s) 0 —K 0 o(s) 0
n(s) | =1 9/ —2a,/C 0 || ns) | +Vw-| ¢(s)
Y'(s) 0  £2mv/C 0 YP(s) 0

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

D.P. Barber, M. Boge, K. Heinemann, H. Mais, G. Ripken, Proc. 11th Int. Symp. High Energy
Spin Physics, Bloomington, Indiana (1994). AIP Proceedings 343.

- /
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exponentially.

N

~

K. Heinemann, D.P. Barber 1996

polarization versus 1

Figure 5: No radiation, spins initially set parallel to ng, 27.5 GeV HERA: initial
state not in equilibrium ===> oscillating polarisation.

polari-ation wersus 1

Figure 6: With radiation, spins initially set parallel to fg, 27.5 GeV HERA: af-
ter transients P(c,n;s) parallel to A(o,n;s) with the (o,7n) independent |P| falling

!
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A single Siberian Snakein a perfect flat ring.

“‘Longitudinal’’ snah\

HERA  T,5 260  millisecs at 27.5 GeV

n, horizontal everywhere: eRHIC Ty tens of seconds at 10 GeV

MIT-Bates Ty, hours at few hundred MeV

No Sokolov—Ternov

31
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Full 3—D spin motion

Particle transport in the presence of damping and diffusion.

Fokker—Planck equation:

9p _

83_£

FP,orb p

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

operator can be decomposed into the form:

L

FP,orb

*Cham + £O + El + £2 .
—— N — ~

Lham—Liouville  damping and noise
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Without the S—T terms, the corresponding form for the

Polarisation Density 7:

Barber + Heinemann 1990’s

P(s) = [dSu P(d; s).

This equation:
e can be derived in a classical picture,
e is homogeneous in P i.e. it’s “universal”,

e is valid far from spin—orbit equilibrium,

K e contains the whole of depolarisation!

~

33
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After including the S—T terms, this becomes (Derbenev + Kondratenko, Barber +
Heinemann):
oP o Lo s
— = L PH+Uus) x P+Ly P+L1 P+Ly P+ —= |P—-0(P-0)+ (1>,0 + X—terms
\({)S ‘ | To (u) 9 5\/§ ——
_ . N N g ', Kinetic pol.
=Damping and noise free part \ ST in BKS form )
SMALL
U
= T-BMT equation (BIG)
U
Stationary state
U
n-axis (Invariant spin field) — DETERMINES DIRECTION
U
Rate of polarisation loss oc  Functional of 7., 0O 7, (‘92 ... (e.g. DK formula ).
—> large near spin orbit resonances — since 7 is then very sensitive to .

/
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The Derbenev—Kondratenko—Mane Formula: full 3—D.

. 8 fds (Kb [ — 22]),
eq,DK T . R R M 2
V3 fds(IKP{L = 30 -9)* + 35 |52] )

7__1 _ 5\/57”07%17{d |K’5 on
der 8 me 18 \an) /.

b field direction, /K curvature

().: ensemble average.

Preas(s) = P (d)s ~ P_, g since |a(i;s) — no(s)| SMALL.
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Check the DKM formula for the Barber — Heinemann model:

Exact result of model:

v !
Torin = <35 ° :
P X2 2 ¢ XL {cosh(cL/2) + cos(AL)}

: <2)\ sinh(cL/2) — csin()\L))

DKM version using the expression for 7.(o,7 : s):

1 d? w 1

o= - ‘ [ AoL —sin(AoL) ) .
(co Tyep) N2 2L {1+ cosOoD)]) (Ao sin(Ag ))

e Resonance denominators
e BIG effect even way off resonance

e ===> Avoid 7 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

..ox 18 the same at all phase space points and azimuth s.

The DIRECTION of the polarisation is parallel to 7
At practical energies |n(u;s) —ng(s)] SMALL e.g. < 100 mrad away from resonances.

The rate of depolarisation depends on the DERIVATIVE  0n/0n

An estimate for pure synchrotron motion: o, ~ 10~%, |A(id;s) — ng(s)| ~ 1 mrad
= |0n/On| =~ 1= P, ,. ~ 0.60!!

Very close to resonances 7.(1; s) is a very sensitive function of . so that 0n/0n can be large
and the equilibrium F can be small.

eq,DK

For electrons, even without Sokolov—Ternov build up, the equilibrium of the spin
DIRECTIONS (along the spin field 7 ) 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 n(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.

~

/
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SLIM /SLICK /SITF 1.
Q _ Qco + (DSb

" is small (?)

In practical electron rings 7.(u; s) is close to 79(s) so use:
a(i;s) = ng(s) + ald@; s)m(s) + B(; s)i(s)

where /o? + (32 < 1

We write the components w:”, wi”, w3" in the form

[z

sb Pz
s

Y
wsP = Fsxe
wa py
)

o

\ ")




SLIM /SLICK/SITF II.

In linear approximation the combined orbit and spin motion is

described by 8 x 8 transport matrices of the form

NI — Mexe Ogx2
G2><6 D2><2

acting on the vector (u, o, [3),




-~

SLIM /SLICK/SITF III.
The eigenvectors for one turn defined by M(so + C, sp) - qy = S\M - q

are written in the form

for k=1, IT, III ;

Then with respect to the (ng,m, f) frame,

87/;I/ o . * — —>%k
— = i g {vis Wy — V5w, }
on
k=I,I1,I1T
= —2Im g VL5 Wi
k=I,I1,I11

Note that this is independent of the phase space vector and emittances!
The v; . describe the coupling of the orbit to radiation.

on —

35 = 2 amodes cOUpling of spin to orbit x coupling of orbit to radiation

N

!
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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.

~ 1—1

Wi(s0) = —|D(so+C,s0) — Ak G(so + C, 50)0x(50)

for k=1, II, III ;

Minimize the appropriate parts of the 1-turn SPIN-ORBIT coupling matrix G(sg+ C, sp) ===>
Minimize the appropriate parts of the SPIN-ORBIT coupling matrix G(s + A, s) for strings of

elements:

- /




Spin matching II.

The matrix approach to linear spin matching: minimize G5 g

Advantages:

e Direct connection to quantities appearing in SLIM (SLICK).
e Necessary for coupled systems (skew quads, solenoids).

e For a big ring:
Evaluation (numerical) of integrals in a thick lens optimization
program is too slow ===> analytic integration? ===> integrals

already contained in Go.¢ .

e “Locality”: once G, is zero for a section of the ring it remains

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

e Provides a systematic basis for investigation of the algebraic
properties using e.g. REDUCE, MATHEMATICA, MAPLE.

e 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 7 aligned to the field in as many of the ring dipoles as possible to drive ST effect at
full rate. E.g. minimize the regions around IPs where 7 is horizontal and there is radiation
in dipoles.

Minimize Gs.g across the regions around IPs where 7 is horizontal.

Get a grip on the remaining effects of Go.¢ .

Then do very good orbit correction to avoid the 7 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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Self-Polarization Tests at Bates

J. Van der Laan and F. Wang

MIT Bates Linear Accelerator Center

21 manning Road, P.O. Box846, Middleton , MA, USA

1. The Kinetic polarization mechanism
and the EIC project.

2. Kinetic polarization at Bates South
Hall Ring.

3. The test plan



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.

oy
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Figurel. 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 10*
cm™s” Luminosity” I.A. Koop et. Al . Pac200



The DK Formula:

8 o

P =—————
eq 5\/§a+

b . -
o =(—n-d));

0
i=y2

dy

-1 _

53 e’hy’

8 m?c?

1= (i) + \&TJ>

1
o

o

is the spin orbit coupling vector.

——(n— d)+
j (\p\

a

A

bW

(nW

‘IOW‘

—_

dy)
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—CK ryla,

L=

4

Two observations:
2

a) In general, if S—z >>1

w

270+ L)

Here:

b

LW/—>>1

Wiggler effect is dominant in self polarization.
At SHR: p=9.14m , pyw=0.3-0.5 m
A relative small high field wiggler can make difference.

b) Since o 1s d direction sensitive, while o, is only d
amplitude dependent, therefore proper location and field
direction of wigglers are essential for kinetic polarization.



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 1s a unique situation:

e Spin in the horizontal plane.

e The SK self polarization mechanism does not work.

e 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 , ay 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



2.1 Descriptions of spin —orbit coupling vector, and the Kinetic
polarization.

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

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

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

The base vectors for such a solution is expressed as 7(s),m(s) and  (s).
They form a right-handed orthonormal base (SLIM notation).

Vector A (s) is periodical. And ri(s),/(s) satisfy

As+C)) (1 o 0 A(s)
rh(s + C) =10 cos U - Sil’lﬂ I’;’l(S)
is+cy ) \0  sing cosu ) js)

u=2nv, Vv,=ay

For the unperturbed part :
§:9x§
ds
0 -Q Q
=Q,8 = Q, 0 -9
-Q Q 0

And can be solved in the form of S(s) = R(s,s,)S(s,)

Where R is the transfer matrix from s, to s.

As Rjy; 1s periodical and Det [R]=1, for this one turn matrix, there are three
eigenvalues and three eigenvectors:

R(s, +C,s,)E, =1 E,



At the first order approximation, the spin orbit coupling vector:

> aﬁ . A
d= a_Y =~Re(1DN ) 5 orthogonal to 7.

In general: D =D, + Dy

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)

T B
D, =—=—sin(ntv,) +iv,(t— | ——d6
o == sinlmy) + vy (- [ o)

Dy = — Y0 [cos(nv,) Im(e™ J(0)G ) +iIm(e™ J(0)G],)]
4 cos(mv,)
Glx,z = fI'x,z(out) - fI'x,z(in)

J(B) = fIXW;( - fI'XWx

fi: first mode Floquet function, y dispersion.
For spin-matched snake:Gyx =0, Dg->0.

~ , T .
d,(Vertical) => —Esm(ﬂvo)

= B
d (Horizontal) => v, (7 - j ——L 40)
<DL >
The ‘(;}/‘H =0 at internal target, and =v 7z at snake straight.



2.2 The d and KP plots from SLICK and ASPIRIN:

T n (magic E)

| K\ snake
g

Figure 2. The spin directions and base vectors at SHR
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Figure 3. Total kinetic polarization with snake on




MIT--Bates SHR kinetic polarization, original optic, perfect alignment, standard SLICK
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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.



MIT--Bates SHR kinetic polarization, original optic, perfect alignment, standard SLICK
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- édl 5HR |d|, snake on , LEM E=8.85GeV (Aspirin?
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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

a 5Peq Kinetic Polarization, LEM Lattice CASPIRIH:
EBlack: mno woggler, red: wiggler Ro=8.5m. Lo=8.1m, # 1 Bw=1@T
a.z
=
@1
—&.1
=
—a.32
B

-a.5 I !

s t

.8 1.1 1.2 1.2 1.4 1.5
Energu el
To 1@sh Kinetic Polarization, LEM Lattice (ASPIRIMX
ZEEEaE
Elack: rno wogoler, red: wigogler Ro=@.5m,. Lo=@. 1m. ® oz Bw=18T

1sEEE ]
126886 ]
2666 . |
d4@EE. |
E5.8

Energw (Gl

Figure 7. KP and polarization time vs. energy
with horizontal wiggler at west straight
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2.3 Wiggler connecting to the horizontal component of
the d vector

MIT--Bates SHR kinetic polarization, original optic, perfect alignment, standard SLICK
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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 B,,>>B,).

Figure 8.2: Manual calculation of P, 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
Stepl :A
Purpose: Verification of KP from d (horizontal)
0.88 GeV, LEM Lattice
Vertical wiggler in the east straight (snake straight)
Expected P.= 21%, logitudinal at internal target.
Porilization time =1700 sec
Measurement: Compton polarimeter.
Check: Spin flipper.
Hardware Requirement: One V-wiggler + necessary focussing q
etc.
Stepl :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 P.= 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.

14



3.2 Hardware requirement and discussions
3.2.1 The “asymmetry” wiggler: ( B¢/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

1.1IT H H
q|_| q|_|

wiggler from the BINP proposal(2000)

e What happens if such an “original ”’(no extra q’s and
optics matching) wiggler is inserted?

For H-wiggler. v, not changed, vy increases (e.g. for LEM lattice from
0.1 to 0.128).

Distortion of Twiss parameters at snake is very small. Dgeffect?

For V-wiggler. vy increases (from 0.58 to 0.64), v, no changes.
Distortion of x at snake location is obvious. Dg effect?

15
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Figure 9.1 The unperturbed LEM lattice. Green-fy,red-px.
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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
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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: p=0.5m, L=0.1m
Compensations: p=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

k
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, f,; [MHZz] 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
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