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— Physics Requirements ~

" Electron — proton colliders with the following requirements have recently
been proposed as a means for studying hadronic structure:

® Center-of-mass energy between 14 GeV and 100 GeV
with energy asymmetry of about 1 — 6, which yields
E.=3 GeV to 10 GeV and E15 GeV to 250 GeV

® Luminosity at the 10% cmr? sect level

® Longitudina polarization of both beamsin the
Interaction region = 50% —80%
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— Two Sceharios ~

" Two accelerator design scenarios have been proposed:
® ring-ring
® linac—ring

® Linac —ring option presents advantages with respect to
® spin manipulations
® reduction of synchrotron radiation load in the detectors
® widerange of continuous energy variability

" Feasbility studies were conducted at BNL (based on RHIC) and Jefferson
L ab to determine whether the linac-ring option is viable. Self-consistent
sets of parameters were derived

" Rf power and beam dump considerations require that the electron linac is
an Energy Recovery Linac (ERL)
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~— Energy Recovery Linacs ~

" Energy recovery isthe 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-cdll 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

auser facility.
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TheJLab 1.7 kW IRFEL and Energy Recovery

~ Demonstration
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— The JLab 10 kW IRFEL Upgrade Project
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— Energy Recovery Works ~

Gradient modulator drive signal in alinac cavity measured without energy
recovery (signal level around 2 V) and with energy recovery (signal level

around 0).
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— Energy Recovery Works ~

With energy recovery the required linac rf power is~ 16 kW, nearly
Independent of beam current. It risesto ~ 36 kW with no recovery at 1.1 mA.
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~— Benefits of Energy Recovery ~

AC Power Draw in IR Demo: 1.7 kW FEL output
Beam 5 mA, 48 MeV

Component With Energy Without Energy
Recovery (measured) | Recovery (estimates)
Injector RF 220 kW 220 kW
Linac RF 175 kW 700 kW
He Refrigerator 70 kW 70 kW (Estimated)
M agnets, 43 kW 23 kW
Computers, etc.
Total 508 kW 1013 kW

G. R. Nell, FEL Conference 1999, Hamburg Ger many.
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~— Benefits of Energy Recovery ~

AC Power Draw in IR Upgrade: 10 kW FEL output
Beam 10 mA, 160 M eV

Component With Energy W ithout Ener gy
Recovery (estimates) | Recovery (estimates)

Injector RF 350 kW 350 kW

Linac RF 525 kW 4200 kW

He Refrigerator 100 kW 100 kW

M agnets, 100 kW 40 kW
Computers, etc.

Total 1075 kKW 4690 kW

G. R. Nell, FEL Conference 1999, Hamburg Germany
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— RF to Beam Multiplication Factor for an ideal ERL —
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— Benefits of Energy Recovery ~

® Required rf power becomes nearly independent of beam current.

" Increases overall system efficiency.

®  Reduces €l ectron beam power to be disposed of at beam dumps (by
ratio of Eg/E;).

" If the beam is dumped below the neutron production threshold, then
the induced radioactivity (shielding problem) will be reduced.
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— Linac—Ring Schematic Layout

Proton Ring

Polarized Electron Source
Energy Recovery Electron Linac
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Assume linac uses TESLA-style cavities at 20 MV/m and Q,~1x10%
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~— Linac-Ring Collider Reasoning and Point Desigf1—

" Input parameters: E, =5GeV and E,=50 GeV

" Reasoning:
® Set electron beam size at | P based on projected source performance

® Set proton beam parameters at Laslett tuneshift limit
® Determine number of electrons per bunch

® Determine collision frequency
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— Electron Beam Parameters at the |P ~

® Assume e~ 60 umat Q~ 1.75 nC
(Emittance dilution in linac will be addressed bel ow)

® AtE,=5GeV, ¢, =6nm
® Forf =10cm, o, =25 um
(Round beams are assumed for €l ectrons and protons)

- bt Y Y N /
- ] Cye;%f%m all j— 2 —
VAR AN IS N iaMerminga Snowmass 7/4/2001

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



— Proton Beam Parameters ~
" For g,= [, Ladletttuneshift setsalimiton |\||O/g’|;2

N prp C
4 myle, 2o,

" Weassume: Ay, <0004

Av, =

® Foreg,,=2 um (LHC, RHIC), B =10cm=>
6, =60 um
and
N, =1x 101

at the Ladlett tuneshift limit.
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— Number of Electrons per Bunch ~

N, islimited by:
® Beam-beam tuneshift of proton beam

5p ~ Nerp,Bp

4y 0 .°

® For£,=0.004, N,=11x10%

- bt Y Y N /
- ] Cye;%f%m all j— 2 —
VAR AN IS N iaMerminga Snowmass 7/4/2001

Thomas Jeffer son National Accelerator Facil ity Operated by the Southeastern Universities Research Association for the U. S. Department of Energy



— Collision Frequency ~

" Maximizef, subject to constraints:
® Paragitic collisions
® User requirements based on current understanding
® Electron cloud effect
" Assume bunch separation of 6.66 nsec or
f. =150 MHz
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— Luminosity of Point Design 1 ~

_ NeNp fc
2o, +0,]

|, =0.264 A
,=24A
f. =150 MHz
G, =25 um
o, =60 um

L =6.2x10% cm?sect
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— Point Design 2 ~

Input parameters: E;=5 GeV and E ;=50 GeV
Cooling of protonsis assumed

Electrons and protons have equal beam size at the IP
Electron beam parameters remain the same

This optimization yields:

|.=0.264 A
|, =24A
o =25um
O," =25um

L =2.1x10%cm?Zsect!
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— Point Design 3: The eRHIC Linac-Ring Scenario —

10GeV e beam
10 and back
from RHIC

"1=0270A
l|,=0.83A
o =33 um
0, =33 um
f.=56 MHz

90 MeV O MW
dump

10 MeV
S0UICe

® Input parameters: E;=10 GeV and E;=250 GeV

0 L=1.14x10*3cm?2sect
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— Parameter Table

J

Parameter Units Point Design 1 Point Design 2 eRHIC
e Linac | p-Ring e Linac p-Ring e Linac RHIC (p)
Beam Energy GeV 5 50 5 50 10 250
Proton Cooling - - No - Yes - Yes
Ring Circumference m - 460 - 460 - 3833
Npunch ppb 1.1x10% | 1x10% 1.1x10%0 1x101 3x10%0 .93x10
f, MHz 150 150 56
|ve A 0.264 2.4 0.264 2.4 0.270 0.83
o* Hm 25 60 25 25 33 33
€ nm 6 36 6 6 2.5 2.5
B* cm 10 10 10 10 36 36
o, cm 0.1 10 0.1 10 0.3 10
€ - - 0.004 - 0.004 - 0.0046
Av, - - 0.004 - 0.024 - 0.001
D, - 0.78 - 4.6 - -
Luminosity cm?sect 6.2 X 10% 2.1x10% 1.14 x 103
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— Accelerator Physics | ssues of Protons ~
" Intrabeam scattering: Transverse
Point design 1. t, = 36 minutes
Point design 2: 7, = 32 seconds
" Intrabeam Scattering: Longitudinal
Point design 1. 1, = 160 minutes @ o/E=3e-3
Point design 2: 1, = 14 minutes @ o/E=3e-3
" Collective Effects
® Longitudinal mode coupling [0 N, <6 x 10%
® Transverse mode coupling instability O N < 1.8 x 10*
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, Emittance growth of the electrons due to asingle collision ~

® A single collision disrupts the € ectron beam and causes emittance
growth

" Electron beam with degraded phase space has to be recirculated and
energy recovered

" Adiabatic antidamping can result in scraping and beam loss in the
cryomodules

" Therefore, amount of tolerable beam loss at the linac exit imposes a
limit on tolerable emittance growth due to collision. Thisin turn
Imposesalimit on N,

" Inthe small disruption limit:
er=¢€p,” T (0.194r, Np)2

0 Ny< 1.5x10% ppb
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— Accelerator Physics Issues of ERLS

Source
Accelerator Transport
Beam Loss
Collective Effects
® Single-bunch effects
® Multipass, Multibunch Beam Breakup (BBU) Instabilities
® HOM Power Dissipation
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— High Current Source of Polarized Electrons ~

® High average current (~ 250mA), high polarization (~80%) electron source
Isasignificant technological issue

¢ State of the art in high average current, polarized sources.
~1 mA at 80% polarization [C. Sinclair, JLab]

Hartmann, Sinclair et al., eRHIC Workshop, April 2000
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— Linac Optics

® Two beams of different energies must remain confined in the same focusing
channel. A possible solution (1. Bazarov, Cornell University) for a5 GeV
ERL
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a Beam L 0SS
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IR FEL experience:
® Lossinthecryomodule < 0.1 yA (Radiation measurements)
® Lossat wiggler entrance <1 nA
® Lossinrecirculation arc < 0.1 pA (BLMS)
[1 At energies> 10 MeV,
beam loss < 0.1 A out of 5 mA (~60pC @ 75MHZz)
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— Single-bunch Effects

" Single-bunch, single-pass effects:. limit bunch charge
® Energy spread induced by variation of longitudinal wakefield across

bunch
For TESLA cavities, k..~ 8.5 V/pC at 5,=1 mm,
the induced relative energy spread at 5 GeV is
o/E ~5x 104
® Emittance growth induced by single-bunch transverse BBU

0 N,<15x10u

® Minimize strength of impedance source (SRF better!)

k____{_gg.f’_“\f“w’_“\.f'_“ﬁt__ /
= Goforson Yfab 5~ —
'Il'k_c_‘{l'\___.)'l I"\____J"l .\%1&_}[ LiaMerminga Snowmass 7/4/2001

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



— Multipass - Multibunch BBU Instabilities

\
" Collective effects driven predominantly by high-Q superconducting
cavities and can potentially limit average current
" Inarecirculating linac, the feedback system formed between beam and
cavitiesis closed and instabilities can result at sufficiently high currents
" Ingtabilities can result from the interaction of the beam with
® transverse HOMs [] Transverse BBU
® |ongitudinal HOMs [ Longitudinal BBU
® fundamental accelerating mode [1 Beam Loading Instabilities
® Transverse BBU isthe limiting instability
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— Transverse BBU Instability
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— Transverse BBU (cont'dy

" TDBBU*: 2d beam breakup code used for simulations
®  Simulations give threshold of ~ 230 mA

" Typica growth rate of the instability is ~2 msecs.

" Feedback (similar to B-Factories) may be possible
(B-Factory bunch-by-bunch feedback at 4 nsecs works!)

" Experimentsin the IRFEL aim towards experimental verification of
TDBBU

*Developed by Krafft, Bisognano and Y unn
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— FEL BBU Experiment: Preliminary Conclusions ~

® Threshold current in the IR FEL varies between 7 mA and 32 mA,
under various beam and accelerator configurations

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

" For the nominal FEL configuration, TDBBU prediction is 27 mA [
agreement within ~40%

" Observed optics dependence has not been quantified yet
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— HOM Power Dissipation ~

" Power dissipated by the beam in HOMSs, primarily longitudinal: depends
on product of bunch charge and average current

F%Iiss = 2K|QI_

" For TESLA cavities, k,~85V/pCfor =1 mmandl,, = .264 A

loss
P, ~ 8 KW per cavity
" IRFEL:1_,.,=5mA, P;.,~6W per cavity

®  Measurements of HOM power vs. bunch charge and bunch repetition
frequency were carried out in the IRFEL
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— Measurements of HOM Power vs. Bunch Charge
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— Conclusions from HOM Experiment ~

" We observed the expected functional dependence of HOM power on bunch
charge and bunch repetition frequency:

I:)HOM ] Q2 1:bunch

® Lossfactor for CEBAF cavities derived from measurements agrees with
calculation (URMEL) within 15%
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— “Where have all the losses gone2-

" Thefraction of HOM power dissipated on cavity walls depends on the bunch
length and increases with the HOM frequency, dueto Q, ~ f2 degradation
from BCS theory

" Itcanlimitl,,and I, dueto finite cryogenic efficiency

® A simple analytic model suggests that the fraction on the walls is much less
than the fundamental mode load

" Engineering studies on HOM absorbers are highly recommended

“SENITRCONTR
= efforsan fab 4=

~

J

] I iaMerminga Snowmass
AN A AW A, LiaMerminga Sn 71412001

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



s Beam-Beam Kink Instability ~

"  The beam-beam force due to the rel ative 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 eectron beam acts as a transverse impedance to the proton bunch, and can
lead to an instability.

® Inthelinear 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 gt < 4y
e>p — S

" For the case of equal bunches and linear beam-beam force, chromaticity appears
to increase the threshold of the instability [Perevedentsev, Valishev, PRST ‘01].

® The instability has been observed in numerical simulations [R. Li, J.Bisognano,
Phys. Rev. E (1993)] during the beam-beam studies of linac-ring B-Factor;j.1 The
code is presently being used to simulate unequal bunches and a nonlinear [force
We also expect chromaticity to be beneficial in this case.
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— Fundamental Luminosity Limitations
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— Fundamental Luminosity Limitations (cont’&)
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— Fundamental Luminosity Limitations (cont’&)
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Luminosity vs. proton beam energy at the stability limit of the beam-beam kink instability
(linear approximation: D¢ <4V, )
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— Fundamental Luminosity Limitations (cont’&)
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— R&D Topics ~

" High average current (~ 250mA), high polarization (~80%) electron source
¢ State of the art in high average current, polarized sources:
~1 mA at 80% polarization [C. Sinclair, JLab]
" High average current demonstration of energy recovery
® Multibunch beam breakup instability
® HOM power dissipation
® Control of beam loss
" Electron cooling and its ramifications on Ladlett and beam-beam tuneshifts

" Theoretical and if possible, experimental investigation of the beam-beam
kink instability
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— Conclusions

Self-consistent sets of parameters has been developed for linac-ring colliders
Luminosities of several 10%2 up to 10 appear feasible

No accelerator physics showstoppers have been found.

Several important issues have been identified that would require focused R& D

ERL: Cornell University in collaboration with Jefferson Lab, is proposing a
high average current (100 mA), high Energy Recovery Linac (5-7 GeV) for a
next generation light source and is planning to address some of the technical
Issues with asmaller scale prototype (100 mA, 100 MeV)

® PERL: Similar proposal isbeing pursued at BNL
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— ERL X-ray SR Source Conceptual Layout
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— ERL Prototype
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— Example of Interaction Region Design
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