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ERLERL--Based Electron CoolerBased Electron Cooler

RHIC electron cooler is based 
on a 200 mA, 55 MeV ERL
20 nC per bunch, 9.4 MHz 
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BNL ERL R&D FacilityBNL ERL R&D Facility
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ERL
Under construction
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Cryomodule Design
2K main line

Inner magnetic shield

Cavity assembly

4” RF shielded
gate valve

2K fill line

He vessel

Vacuum vessel

Fundamental Power
Coupler assembly

HOM ferrite
assembly

Outer magnetic shield

Thermal shield

Tuner location Space frame
support structure

Vacuum vessel
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eRHICeRHIC
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eRHICeRHIC Beam ParametersBeam Parameters
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ELIC DesignELIC Design

Ion Linac and pre-booster

IR IR

Beam Dump

Snake

CEBAF with Energy Recovery

3-7 GeV electrons 30- 150 GeV light ions

Solenoid

Ion Linac and pre-booster

IR IR

Beam Dump

Snake

CEBAF with Energy Recovery

3-7 GeV electrons 30- 150 GeV light ions

Solenoid

Ion Linac and pre-booster

IR IR

Beam Dump

Snake

CEBAF with Energy Recovery

3 -7 GeV electrons 30 -150 GeV light ions

Solenoid

Electron Injector

Electron Cooling
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ERL X-ray Source Conceptual 
Layout

CHESS / LEPPCHESS / LEPP
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Why ERLs for X-rays?

ESRF 6 GeV @ 200 mA
εx = 4 nm mrad
εy = 0.02 nm mrad
B ~ 1020 ph/s/mm2/mrad2/0.1%BW
LID = 5 m

ERL 5 GeV @ 10-100 mA
εx = εy→ 0.01 nm mrad
B ~ 1023 ph/s/mm2/mrad2/0.1%BW
LID = 25 m

ESRF
ERL (no compression)

ERL (w/ compression)

t
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Brilliance Scaling and Optimization

. For 8 keV photons, 25 m undulator, and 1 micron normalized emittance, X-ray 
source brilliance

. For any power law dependence on charge-per-bunch, Q, the optimum is

. If the “space charge/wake” generated emittance exceeds the thermal emittance
εth from whatever source, you’ve already lost the game!

. BEST BRILLIANCE AT LOW CHARGES, once a given design and bunch 
length is chosen!

. Unfortunately, best flux at high charge

p
th AQ
fQIB
+

=∝ 22 εε

( )1/2 −≈ pAQ th
p ε
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ERL Source Sample ERL Source Sample 
ParametersParameters

Parameter Value Unit
Beam Energy 5-7 GeV
Average Current 100 / 10 mA
Fundamental frequency 1.3 GHz
Charge per bunch 77 / 8 pC
Injection Energy 10 MeV
Normalized emittance 2 / 0.2* µm
Energy spread 0.02-0.3 %
Bunch length in IDs 0.1-2* ps
Total radiated power 400 kW

* rms values

*

CHESS / LEPPCHESS / LEPP
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ERL XERL X--ray Source Average ray Source Average 
Brilliance and FluxBrilliance and Flux
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ERL Peak Brilliance and UltraERL Peak Brilliance and Ultra--
Short PulsesShort Pulses
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Beyond the space charge limitBeyond the space charge limit

Courtesy of I. BazarovCourtesy of I. Bazarov
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SASE or Seeded FEL

Laser Seed
Long undulators

Injector Linac (SRF Best)
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Single Bunch Transverse Instability*

• Analyzed by Chao, Richter, and Yao
• Displaced beam, through interactions with transverse wake in 

cavities, causes a transverse displacement that grows along the 
bunch and increases as one traverses the accelerator

• Mitigated by BNS damping and its variants (Balakin, 
Novakhatsky, Smirnov)

*See Krafft and Bisognano, PAC89, 1256 (1989)
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Simulation Parameters

CEBAF Accelerator 500 MHz Driver Accelerator

Frequency 1500 MHz

Inj. Energy 45 MeV

Final Energy 4 GeV

Inj. Emittance 1 µm rad

Longitudinal Wake 41 V/pC

Transverse Wake 30 V/pCcm2

Bunch Length 2.2 psec

Frequency 500 MHz
Inj. Energy 10 MeV

Final Energy 1 GeV

Inj. Emittance 1 µm rad

Longitudinal Wake 7 V/pC

Transverse Wake 0.8 V/pCcm2

Bunch Length 22 psec
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Projected Emittance: No Charge



Physics 417/517 Introduction to Particle Accelerator Physics  11/27/2007

Projected Emittance: Full Charge
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Emittance Growth for CEBAF 
Simulations

2.2 nC
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Emittance Growth in 500 MHz Driver

22 nC
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Longitudinal Phase Space for CEBAF 
Simulations
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Large Gain in Wake Behavior

• CEBAF could support 1 nC bunches without excessive 
emittance growth

• A properly designed 500 MHz system could support >10 
nC without excessive emittance growth

• Other Potential Advantages of Lower Frequency
– Because CW, will be running the accelerator at lower 

average gradient (15-20 MV/m) anyway. The “main”
advantage of the 1300 MHz cavities becomes less 
important

– Less RF parts
– Naturally stiffer cavities and purposely extra stiff for 

SNS design: maybe allows higher QL
– IOTs for the lower frequency?
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Cooling needed for 2 GeV

cavity frequency (MHz) 1300 1300 805 805

15 
MV/m

20 
MV/m

15 
MV/m

20 
MV/m

Vc (MV) 15.6 20.8 16.8 22.4

number of cavities 128 96 119 89

heat/cavity@Q0 1010 (W) 23 41 43 77

dynamic heat (kW) 3.0 4.0 5.1 6.6

This may be unduly pessimistic: If could claim better Q0 at low 
frequency no reason not to prefer the lower for any SASE driver
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Typical Gun Requirements

• Charge-per-bunch: order 1 nC
• Repetition rate 1 kHz         1 MHz recently (multiple users)
• Normalized rms Emittance: 2π mm mrad
• >100 kHz probably requires Energy Recovery

• For seeded designs: seed laser a major headache at high 
repetition rate. Seeding ideas limited by high rep rate high 
average power seeding laser needed. Usually talk about 
gangs, separately controlled by each user.

→
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Compact Source Drivers

• Various applications of compact drivers
– Positrons
– THz
– Compton X-rays
– High average current injectors
– Etc.

• Key R&D activity: small self-contained cooling systems
• University Scale?

– Best tended in universities?
– ODU Center for Accelerator Physics
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Compact THz Source

Superconducting Cavity

Undulator

Beam
Dump

Injector

THz Radiation

U. S. Patent 6,753,662 assigned to Jefferson Lab
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THz Source Accelerator Parameters

Quantity Value Unit

Beam Energy 8.8 MeV

Average Beam Current 225 µA

Charge per Beam Bunch 100 pC

Bunch Repetition Rate 2.25 MHz

Normalized rms Beam Emittance 5 mm-mrad

Longitudinal rms Emittance 10 keV-degrees

rms Bunch Length at undulater 300 (90) fsec (µm)
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Undulator and Optical Parameters

Field Strength, 2
max /K eB mcσ=

Quantity Value Unit

Undulator

Length Parameter σ 4 cm

Wavelength of Maximum Power 0.3 mm

Maximum Field Bmax 1160 G

2.7

Fundamental Optical Power 10 W

Fundamental Flux at Max 1 ×1019 photons/sec in 0.1% 
BW

Optical Pulse Length 80 µm
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Forward Emission Energy Spectrum
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Parameters of Various “Compact” Devices

Specificatio
ns

NPA 
Injector CTHz Diffractio

n Source
PC 

Gun
ILC
Gun

Compt
on

Positron
s

Light 
Source

NP 
App.

ERL Parameter 
Ranges

Current 
(mA) 1-2 0.1 Source <100

0.1
1 10

Max. 
Possibl

e
1-2

Max 
Poss
ible

0.1-100

Beam 
Energy 
(MeV)

10 <10 2 0.5
0.12-0.30

10 10 10 50
50

10--50

Bunch 
Charge
(pC)

NA 10 100 1000
6400

100 100 0-1000 NA
100

1-1000

Trans. 
emittance
(mm mrad)

20 10 1 5 2 20 0.1-1 20
10

0.1-20

Bunch 
Length 
(ps)

NA 1 NA 50
2000

0.5 NA 0.1 NA
1

0.1-10

Rep. Rate 
(MHz)

>7.5 
kHz 10 MHz OK 1500

3 MHz,
1ms@5 

Hz
10 1000 1500 >7.5 

kHz

1500
0.01-1500

Long. 
emittance
(keV psec)

30 5 5 5 30 2 30
5

1-30

Polarization No No No Yes Yes No Yes No No No
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Conclusions

• For SASE FELs, it may be quite beneficial to consider operating 
at lower frequencies (<750 MHz). The penalty, with the present 
performance of SNS cavities as a guide, is increased cooling by 
perhaps 50%, but the advantages are reduced cavity and other 
parts count, better wake-field performance, and easier RF 
sources at lower frequencies. With Q0 higher than 2×1010, has a 
cooling advantage.

• ERL light sources prefer higher SRF frequencies. Coherence 
enhanced by lower charge-per-bunch more frequently.

• Interesting compact source drivers could be assembled without 
much R&D now, given a customer willing to actually pay.
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