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ERL based eRHIC

ERL advantages: High current AND High charge MeRHIC: Medium Energy eRHIC

-4GeV e x 250 GeV p
- - Linac e-current 300mA
&l Ing

- Luminosity ~1032-1033 cm sec -

2 x 200 m SRF linac
10 (12.5) MeV/m *
4 (5) GeV per pass

eRHIC, High energy and luminosity
-Polarized 20 GeV e x 325 GeV p,
-Linac e-current 500mA

HENIX
Main ERL (3.9 GeV per

- Luminosity: ~ 1033-1034 cm2 sec -’
MeRHIC at 2 o'clock IR at RHIC

Four e-beam

bass s 2 x 60 m SRF linac
e 3 passes, 1.3 L('En;e:\{/pass
Equipmant buiing .
Q/ﬁ—' Linac 2 — e
Demonstration proof of principal coherent electron ———ag— : —— e
cooling RHIC _ o
Energy 21.7 MeV Posmble RHIC IR for pro‘of-of-prlriul:l_ple for CEC

Charge per bunch 5nC (4x1.4nC), "-’,‘f?‘}! : *”E,_T_:ﬁ»w smf“ﬂ: ..‘ :

Normalized emittance 5 mm-mrad L4 . TR

Energy Spread 0.15 % = —
'iEl ? =

lon energy 40 GeV/nucl./ Au bunch intensity 10° ; L*B—E*—"# = f"“‘?“""ﬁm

Estimated IBS 9 min, Cooling time 3 min
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BNL R&D ERL issues to be addressed

R&D ERL will serve as a test-bed for future RHIC projects

eRHIC/MeRHIC:

— very high average current
» SRF injector
 BBU,
o e-dump
Proof of principal of coherent e-cooling / conventional pre-cooling
— High charge per bunch
— Low energy spread and emittances (3™ harmonic is needed)

— Conservation of beam parameter in merger (Z-bend test will give an
answer)

— lon bunch much longer then electron one (703.75 MHz train of e-
bunches helps, will split laser beam to 2/4/8)
For all projects
Stability criteria for CW beam current
Halo/losses control

— G5 test will give us more information,
 First, halo study (scrapers)
 then collimators at low energy in injection line will be installed
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Schematic Layout of the BNL ERL
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R&D ERL design

ERLs beam parameters

BNL ERL projects requirements

High High charge | PoP CeC Test *) Pre-cooling | MEeRHIC eRHIC

Current @ 40GeV 10/20
Charge per bunch, nC 0.7 5 5 5 14 (9x1.56) 5 18/3.5
Energy maximum/injection, MeV 20/2.5 20/3.0 21/3 21/3 21/3 4000/5 10000/5

20000/5
R.m.s. Normalized emittances 1.4/1.4 4.8/5.3 5 5 3 7-73 77
ex/ey, mm*mrad
R.m.s. Energy spread, 3E/E 3.5x103 1x10-? 1.5x 1.5x 8 10+ 2x103 1x1073
103 103

R.m.s. Bunch length, ps 18 31 30 30 30 6.7 30
Bunch rep-rate, MHz 700 9.383 0.078 9.383 9.383 9.383 14.1
Gun/dumped avrg. current, mA 500 50 0.4 50 130 50 260/50
Linac average current, mA 500 50 0.4 0.4/50 130 300 2600/500
Injected/ejected beam power, MW 1.0 0.150 0.0012 0.15 0.390 0.250 1.3/0.250
Numbers of passes 1 1 1 1 1 3 5

*) To demonstrate 3 min cooling time for proof pf principal of Coh. eCooling for single Au bunch at injection

energy 40GeV/nucl (above transition) with 1e09 particles 66cm length energy recovery may not be

necessary. To improve energy spread 3'4 harmonic cavity and increase injection energy will help
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High Power ERL landscape

100000
A eRHIC206GeV Commissioned
10000 - MEEIC 4 APS ERL A eRHIC10GeV | ynder construction
A
% Cor'nell ERL In design stage
= 1000 4 CEBAF ER
é; +J1ab 10kW FEL
g 100 * Tlab 1kW FEL
S barce  # BN Cooling BNL R&D ERL
J'AERI_}ITEL 4 ’ NOWEMM‘
* NovoFEL
1 [ [ [ [ [
0 100 200 300 400 500 600

Average Current, mA
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SRF Injector

Assembly Suppon
Fittings

_— Helun Vessel
—— _
__ Helum Mam Lme

Tumer Bellows._

Cathode location

Double Quarter Wave gt
Choke {cavity portion 1 . -~

T 10 em Beam Pipe

Average Current: 0.5 A

Opposing FPC Ports

SC cavity surface makes emittance compensation schema

0 %0 work

Two fundamental = _ 8
power couplers: 0.5 MW each . 45:.::;)
30 1200
25 h\ /\\ —Ez, MV/m 1000 Built by AES
= M PR GRS 800 Will process at JLAB
15 \ B 600 Plan to have it at BNL March 2010
10 400
5 \\ /l \L 200 High Temperature SC solenoid with proper shielding field from
—0 T T ] T 0
10 30 50 7

-10
Z,cm
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Hngh Tempera‘rure Superconductive Solenoid
HTS Solenoid Coils

solenoid in *
SRF Gun

assembly ./

Focusing in the Current Solenoid Design
(Bucking coil to minimize field in cavity)

Basic Requu CHIGII . Flelain i

Bldz~ 1T . mm oot

J._zdulu 0.012

-250.0 0.1

. . 8.0E-03

The solenoid coils tested at 77/K. e
Will be operate at 5 K. -350.0 |

Solenoid is assembled and will be 4000
tested in real shielding environment 4500 |

Larger coil : 15 X 12 turns 00 0.0 0.0 00 ] 0.
'500-8 Smaller coil - 15 X 2 turns -500.0 -450.0 -400.0 -350.0 -300.0 -2
Nominal current : 33.6 Amp ——Values of BZ*BZ

in fall 2009.

Component: BZ*BZ
0.0 0.01 0.02
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RMS normilized emittance, mm-mrad

BNL R&D ERL SRF Injector layout

400

=

' Vertical Horizontal
. 10
. e 5 \/\ L
=T i e y ’ 4 - S~
— |y . ' o
6 ] 10 2 4 6 8 10
Distance from the cathode, m ; Distance from the cathode, m
5 ERL Loop
LI : Dipole
TED ke | |
y
F Gun .
g ) SRF Linac
EYFEJ Z-merger I
& E|
¢ £l H =R I Il =i o=
n f i Dipoles s
o e 1 Mo g rer 2 con BPM 2 = -
LELELE T i SSEE S . i e
”,Hur_i iE f] il ﬁ :'O 1] I\/ : i
i ‘Ly | ir_‘l : : 55%5 = 5
T o i - 1T ==
m enoids h=dilligrz=M8
j PARMELA simulations shown: the small emittances can be achieved ]
using bear-can initial distribution ﬁ
Blue 5 nC Red 1.4 nC Green 0.7 NnC
4.8/5.3 um 2.2/2.3 um 1.4/1 . 4um

RHIC Retreat 2009, July 15-17, Mystic, CT




BNL 5 Cell SRF Linac
F = 703.75 MHz, 5E = 20 MeV

Qo ~ 10%°, Qyoy ~ 10° " I N T

*The 5-cell cavity was specifically designed for
high current, high bunch charge applications such as
5 Cell SRF CaVIty InSIde the eRHIC and high energy electron cooling.
cryomodule in ERL cave *The loss factor of the cavity was minimized.
*The number of cells was limited to 5 to avoid HOM
trapping.
*Additionally, HOM power is effectively evacuated from
the cavity via an enlarged beam pipe piece 24 cm
diameter.
*The simulated BBU threshold is of the order of 20 A
~eFirst horizontal test in April 2009 gradient > 20 MV/m
*All system works (Cryo, RF, Vacuum, rad monitors,

Build: AES Ad.ff”y control )
Processed: JLAB s oMeasured HOMs

. feddersan E_—‘
Will be used: BNL ~ J7e L -
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First cool down (no RF involved) of the 5-cell SRF linac to

High Order Modes Measurements

¢ T, room

= T=4K
° T=4K

There are more HOM datlz'a‘available now and

each mode needs to be indentified (dipole,

600

1100 requeney. . duddrupofé; monopole) and what are R/Q for
each of them
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Bcell.cavity cold emission test (Apr'll 23 2009)

1.00E+11

1.00E+10 —

23
1.00E+09 +* 2

1.00E+08

0 5 10 15 20 25

Q=1*10%0
First Cold Emis

Sliilil

6.35-10* 6.36-10° 6.37-10* _6438104 epiS3 10
6.350-10% TimeRF-0.2, TimeP!

imeChip-0. 2 |meCryo—0 2

Time sec
1.8K Cold emussion puised test: Red electric field 17 MV/m,

, blue pin-diodes signal, magenta cavity losses from cryo data.

The cavity conditioning effect is observed. Using the lowest radiation and the loweest power
losses data the Quality factor estimation 1.3x1010
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1 MW Klystron
tested at its full
output power of
1MW CW  at
703.75 MHz. With
the dummy load

.' '.. tested operational

o

Drlve SCeII SRFcawty

As part of system testing, one port of the AFT circulator was shorted, which directed all the
power into the CML Englneerlng water cooled load. Both of these components performed as

specified.
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ERL Dipole Measured and Calculated Radial Profiles
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Agreement between the
measurements and simulations

ERL 60 dipoles with vacuum | N W N
chamber assembly Measurement setup

Dipoles: the R&D ERL 60° dipole magnets have a rather small bending radius of 20 cm.
15° edges are used to split very strong focusing evenly between the horizontal and vertical planes (so-called
chevron-magnet);

Magnetic measurements of the ERL magnets employs both rotating coil and Hall probe array mapping

~Quadrupoles: The requirements on field quality of the loop’s quadrupoles had
,  been determined by the requirement to preserve a very low normalized
. %, transverse slice emittance of electron beam (en™ Tmm-mrad).

~ We used direct tracking of a sample electron beam to verify a high degree of
the emittance preservation. Each quadrupole is equipped with a dipole trim
coil, which can be also used to excite a sextupole component, if required, for
emittance preservation of e-beam with a large energy spread.

W.Meng et al., “Unique Features in Magnet Designs for R&D Energy Recovery Linac at BNL”,PAC2007
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Injection combine function magnets

_“'l -

Due to very small real estate and large beam size: each magnet

includes 4 sets of coils: 1) vertical bend, 2) quadrupole focusing, 3)

sextupole correction and 4) horizontal steering.

The quadrupole coil is used to split focusing equally between the

planes

The amount of the sextupole component is controlled by the gap

between the yoke and the main dipole coil. A small additional coil in
, the corners is a sextupole trim coil, intended for use if sextupole

Window-frame dipole for Z-bend component needs to be adjusted to reduce emittance growth

Input Electron Distribution

)

Vertical Phase Space

L N OE= -
N O After tracking
N NU emittances:
+00 -5.0‘E-01 - 0.0F +! 5.0‘E-01 1.0E+00 E -6 N gxn =0 " 6 m m-m rad
\\ N eyn=0.6 mm-mrad
_____ \Q e N
\ N

E-03
Y (cm)

Analysis predicts that the influence of various field components on the emittance growth are complicated by
the fact that the beam trajectory bends significantly in the fringe fields. Hence, direct tracking in the
calculated fields extracted from Opera3d was used of test beam to evaluate and to minimize influence of
magnetic field on the beam emittance
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Transport car and deposition system

Transport car engaged in the d sition R ~
system. After baking the baseline va II'H i -
is 1*10°° torr - |

Deposition system inside view. The
baseline vacuum is 1*10-19 torr

Transport car engaged in the SRF Gun
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Main Specs

Wavelength:
Power:

Pulse duration:

Repetition rate:
Synchronization:

Status
Installed in the ERL Laser Room (May

20009)

Injector Drive Laser

1064, 532, 355 and 266 nm
20W,10W,5Wand~1W
~ 10 ps/50-70 ps

single pulse to 9.383 MHz
Synchronized to master clock

Measured the power and beam profile
using Lumera detectors meet the
specifications

Laser to gun transport line is designed,
needs to be installed

— (i E-é—".'n—.}}

LBO
2w

BBO LBO
3w
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Pulse train capability

Pulse train period is adjustable and
given by N7, where 7,is the period
between laser pulses, 70=1/9.383
MHz', and N is an integer in the
range between 104 and 10/,
corresponding to 1Hz-1kHz train rep.
rate (for G5 test 100 Hz)
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Courtesy Lumera Laser
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GH Test: o

First e-beam from gun through 5 cell cavity o beam d(lj_lmp
qua

interchangeable
screen/slit "\

T
D @
S \
GUNBIIGH 3 K.—% (¢ 5 cell RF O—[Fc
= 35
] =l i
o EARL quad triplet 195m )
O - BPMs () - OTR/YaG screens - Steering dipoles
Baseline parameters Plan to do at low energy At 20MeV two operational modes:
Charge per Bunch: 0.05-5nC  _ cathode QE and 1. Straight ahead
a“”.E”ergé" 2.5 '_32'\6'?\;/ v - Cathode lifetime in SRF —  projected emittance
Max. Average current: 1A gur it oot el
Max. Rep Rate: 100 Hz - Slice emittance 2. Wit the bend
Average Power: < 20 Watts - Projected emittance - ?eunnecrg)l/e:grtga/dlong. halo
Trains mode operation - Halo studies _  slice emittance
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BNL R&D ERL Status: complete

v Design of major ERL components is completed. Hardware components are being manufactured
and/or procured.

— ERL Enclosure (Vault) was constructed (2005)
— 50 kW (for 5 cell 20 MeV SRF linac) installed, tested
— Recirculation loop magnets and injection line magnets have arrived and measured.

— Dipole and quadrupole magnets power supplies were delivered, installation has been
started (June 2009).

— 1 MW Gun klystron (for SRF gun) including circulators and dummy loads installed, tested
for full power IMW (Summer 2008)

— ERL control room is finished (August 2008)
— PASS and Machine protection system is installed, tested well perform during the CET.

— 5cell cavity cryogenic system installed and fully functional (First cool-down T=2K, March
2009).

— The preparation chamber and the cathode transport car ready to use (AES designed, built,
BNL processing, March 2009)

— 5-cell Cavity is being processed and tested at JLAB, installed at 912. Cold Emission Test
April 2009 20MV/m demonstrated.

— Radiation diagnostic tested during the CET (chipmunks, ionization chambers, Pin diodes,
PMTS)

— Gun drive laser installed and tested (May, 2009)
— Loop vacuum system components are on hand

— RF control will be based on the new digital RHIC LLRF. The LLRF system is currently
under development. 5cell cavity CET and FPC conditioning were done using PLL based

LLRF.
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Commisionnig plan: in progress

v'"We started commissioning of the R&D ERL components
v'5cell SRF cavity cold emission test
ofirst cool-down March, 14, 2009
«20 MV/m in CET April, 23 2009
*Next CET scheduled for August 2009,
*Will apply helium conditioning
*Up-grated LLRF will be used, will try to tune the cavity during the test
*Refrigeration system will be installed March 2010, will be used for ERL and for VTF
*All magnets, diagnostics and vacuum components for G5test will be installed
sHalf cell SRF gun will arrive in March 2010.
L LRF based on new digital RHIC LLRF will be available for G5 test
«Control system for ERL needs to be completed
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Commisionnig plan: ERL fully operational in 2011

v'G5 test (low average current) work in progress

oFirst, the straight pass (gun - 5 cell cavity - beam stop) test for the SRF Gun
performance studies. (October 2010)

#Metal cathode (low charge per bunch)
#Multi-Alkaline Cathode (up to 5nC per bunch)

*Next, a novel concept of emittance preservation in a beam merger at the lower
energy will be tested (end of 2010)

«After recirculation loop and extraction line (under design right now) completed,
demonstrate energy recovery of high charge and high current beam. The prototype will
serve as a test bed for studying issues relevant for very high current ERLs (2011)

*Proof of principle coherent electron cooling ions in RHIC at ~ 40 GeV/n is feasible
with existing R&D ERL parameters with some modifications (ERL available around

2012)
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BNL R&D ERL commissioning is going on

: ed, ready to be installed
0 | =

e

EL@S2 _FLQIL

[320.43cm]

sl SRF Linac
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