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Outline

 The Electron lon Collider (EIC) — The next machine in the US

d The Jefferson Lab EIC (JLEIC)

 JLEIC lon Injector Linac: Design Requirements & Choices

1 Design of the Different Linac Sections

(J Beam Simulations — Short linac version
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The Electron lon Collider — The next machine in the US

O An Electron lon Collider (EIC) is the highest priority for future
U.S. accelerator-based nuclear physics facility following the
completion of the Facility for Rare Isotope Beams (FRIB).

1 Design Requirements of the EIC
o High collision luminosity: ~ 103* cm-2s-"
2-3 orders of magnitude higher than HERA, the last e-p collider

o High spin polarization: > 70% for electrons and light ions

o Wide range of collision energies: 20-140 GeV CM energy
5-18 GeV electrons & 60-250 GeV protons / ion equivalent
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Two Design Concepts Proposed

N?TE)?A“L LABE‘RATEOQY eRHIC .gef,f/GPSOH Lab JLEIC

Has a proton/ion machine (RHIC) Has an electron machine (CEBAF)
Needs an electron ring Needs a proton/ion ring
FFAG Recirculating Electron Rings ERL Cryomodules
1.3-5.3 GeV @ 8-100 GeV
6.6-21.2 Gev £ el lon Collider Ring
.6-21.2 GeV & Dump
Interaction Point
Coherent é‘;i?:w
Electron Cooler Linac, Polarized Electron Collider Ring
1.32 GeV i:ﬁtr::: 3-10 GeV
Detector | Electron Source
hadrons
Detector Il
electrons

100 meters

From AGS

Possible timeline: 2019 — Mission need (CD-0)
2021 — Site selection
2022 — Start of construction
2030 — First beam collision
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The Jefferson Lab EIC (JLEIC) Concept

8-100 GeV
lon Collider Ring

Electron Collider Ring
3-10 GeV

Electron Source

Booster
8 GeV lon Source

Linac

Pulsed SC Linac up to 280 MeV p - 100 MeV/u Pb

8 GeV Booster followed by 100 GeV 1on Collider Ring
CEBAF 1s full energy injector for the e Collider Ring
All rings are figure-8 to preserve spin polarization

AN NI NN
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JLEIC Injector lon Linac: Design Requirements

O Capable of accelerating all beams: protons to lead ions —
polarized / un-polarized light ions and un-polarized heavy ions

1 Baseline Design energy: p - 280 MeV / Pb - 100 MeV/u
1 Pulsed Linac: up to 10 Hz and 0.5 ms pulse length

1 Pulse Current: ~ 2 mA Light ions / ~ 0.5 mA Heavy ions
 Pulse Length: ~ 0.5 ms Lightions / ~ 0.25 ms Heavy ions

d Compact and Cost-efficient ...
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JLEIC Linac - Design Choices
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Different lon Source Parameters > Separate RFQs

Emittance,

Current, mA Polarization

mT-mm-mrad

1H- 1 ABPIS / OPPIS 2 > 90% 1.0
2H: (2D  ABPIS/OPPIS 2 > 90%
3He2* 15 EBIS 1 70% <1
6L jo* 2 ABPIS 0.1 70% <1
2osppsr (7)) ECR 0.5 0
d Light ions

o Large emittance of polarized beams requiring larger acceptance
o Minimum losses for deuteron beam to avoid activation

] Heavy ions
o Heaviest ions (A/q ~ 7) define the RFQ acceptance, Not sufficient
for polarized light ions

» Two separate RFQs: One for A/gq < 2, another for A/q > 2
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RT Section to ~ 5 MeV/u — followed by SRF Linac

O RT front-end up to ~ 5 MeV/u - Most efficient and cost-effective
option for pulsed linacs, ex: CERN Lead linac and BNL EBIS injector

Energy: ~ 25 keV/u ~ 0.5 MeV/u ~ 5 MeV/u

IS RFQ IH - DTL

Distance: ~3m ~8m ~20m

1 SRF Linac to full energy
o Larger acceptance & more flexibility for light and heavy ion beams

o More compact and cost-effective than the full RT or full SC options
(Ref. P. Ostroumov, MEIC meeting 2015; R. York, JLEIC meeting 2016)

o Take advantage of state-of-the-art performance of QWRs and HWRs
o Pulsed SRF cavities can run higher voltage - Shorter linac
o Pulsed RF power is not as expensive as CW
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SRF Linac & Stripper Section
280 MeV protons

Be=0.15  Sriooer(0) joomw, . 200mk2 Bs=0.3 100 MeViu Pb

> Stripping at 13 MeV/u to get Pb®"* for Injection to the Booster

Effective Voltage vs. Beta

O Pb @ 13 MeV/u: 30+ -2 67+, ~ 20%
stripping efficiency e —

1 SRF section made of 3 QWR modules
and 9 HWR modules

0 Each module is made of 7 cavities
and 4 superconducting solenoids

0 QWR and HWR operated at 4.7 MV 0

0.005 0.010 0.015 0.020 0.025 0.030 0.035
Beta (v/c)

w

I

w

N

Effective Voltage [MV]

[y

» One type of HWR covers the whole velocity range, B: 0.15 - 0.35
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Linac Sections Design
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lon Sources

O Polarized Light lons: Desired vs. Available H-/D- beams (A. Sy & V. Dudnikov)

Charge state H-/D- H-/D- H-/D-
Pulse current mA 2 3.8 4 (0.7)
Pulse length ms 0.5 0.17 (0.3)

Polarization % 100 91 85

O Heavy ions: ECR + Chopper or pulsed EBIS may be used

Emittance
lons AlQ Source Current, mA ’
m-mm-mrad
208P 30+ ~ ECR 0.5 0.5
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Light and Heavy

JLEIC lon Injector
Light lon LEBT

lons LEBTs

RFQ

—‘> RFQ
iy

SOL1

JLEIC lon Injector
Heavy lon LEBT

BEAM AT NELI1= 1 _ BEAM AT NELZ= 2> I 9-Gmn
1= 0.0ma
_ = 00 2.0800 2.0800 MeV
H A= 0.0000 B= 5.00000E-02 W= 0.0300 0.0300 MeV. H A= 2.0000 i E DK
V2= 0.0000 B= 5.00000E-02 7. 92mm, vV a= 2.0000 HEEE 108300 100 50 " 5700
9-19 128.369 128.369 197.58
25" Ni= - 17 "N2= 21
BRINTOUT VALUES
53
PE EE VALUE /r e
2 MATCHING TYFE = B
\ DESTRED VALUES (BEAME) DESIRED VALUES (SEAME)
alpha beta 5 il
x 578630 0.1000 x 1.3000 0.0700
2.0000 0.1000 Y 1.8000 0.0700
Yarcn GiRtasLES (NC=4) TCH VARIABLES (NC=4)
MPE MEE VAL MEP MPE
1 24 4672.19450 1 20 5213.19468
1 25 152125873 121 "341l33110
10.000 mm X 200.000 mrad 10,000 Tm ¥ 200.000 mrad 4.000 mm X 200.000 mrad } }S *é:"’é%; 4.000 nm X 200.000 mrad
- - - - - 2 A= -15.000 B= €.00000E+05 =-1.5 -0 = 5.27559E+40
z A= -15.000 B= 6.00000E+05 cope: Trace 3D veely Z B=-0.20598 B= 1.94360E+05 s CODE: Trace 3-D veSly z A 85058-02| B= 5.27559E405
FILE: LEBT.t3d FILE: LEBT.t3d
DATE: 09/01/2016 DATE: 08/28/2016
ME: 11:17:19 TIME: 14:33:24
[180.000 Deg X 50.00 keV [180.000 Deg X 50.00 keV [80.000 Deg X 200.00 keV [180.000 Deg X 200.00 keV
=T NP7= | c—
50.00 mm (Horiz) 180.0 Deg (Long.) 200.00 mm (Horiz) 180.0 Deg (Long.)
soL ) i P q ) soL
1 2 3 10 11 |12 13 1q151H171] 18 20)
50.00 mm (Vert) Length= 2814.74mm 200.00 mm (vert) Length= B190.41rm

Similar to BNL LEBT
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Light and Heavy lons RFQs

3m
v' Light-lon RFQ is designed for

Alg <2, 20 keV/u polarized beams with 2 m mm mrad
normalized transverse emittance

v Heavy-lon RFQ is designed for ion with
A/q <7 with 0.5 1 mm mrad

Al/q <7, 10 keV/u

56m 05 MeV/u hormalized transverse emittance

Parameter Heavy ion | Light ion Units
Frequency 100 MHz
Energy range 10 - 500 15 - 500 keV/u
Highest - A/Q 7 2
Length 5.6 3.0 m
Average radius 3.7 7.0 mm
Voltage 70 103 kV
Transmission 99 99 %
Quality factor 6600 7200
RF power cgnsumptlon 210 120 KW
(structure with windows)
Output longitudinal
emittance (Norm., 90%) 4.5 4.9 m keV/u ns
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Options for RFQ Structure

4-Rod 4-\Vane window coupled

RIKEN RFQ ATLAS RFQ SPIRAL-2 RFQ
High power consumption Flexible design Large diameter

> 4-vane bolted or brazed structure with windows or not ...

Diameter: 470 mm (18.5")
Length: 2275 mm (90")
f=100 MHz
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Options for IH Structure

IH-DTL with Triplets DTL with RF Quad focusing IH-FODO with EMQs

BNL

EBIS

Injector
* Most efficient « Largest acceptance » Large acceptance
« Small acceptance * Less efficient * Good efficiency

» IH-DTL with FODO: Larger acceptance for polarized light ions
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IH— DTL with FODO Focusing

v' 3 Tanks — 20 Quadrupoles in FODO arrangements
IH-1 IH-2 IH-3

v' Energy gain: 0.5-4.9 MeV/u = 30.5 MeV
v' Total length: 4.3+35+34m=11.2m

v' Real-estate accelerating gradient: 2.72 MV/m
v RF Power losses: 280 + 400 + 620 = 1.3 MW
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SRF Section: QWR & HWR Design Parameters

280 MeV protons
Be=0.3 100 MeV/u Pb

Bs=0.15 Stripper (**C) 100 MHz ___ . 200MHz e

QWR Module HWR Module
Stripping @ 13 MeV/u, Pb: 30+ — 67+
Horizonal orientation of cavities
Parameter QWR | HWR Units
Bopt 0.15 0.30
) Frequenc 100 200 MHz
QWR Design HWR Design Length (Bg) 45 | 45 cm
Epeak/Eacc 5.5 4.9
Beeak/Eacc 8.2 6.9 mT/(MV/m)
R/Q 475 256 Q
G 42 84 Q
Epgak in operation | 57.8 | 51.5 MV/m
Bpeak in operation | 86.1 72.5 mT
Eace 10.5 10.5 MV/m
Phase (Pb) -20 -30 deg
Phase (p/H") -10 -10 deg
No. of cavities 21 14
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High-Performance QWRs Developed at ANL for ATLAS

ATLAS , : :
72 MHz QWR SC section will operate at 4.5K in pulsed mode
o SN Epeak (MV/m)
" 3 (I) _ .2.0. . ‘4.0| . .6.0. _ .8‘0. _ ‘190' _ -172.0
Bpeak (MT)
0 20 40 60 80 100 120 140 160

1.E+11 T

T.E+10 |~

Q
1.E+09 |
bere= A
1E+08 Lo oo o
0 4 8 12 16 20 24
Eace (MV/m)
0 2 4 6
Vacc (MV)

v' CW mode: A 72 MHz 3=0.07 QWR can deliver 4 MV voltage (E,.,~64 MV/m, B, ~90 mT)
v"JLEIC: Pulsed operation of 100 MHz =0.15 QWRs @ 4.7 MV per cavity (5.5 MV possible)
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High-Performance HWRs Developed at ANL for PXIE

FNAL - 162 MHz HWR

SC section will operate at 4.5K in pulsed mode

1011

Moo oo, \

Iy °-'°'_l M AU B P o s

pos. GOl Of 6nQ Residual Reistance
‘: Lo, at Operating Gradient Exceeded

No X-rays for Epeak<72 MV/m

L | L | L | L | L | | L L
0 2 4 6 8 10 12 14 16 18 20
Accelerating Gradient (MV/m)

P T I
0 10 20 30 40 50 60 70 80 90
Epk (MV/m)
L L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 10 20 30 40 50 60 70 80 920 100
B, (mT)
L 1 1 1 PR 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
gain (MY)

v' CW mode: A 162 MHz =0.11 HWR can deliver 3 MV voltage (E.,~68 MV/m, B.,,~72 mT)
v" JLEIC: Pulsed operation of 200 MHz $=0.3 HWRs @ 4.7 MV per cavity (6.6 MV possible)
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End-to-End Beam Simulations

(Short Linac Option)
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End-to-end Simulation of a 2 mA Deuteron beam

X.rad v rad AW
0.050 : 0.050 d 0.050
Frea= 200.000 MHz

0.038 W= 75518 MeViu

0.025 .25 0.025 Q= 1
A= 2 AMU
0.012
L. i Mpart= 10001
.eni. 000 - M .00 * Ddeg Current= 2.000 ma
AR SPACE CHARGE
MNx=32 MNy=32 Nz=64
0,025 D025 0025
xylhSC= 1000.0 =zlhSC= 1000.0

<DE hxizx= 0.73 hylsy= 1.13 hzisz= 4.47

0.050 0050 0.050 WARNING
0.000 30000 -15.000
TR TEERE T | A
:::::?;?? I g I
Y [cm P
2,000
X Il

Fhase [deg]
60.000

No beam loss over the whole linac (10k particles) — Important to avoid activation
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End-to-end Simulation of a 2 mA Proton beam

o A
’ Frea= 200.000 MHz
0.0 W= 131371  MeViu
.02 Q= 1
A= 1 AMU
0.01
Mpart= 9974
A . S .00 245  Current= 1.995 ma
.01 SPACE CHARGE
Nx=32 Ny=32 Nz=84
-0 0 002!
xyIhSC= 1000.0 zIhSC= 1000.0
<L hxisx= 175 hyloy= 1.62 hzisz= 2.41
2 2 0,05 WARNING
0.0 0.000 1.000 -30.000 -15.000 0,000 15.000 0.0
4 e E "E
P

3600 e e —

Some beam loss in the RFQ - normal
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End-to-end Simulation of a 0.5 mA Lead beam

X rad N rad W
T : T : T
n.0z0 0050 n.0z0 Frea= 200.000 MHz
0.038 W= 44 5ER MeViu
0.025 .25 0.025 Q= 82 €
A= 208 AMU
0.012
Mpart= 19635
0.000 . coi) 00D 'Y .crd. 000 ” B deg Current= 0,491 ma
AT SPACE CHARGE
Mx=32 MNy=32 Nz=64
0.025 0025 0.025
xylhSC= 1000.0 =zlhSC= 1000.0
<DE hxizx= 0.78 hy/sy= 0.90 hzi=z= 3.79
0.050 0,050 0.050 WARNING
-1.000 0.000 1000 -1.00 0.000 1000 30000 15000 0000 15000 20000
b b s|r I r |
o [ 11 (s |4
s |z i1 1= (A
g | e HE
1Y [em] P
2.000
] \ y \ \ // 1 I
1.200 / \vla\v ............. | | | ! |
J A /) W UL L] /
Phase [deg]
£0.000
w000 bt L1 1 | 1111 | | 1 | |
12.000 IS Y O P ||

Some beam loss in the RFQ ...
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Output Beam Parameters

Parameter

Energy

Transmission %

Norm. transverse emittance
(90%) T-mm-mrad 2.3 1.3 0.8

Norm. longitudinal emittance o
(90%) m-ns-keV/u 8.8 7.1 4.6

Energy spread (rms) % 0.13 0.12 0.1

v' Beam dynamics is being optimized, especially for light ions ...
v’ Stripper effect is being included for the heavy ions ...
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JLEIC Linac Design — Summary

AZ<7

100 MHz 100 MHz 100 MHz
100 MHz
1

Normal conducting |

AlZ<2 < 1
500 keV/u 5 Me
280 MeV protons
Be=015  supper("C) joomw; . 200k e P03 100 MeViu Pb

O Separate LEBTs and MEBTSs for light and heavy ions
0 Two RFQs: One for light ions (A/g ~ 2) and one for heavy ions (A/q ~ 7)

o Different emittances and voltage requirements for polarized light ions and heavy ions

O RT Structure: IH-DTL with FODO Focusing Lattice
o FODO focusing = Significantly better beam dynamics

0 SRF section made of 3 QWR and 9 HWR modules
A Stripper section for heavy-ions after 2" QWR module

O Pulsed Linac: up to 10 Hz repetition rate and ~ 0.5 ms pulse length
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Thank you!
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