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Nucleons and Nuclei T fundamental questions
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Nucleons
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Matter

Nucleus
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Arise out of quarks and
gluons interacting
through Quantum
Chromodynamic$QCD)

We have limited quantitative idea
of how this happens because QCD
Is strongly coupled in the energy
regime of the mass of Nucleons.

Nucleons and Nuclei and their propertoias be thought of as
emergent phenomenaf QCD
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Developing the EIC Science Case

2002 A strong community emphasis on the urgent need for a
machine to illuminate the dynamical basis of hadron structure in
terms of the fundamental quark and gluon fields has been a
it9) High Enetgy | 2010 persistent message for almost two decades

Gluons and the Quark Sea a , . . i i
High Energies 20 _ oa high-energy high-luminosity

(N 2013 polarized EIC [is] the highest
' priority for new facility
construction following the
compl etion of

OPPORTUNITIES IN NUCLE

Major Nuclear
Physics Facilities for
the Next Decade
2015

The Electron Ton Collider W
April 24, 2009

NSAC
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EIC User Community

” JULY 22-26
PARIS

Leole Nationale Supe

EIC Users Group Formed in 2016

EICUG.ORG
Status July 2021.:
A Collaborators 1294
A Institutions 261
A Countries 35

Annual EICUG Meetings
2016 UC Berkeley
2016 Argonne

2017 Trieste, ltaly
2018 Washington, DC
2019 Paris, France
2020 Miami

2021 TBD

2022 Warsaw, Poland




Independent Assessment of the EIC Science Goals

National Academy of Science Report: AN ASSESSMENT OF U. S -
BASED ELECTRON-ION COLLIDER SCIENCE i

AN ASSESSMENT OF
'S BASED ELECTRON-ION
COLLIDER SCIENCE

NnAn EI C can uniquely address
About nucleonsd neutrons and protonsd and how they
are assembled to form the nuclei of atoms:

mass of

A How does ni@

t he t he
A How does the spin of the nH
A What are the DI

emer gent operties

The EIC would be a unique facility & maintain
leadership in nuclear science

The EIC would maintain leadership in the
accelerator science and technology of colliders




NSAC 2015 LRP Performance Parameters
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The Next QCD Frontier 0 50 100 150
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Understanding the glue
that binds us all

NSAC Performance Parameters:
A- Polarized e, p, light nuclei
B - lon beam from deuterons to the heaviest table nuclei

Community and NSAC defined | C- Center of Mass energy 2ID0 GeV
the parameters of machine D - Capable of future Center of Mass upgrade to 140 GeV

needed to address the science.| E- High collision luminosity ~3810%*cnr? St
| F- More than one Interaction Region




EIC prOJect
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two interactions regions with one of the interaction
regions outfitted with a major detector.

EIC scope includes the machine upgrade to RHIC asset ar@

The EIC mission need statement (CD-0)
approved by DOE in Dec 2019

The EIC will be located at BNL and will be
realized with TINAF as a major partner. The
realization of the EIC will be accomplished
over the next decade at an estimated cost
between $1.6 and $2.6 billion.

The CD1 approved in June 2021. The EIC
team is working towards CD-2 in early 2023

The EI C6s high | umi
polarized beams will push the frontiers
of accelerator science and technology

nd provide unprecedented insights into the
uilding blocks and forces that hold atomic
nuclei together.

n o

Message from Tim Hallmdessociate Director of the DOE Office of Science for Nuclear Physic

The EIC will be a game-changing resource for the international nuclear physics
community. DOE looks forward to engaging with the international community and the

international funding agencies about potential collaborations and contributions to the EIC

\ effort, in nuclear accelerator and computer science.




EIC Design Overview

54l Proposed
DeteCtor

Electron—lom Collider


https://www.bnl.gov/ec/files/EIC_CDR_Final.pdf

EIC project requirements

The EIC is a Nuclear Physics Collider Designed to
meet NSAC and NAS requirements

A Collide polarized electrons and wide range of hadrons
A Polarized protons and deuterons, otherwise unpolarized
A In long term, possibly polarized positrons, 3He

A Center of Mass Energies 20 GeV'i 140 GeV
A Maximum Luminosity 1034 cm2st

A Hadron Beam Polarization >70%

A Electron Beam Polarization >70%

A lon Species Range p to Uranium

A Number of interaction regions up to two

NSAE U.S. Department of Energy Nuclear Science Advisory Comm|ttee
NASQ}J S. Natlonal Academles of Sciences, Engineering, and




From RHIC to the EIC: RHIC

e A Existing RHIC facility
'//‘/""‘ N A Hadron collider (h=360)
\ A 6-100 GeV/u ions
A 100-250 GeV polarized protons

A Two independent rings

A Asymmetric operations include
e.g. d-Au collisions

A Constructed 1990-2000
A Will operate to ~2025

P

C =3833.845m
h = 360

Bmax,dipole: 35T (SC)
19-cell FODO arcs



From RHIC to the EIC: EIC
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=7, N\ AElectron-lon Collider
4 ALepton-hadron collider
AAdd electron storage ring
= AAdd electron injectors

' A Full-size rapid-cycling
D poiarized synchrotron

°°°° AAdd fistrong?o
cooling (ERL and insertion)

AAdd new detector
AConstruction 2023-2030

Hadron Storage Ring
Electron Storage Ring
Electron Injector Synchrotron
Possible orenergy Hadron
injector ring
Hadron inject

Electron
Injector (RCS)




EIC Design Concept

Design based on existing RHIC facility
RHIC is well-maintained, operating at its peak

A Hadron storage ring 40-275 GeV (existing)
o Many bunches (max 1160)
o Bright beam emittances (for hadrons)
o Need strong cooling

A Electron storage ring 2.5i 18 GeV (new)
o Many bunches (max 1160)
o Large beam current (2.5A) C 10 MW SR power

A Electron rapid cycling synchrotron (new)
0 1-2Hz
0 Spin transparent due to high periodicity

A High luminosity interaction region(s) (new)
o Luminosities up to 103*cm=2s-t

Superconducting magnets

25 mrad crossing angle with crab cavities

Spin rotators (longitudinal spin)

Forward hadron instrumentation
= Y -

0)
0)
0)
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| —— electrons
—— positrons
- low energy

HERA lessons

A The first and only lepton-hadron collider,
operated for physics 1992-2007

A Collided 27.5 GeV spin polarized leptons
(e+; e- ) with 920 GeV protons

A Reached luminosity of 5x103! cm=2 s'1

A HERA lessons relevant for EIC 200

Vertical beam-beam tune shift for lepton
beam reached values planned for EIC

The necessity to minimize synchrotron
radiation in the IR, IR vacuum pressure, and 0 = l
to avoid halo of the proton beam 0 500 1000 1500

B-Factories lessons

A When B factories design started ~1990, e+e-
colliders barely reached 103? cm' %' 1

A PEP-Il and KEKB aimed in their design to
luminosity of 0.3 7 1 x 10%* cm2 s1
A Achieved and even exceeded the goals

A Approach; build-in necessary features to
achieve high Lumi into the design

A Crossing angle and crab cavity; Local chromaticity
correction; cavities and vacuum chamber F.Willeke HERA and the Nex

\ gompatiniewith aiiRRIEsscalgheams. Bunch Dy Colliders", in Proc. o
\theeg'ch JousS top-up iniectior i
NS -

400
HERA-2

Total delivered |
luminosity ]
about 1 fb! -

HERA Delivered Luminosity / pb”

HERA-1
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EIC achieves high luminosity
L =103 cm~2st
A Large bunch charges N,O 1 .% NJO0 0. 69110

A Many bunches, n,=1160
0 crossing angle collision geometry
o large total beam currents
o limited by installed RF power of 10 MW Strong focusing, =5 cm

A Small beam size at collision point achieved by

o small emittance, requiring either:
- strong hadron cooling to prevent emittance growth or
- frequent hadron injection

0 and strong focusing at interaction point (small b,)

o |flatbeams s, /s,a 10

A Strong, but previously demonstrated beam-beam interactions
D g=0.01 demonstrated in RHIC
- D p=0.1demonstrated in HERA, B-factories
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EIC covers full center of mass energy
range of 20 GeV 1 140 GeV

Protons up to 275 GeV.

A Existing RHIC with superconducting magnets allow up to
E, =275 GeV and down to E, = 41 GeV
A RHIC beam parameters are close to what is required for EIC

4
Electrons up to 18 GeV: o ]
Electron storage ring with up to 2 0F /—\ |
18 GeV installed RHIC tunnel, S L m )
readily achievable with —4 L 5GeV — 10-18 GeV — |
A large circumference of 3870 mand 6k L—T 1 | | 1T

A available superconducting RF
technology C U, =62 MV 2 (m)

Super bends: Electron Storage Ring arc dipoles split into 3 segmer
Above 10 GeV all segments powered uniformly to reduce SR powe
At 5 GeV and below short center dipole provides a reverse ber




Synchrotron radiation
on-the-back-of-the envelope 1 power loss

Field left
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Synchrotron radiation

on-the-back-of-the envelope T power loss
Energy in the field left behind (radiated !):

0 2
Field left W ﬁE v

. e
behind \\U The field K° = the volume V © r?dS
o YT

~ f r
~

/, N r

/, (l/ ~
N\,

LY Energy loss per unit length:

A
R /R +r dw aeao 2
—_— ﬁ_
dsS cr =+

. R :
Substitute r° — and get an estimate:
ac .5, R 23
Field lines cVv

Compare with ~ dW _ 2 °2* dw _2r. o
exact formula:




EIC High Luminosity with a Crossing Angle

A Modest crossing angle of 25 mrad
o0 Avoid parasitic collisions due to short bunch spacing
o For machine elements, to improve detection
0 Reduce detector background ~

A However, crossing angle causes
0 Low luminosity
o Beam dynamics issues

A avoided by Crab Crossing >
Then:

o Effective head-on collision restored
o Beam dynamic issues resolved

A RF resonator (crab-cavity) prototypes built
and tested with proton beam in the CERN-SPS
- The EIC crab-cavity need large waveguide

ports to allow the trapped modes to escape
S s \./" —



EIC Design Parameters

Table 3.3: EIC beam parameters for different center-of-mass energies \/5, with strong hadron cooling. High divergence Configuration.

Species proton electron | proton electron| proton electron| proton electron| proton electron
Energy [GeV] 275 18 275 10 100 10 100 5 41 5
CM energy [GeV] 140.7 104.9 63.2 447 28.6
Bunch intensity [101°] 19.1 6.2 6.9 17.2 6.9 17.2 4.8 17.2 2.6 13.3
No. of bunches 290 1160 1160 1160 1160

Beam current [A] 0.69 0.227 1 2.5 1 2.5 0.69 2.5 0.38 1.93
RMS norm. emit., h/v [pum] 5.2/0.47 845/71 | 3.3/0.3 391/26 [3.2/0.29 391/26 |2.7/0.25 196/18 [1.9/0.45 196/34
RMS emittance, h/v [nm] 18/1.6 24/20 |11.3/1.0 20/1.3 | 30/2.7 20/13 | 26/2.3 20/1.8 | 44/10 20/3.5
B*, h/v [em]] 80/7.1 59/5.7 | 80/7.2 45/5.6 | 63/5.7 96/12 | 61/55 78/7.1 | 90/7.1 196/21.0
IP RMS beam size, h/v [pm] 119/11 95/8.5 138/12 125/11 198/27

K, 11.1 11.1 11.1 11.1 7.3

RMS Af, h/v [prad] 150/150 202/187|119/119 211/152|220/220 145/105|206/206 160/160|220/380 101/129
BB parameter, h/v [107?] 3/3  93/100| 12/12 72/100 | 12/12 72/100 | 14/14 100/100| 15/9 53/42
RMS long. emittance [1073, eV -s] 36 36 21 21 11

RMS bunch length [cm] 6 0.9 6 0.7 7 0.7 7 0.7 7.5 0.7
RMS Ap/p [1074] 6.8 10.9 6.8 5.8 9.7 5.8 9.7 6.8 10.3 6.8
Max. space charge 0.007 neglig. | 0.004 neglig. | 0.026 neglig. | 0.021 neglig. | 0.05 neglig.
Piwinski angle [rad] 6.3 2.1 7.9 24 6.3 1.8 7.0 2.0 4.2 1.1
Long. IBS time [h] 2.0 29 2.5 3.1 3.8

Transv. IBS time [h] 2.0 2 2.0/4.0 2.0/4.0 3.4/21
Hourglass factor H 0.91 0.94 0.90 0.88 0.93
Luminosity [10%cm 257 1] 1.54 10.00 4.48 3.68 0.44

((“(m\\\‘&



EIC Design Parameters

Table 3.3: EIC beam parameters for different center-of-mass energies \/5, with strong hadron cooling. High divergence Configuration.

Species proton electron | proton electron| proton electron| proton electron| proton electron
Energy [GeV] 275 18 275 10 100 10 100 5 41 5
CM energy [GeV] 140.7 104.9 63.2 447 28.6
Bunch intensity [101°] 19.1 6.2 6.9 17.2 6.9 17.2 4.8 17.2 2.6 13.3
No. of bunches 290 1160 1160 1160 1160

Beam current [A] 0.69 0.227 1 2.5 1 25 0.69 2.5 0.38 1.93
RMS norm. emit., h/v [pum] 52/0.47 845/71 | 3.3/0.3 391/26 /3.2/0.29 391/26 [2.7/0.25 196/18 |1.9/0.45 196/34
RMS emittance, h/v [nm] 18/1.6 24/20 |11.3/1.0 20/1.3 | 30/2.7 20/13 | 26/2.3 20/1.8 | 44/10 20/3.5
B*, h/v [em]] 80/7.1 59/5.7 | 80/7.2 45/5.6 | 63/5.7 96/12 | 61/55 78/7.1 | 90/7.1 196/21.0
IP RMS beam size, h/v [pm] 119/11 95/8.5 138/12 125/11 198/27

K, 11.1 11.1 11.1 11.1 7.3

RMS A8, h/v [prad] 150/150 202/187|119/119 211/152|220/220 145/105|206/206 160/160|220/380 101/129
BB parameter, h/v [107?] 3/3 93/100 | 12/12 72/100 | 12/12 72/100 | 14/14 100/100| 15/9 53/42
RMS long. emittance [1073, eV -s] 36 36 21 21 11

RMS bunch length [cm] 6 0.9 6 0.7 7 0.7 7 0.7 7.5 0.7
RMS Ap/p [1074] 6.8 10.9 6.8 5.8 9.7 5.8 9.7 6.8 10.3 6.8
Max. space charge 0.007 neglig. | 0.004 neglig. | 0.026 neglig. | 0.021 neglig. | 0.05 neglig.
Piwinski angle [rad] 6.3 2.1 7.9 2.4 6.3 1.8 7.0 2.0 4.2 1.1
Long. IBS time [h] 2.0 29 2.5 3.1 3.8

Transv. IBS time [h] 2.0 2 2.0/4.0 2.0/4.0 3.4/2.1
Hourglass factor H 0.91 0.94 0.90 0.88 0.93
Luminosity [10%cm 257 1] 1.54 10.00 4.48 3.68 0.44
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EIC Interaction Region

Beam focused to b, O 5 csiF 5@m, gives L=10%*cm=?s?

Manageable IR chromaticity and sufficient dynamic aperture

Full acceptance for the colliding beam detector

Accommodates crab cavities and spin rotators

Synchrotron radiation and impedance manageable

EIC final focus magnets based on conventional NbTi superconducting magnets
using collaring and direct wind technology

To Joo T T To Do

.coil production in progress
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