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Science Highlights

Spin is one of the
fundamental properties
of matter.

The EIC will explore the
contributions of quarks,
gluons, and orbital
angular momentum to
nucleon spin.

// \

Gluon splitting
92499

- ““Gluon recombination
g9 > g?

0.0001  0.001 0.01 0.1 1

How many gluons can fit
in a proton?

How does a dense nuclear
environment affect the
quarks and gluons, their

correlations, and their
interactions?

What happens to the gluon
density in nuclei? Does it
saturate at high energy?

Is the structure of a
free and bound
nucleon the same?

How do quarks and
gluons interact with a
nuclear medium?

How do the confined
hadronic states
emerge from these
quarks and gluons?

How do the quark-
gluon interactions
create nuclear
binding?

Does the mass of How are the quarks
visible matter originate and gluon distributed

from interactions in space and
between quarks and momentum inside the
gluons? nucleon & nuclei?

How do the nucleon
properties emerge
from them and their
interactions?
How can we
understand their
dynamical origin in
QCD?
What is the relation to
confinement?

The EIC will determine
an important term
contributing to the

proton mass.

Electron-lon Collider
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Design

Existing Relativistic Heavy lon Collider (RHIC) tunnel ~3.8 km
Hadron Storage Ring (HSR) <« Re-use one upgrade ring from RHIC
o Large range of ion species (H-U)
o E,=41,100-275 GeV
o [,=038-1.0A
Electron Storage Ring (ESR) < Build a new ring
o E¢=5-18 GeV
o lg=0.227-2.5A
o 1 Hz swap-out bunch replacement

High polarization of ~70% for electron and light ion beams
Ecy = 29-141 GeV

L =1033-103* cm=2s~1

Crossing angle of 25 mrad with Crab Cavities

Start commissioning in the 2030s

12

Low-Energy Electron Cooler

10

Electron Storage HSR 41 GeV
Ring (ESR) Bypass

Electro‘rh

Rapid Cycling
Synchrotron

Injector Linac

Electron Source

HSR24 GeV
“Warm” Injection.Line

2nd IR — Potential future upgrade
EBIS — Electron Beam lon Source
AGS - Alternating Gradient Synchrotron

Electron-lon Collider eeFACT 2025
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Electron-Proton/lon Collider (ePIC) detector

IP6 beam pipe:
- 0.76 mm thick beryllium pipe + 5 um gold coating
- 1.47 mlong and 62 mm in diameter

Tracking:
- Primary and secondary vertexing

- High-precision low mass tracking
2 T Solenoid (MARCO)
Silicon Monolithic Active Pixel Sensors (MAPS) Tracker (SVT)
o  Vertex Barrels + Endcap Disks
Micro Pattern Gas Detectors (MPGDs)

Particle identification (PID):

- ngh-performance single track PID for 11, K, p separation
Backward proximity focusing RICH (pfRICH)
Barrel high-performance (hpDIRC)
Forward dual-radiator RICH (dRICH)
Barrel & Forward ToF

Electromagnetic calorimetry (EMCal):

- Photon measurements and electron identification
» Backward e-endcap, forward h-endcap, barrel

Hadron calorimetry (HCal):

- Charged hadron, neutron, and K, measurements
» Backward e-endcap, forward h-endcap, barrel

h+ beam » « beam

— > || II

3

n=-4
9 =178°

B

oV XD, 2 o

4.5 m : 5.0m

™~ N

Schematic drawing of the ePIC detector.

Electron-lon Collider eeFACT 2025
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Zero Degree Calorimeter

The integration of all detector systems, cabling,
support structure design, seismic and magnetic
forces, moving mechanisms, gas/electricity
supply, and safety are still under development.

Auxiliary
Detectors

- Far-distant region (> 5 m from the IP)
- Luminosity photon measurements
- Scattered electron, photon, neutron,
and hadron detection
« Backward: Low-Q? silicon pixel
taggers, Luminosity monitor
» Forward: Zero-Degree Calorimeter,
Roman-Pots and Off-momentum
detectors, BO-tracking and Photon
detection

Luminosity System

|
|

‘ allll |

Roman Pots and
Off-Momentum
Detectors

Low-Q? Taggers B0 Magnet Spectrometer
eeFACT 2025 Andrii Natochii 6




Detector Background

‘ : final focusing
] . Sensitive Area
« Beam particles that deviate from the 4 . (Detector acceptance) : 4 magnet
nominal orbit are eventually lost by
hitting the beam pipe’s inner wall or beam

other machine apparatus. envelope

deviated
particle

» |If the loss position is close to the
detector, generated shower particles
might reach the detector and increase
its dose and hit rate.

 This increase is referred to as beam-

induced background and is one of the e o
most difficult challenges at the collider. ’ ' f = 5
- ltis crucial to understand all main Ve W Y g |
sources of beam losses affecting égab ) 7\ Luminosi ty
. ) f ," . Y o | i e & 2 -1‘
machine and detector components | & e | oo SR CON i |
longevity and causing detector 7% . /] current growth |
performance degradation. “\k ‘
Electron-lon Collider Images are adopted ~ Physics signal overlapped with

from Belle/Belle Il the beam-induced background




Background Sources

"Coulomb Scatterlng

Lessons learned from HERA (e/p) and SuperKEKB (e+/e ) have been considered.
Main mechanisms causing detector BGs from stored beams:
* Electron beam:
Beam-gas scattering through Coulomb and Bremsstrahlung (Bethe-
Heitler) processes:

Elastic and inelastic beam particle scatterings on residual gas molecules and

a hadron beam.

« Generated by nearby dipole magnets (X-ray reflections) and final focusing
magnets (direct X-rays).
 Hadron beam:
 Beam-gas scattering through Coulomb process.
* Inelastic beam-gas interaction (producing showers of secondaries in
the IR).
Detector BGs from the injected beam:
« The hadron beam is planned to be refilled once in 5-10 hours.
» The electron beam will be refilled every ~20 minutes.

e (C’)EU

(gp)

. Y,
Bremsstrahlung B
e” (E;p) e” (E';p)

Q \i Q
@
. Y,
(Touschek Effect . b
E— e” (E5p)
— / o N
— / y 4§) !
e” (E";p)
. Y,
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« Touschek effect:
* Incoherent scattering of the particles in the same beam bunch.
« Synchrotron radiation (SR)




Background Mitigation

Lessons learned from HERA (e/p) and SuperKEKB (e+/e-) have been considered.
Main mechanisms causing detector BGs from stored beams:

* Electron beam:
Beam-gas scattering through Coulomb and Bremsstrahlung (Bethe-

Heitler) processes:

Elastic and inelastic beam particle scatterings on residyglgs .
a hadron beam. Vacuum scrubbing

Touschek effect:

e Hadron beam:

Seam-gas scattering through Coulomb process.

Collimation

* The hadron beam is planned to be refilled once in 5-10 hours.
- The clectron bcOn-energylaxis injection within the machine aperture

Electron-lon Collider eeFACT 2025 Andrii Natochii




Estimated Beam-gas Rates in the IR

« The physics signal has a much lower cross-section (< 0.1 mb) compared to the electron and hadron
beam-gas events (~1000 mb and ~100 mb, respectively).

not limited to triggering, shielding, and collimation.
« Moreover, a good vacuum is critical to keep beam-gas related BGs under control.

5x100 = 10x100  10x275 = 18x275 m— | e
rates in kHz 5x41 GeV Vacuum —4 T
GeV GeV GeV GeV

Total ep 125kHz |129kHz |184kHz |500kHz |83 kHz

10GeV, 2.5A e-beam

100 Ahr, no pumps in cryostat 10,000 AN - o
+5/-15m Avg: 1.5e-7 ) r, N0 pumps in cryos!

hadron beam Sctemav 1507 Si15m Avg: 136-8
12.2kHz | 22.0kHz | 31.9kHz | 32.6kHz | 22.5kHz |10000Ahr <ooros ~ 5o Mg 3309
gas vacuum B SEE=s e =
scrubbing =
131.1kHz | 236.4kHz | 342.8kHz | 350.3kHz | 241.8kHz | 100Ahr Joo L

10,000 Ahr, all pumps

+5/-15m Avg: 3.0e-9
1P +4.5/-5m Avg: 2.7e-9

electron beam 2181.97 2826.38 |3177.25 |3177.25 |316.94 _~
10000Ahr mya

gas kHz kHz kHz kHz kHz

-5.0
s [m]

Collision and beam-gas rates in the detector region Ref.[1]. Estimated vacuum pressure profile in the IR.

For the proper beam halo collimation and SR masking, we recently started two Monte-Carlo
campaigns with SR simulations and multi-turn particle tracking discussed on the next slides.

Electron-lon Collider eeFACT 2025 Andrii Natochii

! o The beam-gas BG dominates the physics signal unless proper mitigation strategies are developed, including but



https://wiki.bnl.gov/EPIC/index.php?title=Background

A New Framework for SR Studies — SynradG4

Developed on Geant4 to address the limitations of SynradG4 Preprint and open-source code:

widely used frameworks — Synrad+ and Synrad3D. A. Natochii (2024)
https://arxiv.org/abs/2408.11709

 Features:

o Precise particle tracking using Geant4 libraries with
complex 3D geometries imported from CAD files.

o Same X-ray reflection models as Synrad+.

o Multiprocessing support (runs on personal
computers and large-scale computer farms).

Figure 3: A drawing of the IR beam pipe vacuum around the IP.

Electron-lon Collider eeFACT 2025 Andrii Natochii »
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A New Framework for SR Studies — SynradG4

Developed on Geant4 to address the limitations of SynradG4 Preprint and open-source code:

widely used frameworks — Synrad+ and Synrad3D. A. Natochii (2024)
y https://arxiv.org/abs/2408.11709

 Features:

o Precise particle tracking using Geant4 libraries with
complex 3D geometries imported from CAD files.

o Same X-ray reflection models as Synrad+.

o Multiprocessing support (runs on personal
computers and large-scale computer farms).

* Outputs:

o Absorbed SR photons exportable as ROOT/HepMC3
for DD4hep ePIC detector model integration.

SR photons

o Benchmarked against Synrad3D, Synrad+, and
Geant4.

Figure 3: A drawing of the IR beam pipe vacuum around the IP.

Electron-lon Collider eeFACT 2025 Andrii Natochii 1
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A New Framework for SR Studies — SynradG4

Developed on Geant4 to address the limitations of SynradG4 Preprint and open-source code:

widely used frameworks — Synrad+ and Synrad3D. A. Natochii (2024)
y https://arxiv.org/abs/2408.11709

 Features:

o Precise particle tracking using Geant4 libraries with
complex 3D geometries imported from CAD files.

o Same X-ray reflection models as Synrad+.

o Multiprocessing support (runs on personal
computers and large-scale computer farms).

* Outputs:

o Absorbed SR photons exportable as ROOT/HepMC3
for DD4hep ePIC detector model integration.

o Benchmarked against Synrad3D, Synrad+, and
Geant4.
* Impact:
o SynradG4 enhances SR background simulations,
ensuring precision for ePIC detector studies.

Figure 3: A drawing of the IR beam pipe vacuum around the IP.

Electron-lon Collider eeFACT 2025 Andrii Natochii 13
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Advancements in SR Studies with the New Code

Luminosity Exit Window  18x275 GeV

« SR Simulation Capabilities: = 10"
o Enables detailed SR studies in the ESR across varying machine | <  © 0

107

P, W]

10°
] 18x275 GeVv
10% \' @ 0.227 [ 10x275 GeV

@ 2.5 A [[T1] 5x100 GeV
10? 5GeV @ 2.

1E Ll I Al "

N P
o ¢
>

1o+ LTI (LTI

—6000 —-4000 —2000 0 2000 4000

Luminosity BWD SC FWD SC

Monitor Magnets ePIC  Magnets

Low-Q2 Taggers Ring Outside
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Advancements in SR Studies with the New Code

Luminosity Exit Window  18x275 GeV

- SR Simulation Capabilities: = 10
o Enables detailed SR studies in the ESR across varying machine | = o O
and detector configurations 107
. i i . ol 10°
Key F_mdmgs' _ T SR hits on the internal
o Highest SR load of ~O_.1 kW and ~0.1 W on the superconducting beam pipe surface 10
(SC) quad cold mass is at 18 GeV (0.2 A) and 10 GeV (2.5 A), 1o ;
reSpeCtively —6000 —4000 —2000 6] 2000 z, [Cﬁ%OO
o The ePIC detector SR background rates are ~1 THz at 18 GeV | _ | SR Power Hitting the Beam Pipe
(0.2 A) = o) 8GeV. . @0.227 B ors oo
v-Gev @ -L.9A 5x100 GeV
o High SR power on the Lumi Window of max. ~100 W/mm? 10k 5GeV | @25A o j
1k Ll iy 1L ghe 11[__ ’
- LA M A .
e I ]
—6000 —4000 —2000 6] 2000 4000
Z, [em]
Luminosit BWD SC FWD SC .
unlq;lr;%?tg Magnets ° ePIC  Magnets Dipoles

i&m | o ac.__*k i

- - z3
P ey !,,7—' B2

Low-Q2 Tagger:

Ring Outside
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Advancements in SR Studies with the New Code

SR Simulation Capabilities:

o Enables detailed SR studies in the ESR across varying machine
(SC) quad cold mass is at 18 GeV (0.2 A) and 10 GeV (2.5 A),
respectively
(0.2 A)

o High SR power on the Lumi Window of max. ~100 \W/mm?

Countermeasures:

High-Z shielding can reduce the load on SC quads by a few
orders of magnitude below the safety limit

Dedicated SR masking significantly reduces detector rates down
to ~0.1 GHz

= Contributions from upstream dipoles and final focusing
quadrupoles are nearly equivalent

o Adjust the dipole in front of the Lumi Window to reduce SR

Luminosity Exit Window

18x275 GeV .
E 0=
S, 10° =
S i
107
-50— . . ' 10°
SR hits on the internal
. > 1 03
beam pipe surface
—19 000 —4(iJOO —2000 6] 2000 4000
Z, [em]
SR Power Hitting the Beam Pipe
= 10° X e
= ol 8GeV. . @0.227 B 1oners aov
o - 0. GeV @ 2.5A [[T7] s5x100 GeV
102 | 5-GeV @2:5A |
. @ | e
1 B | // l | - 1‘1[__ d
- : 41 M e w
- . o l
e I LI
—6000 —-4000 —2000 6] 2000 4000
Z, [em]
Luminosity BWD SC FWD SC Di
oles
Monitor Magnets ePIC  Magnets P

i‘;_a\ I JLH; Beey G

=2 8 ., . e T

Low-Q2 Taggers

Ring Outside
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I and detector configurations
Key Findings:
o Highest SR load of ~0.1 kW and ~0.1 W on the superconducting
o The ePIC detector SR background rates are ~1 THz at 18 GeV

Andrii Natochii
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SR Tracks Hitting the IP SR sk orotope

By placing a so-called “saw-tooth” mask (2 mm height, 20 mm step) along the upstream

beam pipe the SR hitting the IP beam pipe can be reduced by a factor of ~1000.

« X-ray reflection is essential for the accurate SR estimation along the beamline. !
A. Natochii (2024) htips://arxiv.org/abs/2408.11709 //I

/

3000 Z [cm]

2000

-10 0 1000

Figure 9: IP beam pipe absorbed SR tracks with E, > 10keV. Top: without SR masks. Bottom: with SR masks shown with black, open triangles. Red, green, and
magenta vertical bends show the IP beam pipe, quadrupole magnet (QD — defocusing, QF — focusing in the horizontal plane), and dipole magnet (D1-3) regions,
respectively. Black, solid lines stands for the beam pipe aperture. The electron beam goes from positive toward negative Z coordinates.

Electron-lon Collider eeFACT 2025 Andrii Natochii
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Multi-turn Particle Tracking in the ESR

: : Beam Lifetime
Developed a code based on the Xsuite framework [1] to study multi- i
turn electron beam losses 3 10°F
» Features: g F A ~4- Coulomb
o Dynamic Aperture study for the machine acceptance estimation ..Ez I .\ - Brems
. 4 ! v
o Beam-gas and Touschek scattering processes following the g; 10 - -4~ Touschek
SuperKEKB approach; see Ref. [2,3] i
10°%F
- e
: -
18 GeV@ 0.2 A 10GeV@25A 5GeV@25A
212 516.9% (00
\]5.6/ \163,\/\0\/‘ \|6,‘3\/5*
ESR Lattice

»  Uniform vacuum gas pressure is 1 nTorr (CO, Z4=7)
«  Simulation without collimators
* Realistic beam pipe profile in the ring

Electron-lon Collider eeFACT 2025 Andrii Natochii 18



https://xsuite.readthedocs.io/en/latest/
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.24.081001
https://www.sciencedirect.com/science/article/pii/S0168900223005405?via%3Dihub

Multi-turn Particle Tracking in the ESR

»  Uniform vacuum gas pressure is 1 nTorr (CO, Z4=7)
«  Simulation without collimators
* Realistic beam pipe profile in the ring

Electron-lon Collider eeFACT 2025 Andrii Natochii 19

: : B Lifeti
I Developed a code based on the Xsuite framework [1] to study multi- i eam Litetime
turn electron beam losses 3 107
» Features: g F A ~4- Coulomb
o Dynamic Aperture study for the machine acceptance estimation ..Eg I .\ - Brems
o Beam-gas and Touschek scattering processes following the g; 104; -4~ Touschek
SuperKEKB approach; see Ref. [2,3] i
 Benchmark: E R S R
o The Touschek lifetime estimation based on the Monte-Carlo approach 10%E
for multi-turn tracking in Xsuite agreed with independent analytical - e
calculations (BNL) and Bmad simulations (Cornell Univ.) I )
B ~h
18GeV@0.2A 10GeV@25A 5GeV@2.5A
21% oot oot
Ho A8 65 /\0‘/5216/ o3 /51\00/
ESR Lattice



https://xsuite.readthedocs.io/en/latest/
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.24.081001
https://www.sciencedirect.com/science/article/pii/S0168900223005405?via%3Dihub

Multi-turn Particle Tracking in the ESR

Beam Lifetime

Developed a code based on the Xsuite framework [1] to study multi-

turn electron beam losses < 10°

» Features: g - ‘. ~4- Coulomb
o Dynamic Aperture study for the machine acceptance estimation o I -4 Brems
o Beam-gas and Touschek scattering processes following the E:Fj 100 -4 Touschek

SuperKEKB approach; see Ref. [2,3]
« Benchmark:

o The Touschek lifetime estimation based on the Monte-Carlo approach 10°
for multi-turn tracking in Xsuite agreed with independent analytical
calculations (BNL) and Bmad simulations (Cornell Univ.)

* Findings: 18GeV@02A 10GeV@25A 5GeV@25A

o The hours-long beam lifetime does not degrade the luminosity with the o1 . ot J ot
. . 1) P, P
ESR swap-out injection scheme B0 Lo A02T 63,\/5*\0
. ) N©2T \o- _
o Simulated losses (< 1 MHz) do not exceed the rates for various sources ESR Lattice

of particle production (0.1-1 MHz) in the same central detector region , ,
»  Uniform vacuum gas pressure is 1 nTorr (CO, Z4=7)

o Beam loss power on SC quads is below 1 W at 10 GeV (2.5 A) «  Simulation without collimators
» Realistic beam pipe profile in the ring

Electron-lon Collider eeFACT 2025 Andrii Natochii 20



https://xsuite.readthedocs.io/en/latest/
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.24.081001
https://www.sciencedirect.com/science/article/pii/S0168900223005405?via%3Dihub

Prospects

Synchrotron Radiation
« Enhance the beam pipe design to minimize SR background in detectors, focusing on contributions from final

Particle Losses
« Finalize the ESR and HSR lattice designs (see C. Montag’s talk — EIC beam dynamics).

Implement collimators and radiation shielding for effective mitigation of beam losses.
» Refine the IR beam pipe modeling in DD4hep for detailed detector performance studies.
» Incorporate a realistic vacuum pressure profile around the ring.
* Analyze the impact of the swap-out injection scheme on IR beam losses.
* Investigate abnormal beam operation scenarios, focusing on sudden beam loss events
as seen at SuperKEKB (see K. Ohmi’s talk — SuperKEKB instabilities).

Machine-Detector Protection
« Establish requirements for abort and radiation monitoring systems at the EIC.

» Develop dedicated protection and monitoring systems (seeking international
collaboration).
o Design and implement collimators, abort kickers, and associated protection systems.

focusing quads and nearby dipoles.
\ » Design and optimize radiation shielding within SC cryostats to reduce SR heat load on the magnet’s cold mass.

Electron-lon Collider eeFACT 2025 Andrii Natochii 21



https://indico.jacow.org/event/75/contributions/6734/
https://indico.jacow.org/event/75/contributions/6719/

Summary

« The EIC is a cutting-edge research facility under construction at BNL, designed to
explore the fundamental structure of nucleons by colliding high-energy polarized

electron and ion beams.

« We work hard to ensure the optimal integration and interaction between the

machine and the detectors.

 The dominant detector background rates are estimated to originate from the

electron beam losses.

« To study the beam loss processes in the electron ring with further mitigation strategy

implementation, we developed dedicated simulation frameworks.

« Further developments are planned for SR and beam loss mitigation in the IR.

Electron-lon Collider eeFACT 2025 Andrii Natochii
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EIC: The Next QCD Frontier

Nucleon Spin and Mass Proton Proton
(1980s)

Q: How do partons share the nucleon’s spin and build up other nucleon
intrinsic properties, such as its mass and magnetic moment?

A: The EIC is designed to yield much greater insight into the nucleon ‘
structure. J

Evolution of our understanding of nucleon spin
structure

Gluon saturation

Q: Is there a saturation of the gluon density in nuclei at high energies?

A: The EIC would provide the first unambiguous evidence for the
novel QCD matter of saturated gluons.

Gluon density grow with energy.

Electron-lon Collider eeFACT 2025 Andrii Natochii 05




P = t t' I — » The ePIC Collaboration (177 Institutions, 26 countries), formed in July

rO j ec I me I ne 2022, is dedicated to realizing the project detector.

» Jefferson Lab and DOE’s Brookhaven National Laboratory are partners
in building the EIC.

Electron-lon Collider

Jefferéon Lab G‘Broukhaven

National Laboratory

FY20 FY21 FY23 FY24 FY25

FY26 FY27 FY28 FY29 FY30 FY31 FY32 FY33 FY34 FY35 FY36
a2/a3|as|a1]a2|as| as|1]az|as|as| 1] a2 | a3|as|a1]a2|as|as] a1|az] as] asa1|az]as|as| a1] a2 | 3| as|as]az]as|as| a1 | a2| a3] as| @1] @2 3| as

Infrastructure

Design |

Accelerator
Systems

] l
| |
Conventional Construction

1 1 L |

Detector

Infrastructure Possible delay due to

funding constraints

Construction & Accelerator
Installation Systems

Procurement, Fabrication, Installation & Test

Detector Procurement, Fabrication, Installation & Test

Accelerator iyt
Commissioning & Pre-Ops Possible delay due to
Commissioning Systems ‘ | : - y

fund|ng constraints
& Pre-Ops D Commissioning
etector

Data Level O Critical
Date Milestones Path

Key (A) Actual - Completed Planned
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MDI Goals

Ensure the optimal integration and interaction between the machine and the detectors.

1. Beam Background (BG) Mitigation
Reducing the unwanted beam-induced BG noise in the detectors.
2. Beam Pipe and Interaction Region (IR) Design

Designing the beam pipe and IR to minimize BGs while maximizing
detector acceptance.

3. Synchronization Machine Performance Detector Safety

Ensuring precise timing synchronization between the beam and the - Beam lifetime - Low losses in the IR
detectors to allow for accurate event reconstruction. - Luminosity - Electronics

4. Radiation Protection - Stability protection

Implementing measures to protect the detectors and electronics
from radiation damage through shielding and collimation.

5. Integration

Coordinating the integration of accelerator components with the
detector infrastructure.

Electron-lon Collider eeFACT 2025 Andrii Natochii 07
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Table 2 Main parameters for the electron-proton operation in high acceptance operation mode.

Parameter Units p+ e- pt+ e- p+ e- p+ e- p+ e-
Energy GeV 275 18 275 10 100 10 100 5 41 5
CM energy GeV 141 105 63.2 44.7 28.6
Bunch intensity 10 18.9 6.2 6.9 17.2 6.9 17.2 4.8 17.2 | 2.6 133
Number of bunches - 290 1160 1160 1160 1160
Beam current A 0.69 0.227 1 2.5 1 2.5 0.69 25 (038 1.93
RMS normalized H 5.2 845 33 391 3.2 391 2.7 196 | 1.9 196
emittance v Hm 046 70 | 03 26 | 029 26 | 025 18 | 045 34
. H 17.6 24.0 11 20 30 20 26 20 44 20
RMS emittance nm
\") 1.6 2.0 1.0 13 2.7 13 2.3 1.8 10 3.5
H 417 306 265 149 94 143 80 103 | 90 196
Beta cm
\") 38 30 24 19 8.5 18 7.2 9.2 7.1 21
. H 271 172 169 143 198
IP RMS beam size Hm
\") 24 16 15 13 27
Kx - 11 11 11 11 7.3
. H 65 89 65 116 180 118 180 140 | 220 101
RMS divergence prad
Vv 65 82 65 84 180 86 180 140 | 380 129
H 3 92 12 72 12 72 14 100 15 53
BB parameter 103
\") 3 100 12 100 12 100 14 100 9 42
RMS longitudinal
emittance 103 eV-s = el 21 21 11
RMS bunch length cm 6 0.9 6 0.7 7 0.7 7 07 (75 0.7
RMS fractional . 68 109 | 68 58 | 97 58 | 97 68 |103 68
momentum spread 10
Maximum space 0.007 Neg | 0.004 Neg | 0.026 Neg | 0.021 Neg | 0.05 Neg
charge -
Piwinski angle rad 2.8 0.9 4.3 1.4 5.2 1.5 6.1 1.7 4.2 1.1
Longitudinal IBS time hrs 2 3.2 2.5 3.1 3.8
Transverse IBS H hrs 2 2 2.0 2.0 3.4
time v Lrg Lrg 4.0 4.0 21
Hourglass factor H - 1 1 0.9 0.9 0.9
33 -
Luminosity 21:_’1 cm 0.3 3.1 3.1 2.9 0.4

Andrii Natochii

H=Horizontal, V=Vertical, Lrg = Large enough to not require cooling, Neg = Negligible.




Simulation Improvements

Synrad-based approach constraints:
» Limitations for detailed SR background studies

Solution:
 Geant4-based model for SR simulation
+ photon reflection physics

Benefits:

* No weighting
o Realistic SR photon tracking in the vacuum
o Accurate SR mask development
o Full information about SR photon trajectories

» Effective photon coordinate logging
« Ease and accurate implementation of any geometry changes

Synrad+ beam pipe
vacuum 3D model

Geant4 modeling of the
beam pipe vacuum

Electron-lon Collider eeFACT 2025

Andrii Natochii
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X-ray Reflection Physics in Geant4

Availability:
« X-ray reflection was missing in Geant4
o Recent (Dec. 2023 [1]) implementation < so-called geant4-release
- Specular (mirror-like) reflection + attenuation factor for roughness Lynrado4s

Solution:
« Develop a custom-built model for specular and diffuse X-ray reflection in Geant4 vy
(same as in Synrad+) so-called SynradG4. | SRphotons |

Benchmark (same material reflect. data prepared by B.L. Henke et al. (1993) [2]):
1. Synrad+ (with bugfixes [3]) — diffuse reflection e ppe el
a) Old reflection model based on Synrad (1993) [4]
b) New reflection model based on Synrad3D (2013) [5] '
2. Geant4-release — specular reflection
3. SynradG4 Geant4 geometry

a) Same as geant4-release — specular reflection
b) Same as the old model in Synrad+ — diffuse reflection
c) Same as the new model in Synrad+ — diffuse reflection

Electron-lon Collider eeFACT 2025 Andrii Natochii 30



https://indico.cern.ch/event/1346902/
https://doi.org/10.1006/adnd.1993.1013
https://molflow-forum.web.cern.ch/t/unexpected-absorbed-sr-photon-distribution-in-synrad/584
https://ieeexplore.ieee.org/document/309821
https://cds.cern.ch/record/1668186

Geant4 modeling of the EIC interaction region (IR)

The code propagates an electron beam through IR magnets (3 upstream bends, 2 upstream quads, IP
solenoid, 2 downstream quads, and 1 downstream bend) with the SR production and custom-built reflection
(diffuse, new) processes.

o The beam profile at each magnet was successfully verified using Courant-Snyder parameters.

o The absorbed SR photons are collected and transferred to EIC-Shell/DD4Hep for the detector response

- -
simulation.
= Coordinates (X ory) &
w(SIM) = 4.0e-03 + 2.0e-03 [cm]
E w(TWI) = 0.0e+00 [cm] _
E o(SIM) = 1.96e-01+ 1.39e-03 [cm] SR photons
S(TWI) = 1.97e-01 [cm]
= Divergence (X' or Y') &
W(SIM) = 2.2¢-06 + 9.2e-07 [cm]
w(TWI) = 0.0e+00 [cm]
6(SIM) = 9.17e-05 * 6.49e-07 [cm]
o(TWI) = 9.06e-05 [cm]
Beam [(7.6e+00,0.0e+00,-3.7e+03) cm, -2.5e-02 rad]: Px vs X
10° ;
¢ 057 l x
0.4f 10
0.3[
0.2F 8
o1r - o
£ § 16
0
—-0.4F . 1
-0.2 Y E .
2 e Beam pipe vacuum
-0.3F e PR
~04f I = e
_o5bli I 0 st
-1 -08-06-04-02 0 02 04 06 08 1 0w w o w0
el Electron beam

Initial distribution of the electron beam at Geant4 geometry
the entrance of the IR

Electron-lon Collider eeFACT 2025 Andrii Natochii »



Benchmark

There is a good agreement between SynradG4

and Synrad+/G4-release

The absorbed SR photons can be transferred to
DD4Hep.

Recently more benchmarks (including the
Synrad3D framework [1]) were conducted and

reported in Ref.[2]; see backup slides.

The tool is ready for the SR
background simulation !

019
g Synrad+ (old model) <+ b) SynradG4 (diff.)
x Synrad+ (new modely«> | c) SynradG4 (diff.)
L
(0% Geat4 release > a) SynradG4 (spec.)
Surface roughness RMS = 50 nm
10'7 lﬁl%&l

10"

0 5000 10000

E, [eV]

Absorbed SR photon spectrum on the arbitrary beam

pipe vacuum facet

Electron-lon Collider eeFACT 2025

It confirms the correct implementation of X-
ray reflection into the new custom-built code.
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https://www.classe.cornell.edu/bmad/manuals/synrad3d.pdf
https://arxiv.org/abs/2408.11709

Beam Envelope &
IR Aperture
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SynradG4 Applications: SR Rates in the IR

Critical photon energy:

SR photon rate:

Ny~ L

p &
where y and p are the Lorentz
factor and curvature radius.

Although one 18 GeV electron generates more SR photons, the highest SR
is expected for the 10 GeV electron beam at 2.5 A.

Photon Rate [Hz]

10'®

18x275 GeV; N = 1e+07; N°" = 1.4e+08

- 10x275 GeV; N = 1e+07; N°" = 6.3e+07

10"

5x100 GeV; N = 16+07; N°" = 2.4e+07

10'®

10'®

10"

o GeV
0 GeV
0 GeV

0 2000

10"

@0.227 A
@25A

4000 6000 8000 10000

E, [eV]

X, fem]

P, W]

18x275 GeV

< e—z beam' |

SR hits on the
internal beam
pipe surface

~1%000 —4000 —2000 0 2000 4000
IP oo
S Irradiated SR power (not absorbed)
10° = [ 18x275 Gev
10% [ 10x275 Gev
- [[] 5x100 Gev
102 | |
|
1 — ‘: .........
10-2 — e_ beam
_4 B
196000 —4000 ~2000 0 2000 4000
Z, [em]
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Detector Hits (18 GeV, w/o SR masks)

'E150 = L .
- Most of the SR will be absorbed by thick Eio0 = . Absorbed SR within the central beam pipe
cryostat beam pipe walls. 5‘;;: . B
 The tracking system sees SR photons e
o : ~100E" SynradG4 S|mulat|o Y
primarily from the IP beam pipe. 150 . | .
—4000 2000 2000 4000 Z [mm]
VertexBarrel XZ E— VertexBarrel YZ S— VertexBarel YX . VertexBarrel E dep S
Vertex Simits < |17 =3 1] =a
+ Only the SR photons with E, > 5 keV 17 1z 3
produce hits in the detector. S -1 i
VertexBarrel MCp XZ - Vert BDIDMC4YZhép sImUI\lantBloerC‘YX - VertexBarrel MCp E
Production Vertices[ w _ e : “* e
=Z2=3 _
« Let’s study background rates in ePIC using| | . = 4+ .
the SR from the IP beam pipe region only. jpeam pipe 2bzmm ﬂ
| RS R R B e LR N

Electron-lon Collider eeFACT 2025 Andrii Natochii 25
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18 GeV v6.3.1

RecHits

SR mask prototype
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ePIC Detector SR Background Rates
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Dipole Quad1  Quad2  Quad-3

SynradG4 Applications: Low-Q? Taggers

Combined (electrons): Q?

Luminosity

Window 7T

% o Hit the
" |taggers

Tagger-1
(5.0 m from B2eR)

Initial low-Q?
electrons

TN | IR AR A |

5

Tagger-2

Far-backward setup Momentum transfer (Q2) vs
(20.2 m from B2eR)

Bjorken variable (x)

e (Expy)
SynradG4, helps us optimize the far-backward experimental setup for the Deep-
Inelastic Scattering (DIS) measurements at a low momentum transfer (Q32). e (E,p)
Currently, only 12% low-QZ electrons are detected by the taggers. %

o Abig part of the electrons (~65%) goes through the quads.

Further tunings of optics and tagger’s configuration are ongoing.
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Challenges

of Using Conventional SR Masks

SuperKEKB

PEP-II

|

g
COLH.QS6
COLH.QS10

Full bend
radiation

weak bend
radiation

horizontal  [mm]

verln:nl (mm)
g
=
=
pis =
ES.QS4 :L-
EsQs? P

Beryllium beam
pipe coated with a
gold layer

+ ridge surface

IP beam pipe (Ti/Be/Ti)
$20mm

Q“‘d"“P“‘gS (|,|l”1 i? i | -i ? ‘l’ lIo Ill Ridge structure of Intel‘ractlon Reg|0n
g the inner beam |
—100 é pipe around the IP
O
—

Centimeters

Ll %8 + variable
oo g&s &= 3 . . .
égm |n09m|ng plpe incoming/outgoing
e ot e s ot et e S e et radius ez paiz
R e e s e i ol
P QD QF EIC D1 D2 D3
S, 10° g
x a
. . S TS T .. R T —— E
 Limited space for collimators . o %
“““ 2
L —— 5
1 ©
_______ o
- Large IP beam pipe aperture . q " o rizontal beam enveloPe ___ 10
—  ——— /
» Large upstream beam envelope
-10 0 1000 2000 3000 !
Z[cm]
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Sy n rad G4 https://arxiv.org/abs/2408.11709

« For diffuse reflection with a rough surface (Setup- 3), the Synrad3D spectrum ————————— Specular reflection: the code employs
diverges from the Synrad+ and SynradG4 distributions for SR photons above 1keV. |* "7 = T T the Debye-Waller attenuation factor.
o This discrepancy is likely due to the differing methods of calculating reflection T=10 2 surface roughness
p y y g g - P _ _ZkLO-ZA/
angles across the frameworks. Symad+ | RSS=OFF | NA "“;‘i‘lso’ spec = € e— e vector
» Although Synrad3D employs the full expression for diffusely scattered power, which PR PR R—
involves an infinite sum, the approximated reflection model in SynradG4/Synrad+ still | ™™™ | ey | e |r=t0@m | . . :
performs satisfactorily. 041120 | om0 |emecs0| na Diffuse reflgctlon. the reflected photon’s polar
o It strikes a good balance between computational speed and reflection e 2 il st e e Sy k. s oghnes (0) and azimuthal (¢) angles are randomly
accuracy, which is critical for high-statistics SR background studies at the EIC. [z smeared following a Gaussian distribution.
2.9267
O¢ = s
17 T
¥ 107 (3 synrad3D ¥ 107 3 [ SynradG4 N 10 (J synrad3D {
= [~7] Synrad+ ' - M. [T7] Geant4-11.2.0 © [~7] Synrad+ _
g B SynradGa g ol 0 s [ SynradG4 o = —(2.806576,, % - 1.002936,,>°°)
£ 1018 _[11] Geantd-11.2.0 S 1ol T S 101 T
2 2 | i 2 . .
= E 0 I = i Here, 1= T/o, T is the autocorrelation length
sor= Lt ol N sl and o is the surface roughness RMS.
10™ , 10 E 10"5
10° .103 10 “1A02 1103 ‘ 10 A 102 . 10° = 10
E, [eV] E, [eV] E, [eV]
Incident (in)
(a) Setup-1. (b) Setup-2. (c) Setup-3.
Figure 8: Simulation results: energy spectrum of absorbed SR photons. The bin size is 20eV.
Electron-lon Collider eeFACT 2025 Andrii Natochii
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https://arxiv.org/abs/2408.11709

10x275 GeV - v6.3.1

The maximum
possible ellipse that .
fits inside the
aperture contour 8
and centers at (0;0)

Op/0p
o

_2940 -35 =30 —-25 =20 -15 -10 -5

0, = 0.058[%]

Eemm——— e
Ess= ==8

SR ON, RF ON (phase adjust.)
Without Physical Aperture
Without Machine Errors

200 revolutions

IP6 - starting tracking point

102

Mom. Acceptance:
+110, 2 6, = £0.64%
+90, 2 8, = +£0.52%

at turn

Max.:
10°2 Ellipse:

10°

0 ) 15 20 25 30 35 40

X/0x

10
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48y°*moy 0,0, (Ap 3
T =

ESR Touschek Lifetime

Nric p

Eq. 4.166 in S. Y. Lee “Accelerator Physics”
(4" edition), World Scientific (2019).

There is good agreement between analytical calculations and

tracking simulations done by different people independently.
Systematic uncertainty (how accurately we

can define the momentum acceptance)

< >
| Gy || <3500

EeXEp Lattice Lattice Design Design Design From From  Design Analytical Xsuite Bmad

DA+PA DA 100, Trackin Trackin
(100,) From From DA Design W/ SRg Wio sé]

DA+PA (1005)

VS.6 34924 460682 24020 09 62 071 082 11 43452 66818 1590 6747 130

18x275 3 (459 w/ SR)
V5.6 19402. 20.0 20.0

10275 4 62.0/73.5 20.0/1.3 0.7 172 0.55 0.55 0.6 15.43%9 154290 g 14.9 20
Xfi?)o 11641.4 40.1/62.5 20.0/1.8 0.7 172 041 0.44 0.7 2.0%% 2.532 10 2.6 2 7

-

DA = Dynamic Aperture
PA = Physical Aperture (beam pipe)
Electron-lon Collider eeFACT 2025 Andrii Natochii

Bmad simulation done by

Jonathan Unger (Cornell)
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EIC Operation Scheme

EIC CDR-CD1 (2021) - Baseline

i N Luminosity ~ Iy1,
Iy
’ ~_h+ramping e- swap-out
: Beam
< lifetime
O
S \ | = I —t/‘L'/
IS SR
N Beam current Nominal
< after time t beam current
e- dump
h+ dum

Physics Run

v

0 2hr 0.9 hr

Schematic drawing of the EIC operation

Option-1:

- RCS is in the main ring tunnel

- Swap-out bunch replacement at 1 Hz
rate - full beam replacement < 20
min

- The impact of the ESR lifetime >1
hour is negligible

Under Discussion (2024)

Option-2:

- RCS is out of the main ring tunnel

- No swap-out bunch replacement due

to cost and complexity

- Current accumulation in the ESR
- Current decay after injection

- The ESR lifetime is essential
- Shorter lifetime - more frequent

refill > shorter Physics Run

Electron-lon Collider

eeFACT 2025
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L - 't . 1 0 275 G V William Bergan (BNL)
uminosity : 10x e
. x10% _ x10%
T 7E D -
« - o« No Decay NU) 2 =
£ b « 5 Hour Decay £ 1.8
o . + 10 Hour Decay o -
> 5 . e 20 Hour Decay ~ 1.6 =
5 - & « 100 hour Decay D 1.4
8 4 - HSR beam losses and emittance growth _g 1.2 -
c L due to IBS and beam-beam effects = 15
- - - —
—~ 3 h . . - -
- Without Strong Hadron Cooling © 08 «No Decay
oF %0.6_— « 5 Hour Decay
B ) - + 10 Hour Decay
C > 0.4 : e 20 Hour Decay
1= < oof ¢ « 100 hour Decay
0:“ 1 St —— 0:“. PR TR I T T T T N T TN T TN N T SO S NN SO N
0 2 4 8 10 0 2 4 6 .8 10
Time (Hours) AveragingTime (Hours)
* No electron decay (swap-out): 1.96 x1033 cm2s with store of 3.45 hours
° . 33 2e-1 i . .
5 hour electron decay: 1.50 x10 cm_ s_ W!th store of 2.68 hours At above 10 hours of the ESR beam Ilfetlme,
* 10 hour electron decay: 1.70 x103%3 cm-2s with store of 3.02 hours ] o ] . )
. * 20 hour electron decay: 1.82 x1033 cm2s™ with store of 3.20 hours there is ~10% of the Ium|n03|ty degradatlon.
* 100 hour electron decay: 1.93 x1033 cm2s™ with store of 3.37 hours
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Abstract

The Electron-lon Collider (EIC), under construction at BNL, is a groundbreaking facility
designed to explore the fundamental structure of matter. By colliding high-luminosity
polarized electron and ion beams, the EIC will probe the spin, mass, and spatial
distributions of quarks and gluons, addressing key questions in QCD. However, mitigating
beam-induced backgrounds remains a critical challenge for preserving detector
performance and physics measurements.

This talk will present recent progress in understanding and addressing these challenges.
Key background mechanisms, including beam-gas scattering, synchrotron radiation, and
Touschek scattering, are studied using advanced tools such as SynradG4 for synchrotron
radiation modeling and Xsuite-based frameworks for multi-turn particle tracking. Findings on
synchrotron radiation loads, electron beam losses, and mitigation strategies will be
discussed. Lessons from other operated colliders guide efforts to ensure the EIC achieves
its ambitious scientific goals.
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