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What makes an accelerator suitable for nuclear physics research?

* Nuclear physics research focuses on the
understanding of nuclear matter and why it appears
in the way that it does

- Nuclear structure
- Physics beyond the Standard Model
- And more!

- Particle accelerators are often described as
microscopes because they allow us to "see” very
small things

h

- Energy range: de Broglie wavelength 1 = ”

« p=1GeV/c > A =1.24 x 107 m ~ size of a proton

- Particle choice: Electrons as clean probes; protons or
heavy ions for more complex systems

- Fixed target or collider

- E n h a n Ced i nte ra Ctio n p ro ba bi I ity With Cu rre nt, [https://commons.wikimedia.org/wiki/File:202002_Laboratory_instrument_microscope.svg]
luminosity
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Current DOE facilities

« DOE operates a number of accelerator facilities across the country for nuclear physics,
high energy physics, and other research programs

oratory  Lawrence Berkeley National Laboratory  Na
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Current DOE facilities

« DOE operates a number of accelerator facilities across the country for nuclear physics,
high energy physics, and other research programs

"y | ! DR .
Facility for Rare Isotope Bea

(FRIB) operations started 2022

)
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Current DOE facilities

« DOE operates a number of accelerator facilities across the country for nuclear physics,
high energy physics, and other research programs

eley National Laboratory  National Energy T
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What’s in store for the future?

 NSAC Long Range Plan sets priorities and makes
recommendations for the direction of US nuclear
physics research

« Charge for the next NSAC Long Range Plan
delivered on July 13, 2022 at NSAC meeting

« The 2015 Long Range Plan recommended the
construction of an EIC - 2019 CD-0 for EIC

 Meanwhile, accelerator and nuclear physicists
work together to explore options for future
operation of existing machines

- RHIC = EIC

« Using an existing machine to support expanded
science programs necessitates an evaluation of
the beam dynamics that enable operation beyond
current capabilities

- Unique challenges arise due to constraints from
existing infrastructure
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Excerpt from the charge:

The new NSAC LRP should articulate the scope and the scientific challenges of nuclear
physics today, what progress has been made since the last LRP, and the impacts of these
accomplishments both within and outside the field. It should identify and prioritize the
most compelling scientific opportunities for the U.S. nuclear physics program to pursue
over the next decade (fiscal year (FY) 2023-2032) and articulate its potential scientific
impact. Further, a nationally coordinated strategy for the use of existing and planned
capabilities, both domestic and international, and the rationale for new investments
should be articulated. To be most helpful, the LRP should indicate what resources and
funding levels would be required, including construction of new facilities, mid-scale
instrumentation, and Major Items of Equipment, to maintain a world-leadership position
in nuclear physics research. The LRP should also describe the potential impacts and
priorities under constant level of effort budgets, 2 percent growth per year using the FY
2022 enacted funding level as a reference.

[https://science.osti.gov/np/nsac/Reports]
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Why are we here today?

« Our nuclear physics accelerator facilities have planned and proposed upgrades
- We'll focus on fixed target facilities (ATLAS and CEBAF)

 Let's discuss some of the beam dynamics topics considered for those future capabilities
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RHIC upgrades: RHIC - EIC

« A bit of a misnomer, as RHIC capability isn’'t preserved in the EIC
o See talks MOYD1, MOYD3, MOYD4, MOYD5, MOYDG6 for more detail

 Beam dynamics challenges include:
- Dynamic aperture in ESR Overview
- Crab cavity related beam dynamics The Yellow and Blue RHIC rings
- Beam-beam interaction with crabbed beams ~ serveasthe HSR.

Electrons are accelerated via a

- Beam polarization (electrons) linac and the RCS.

- Beam Cooling Use swap out injection into the
ESR.
Strong cooling maintains ion
emittance.

[Courtesy M. Blaskiewicz]
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ATLAS upgrades

« ATLAS is a superconducting heavy ion linac

» Operating since 1985 as a user facility for low-energy nuclear physics research
« Stable and rare isotope beams available

« Multi-user upgrade recently approved: experiments requesting stable and rare isotope
beams can be run simultaneously
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Concept of the ATLAS Multi-User Upgrade
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AMUU Technical Solution

1) Modification to the Front-end / Injection

—
ECR-II
Pulsed Combined
\ Beams
E-Deflector CARIBU-EBIS
LEBT,
Achromatic LEBT / -
includes 2 sextupoles Rra H | !
2) Extraction added after the Booster section
Extraction ATLAS
to Area ll |
Existing beam line /One beam
Unch d
Booster Cicker (Unchanged) to ATLAS
U—{ — O—‘:l— Area-l|
Compact /
Triplet Septum Regular Magnets
New Chicane
e B. Mustapha ATLAS Multi-User Upgrade IPAC’21, May 26, 2021
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Combining Two Beams - Recent Experiment
CARIBU-EBIS

133C827+ 132X927+ L _—

14
12
10
g
6
4
2
0
4 42 44

Slit scan

132X @27+

MCP ‘ 133C827+ HI:':]

v'Since the ECR/EBIS combiner line is not available yet, the test was
done using two EBIS beams: 133Cs?/* and 13°Xe?’*

v"Two beams successfully combined, injected and accelerated through

ATLAS Multi-User Upgrade IPAC’21, May 26, 2021
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[Courtesy C. Dickerson]

nuCARIBU PROJECT
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[Courtesy C. Dickerson]

nuCARIBU PROJECT Goals
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[Courtesy C. Dickerson]

NuCARIBU CHALLENGES
Optics

= Beam from cyclotron is much lower quality than typical ATLAS beams
— €y 99%, normalized = 25p mm-mrad
— Energy: 6.13 MeV average
— DE, 99% = 1 MeV

= Minimize losses during transport to avoid radiation
= A chicane enables shielding of back-streaming neutrons
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BEAMLINE SIMULATION RESULTS

__________________________________________

X and Y RMS radu
» Simulations performed with TRACK

= Chicane fields calculated and extracted from CST Studlo

» Used extracted particles from cyclotron
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CEBAF upgrade options

 Positrons at CEBAF (Ce+BAF) and an energy upgrade are being considered for
physics beyond the current 12 GeV program, for operation beyond ~2030

* The two options are not mutually exclusive }D

5 C100
Cryomodules

High duty factor/CW electron
beam _ _ 1 C100
1.1 GeV design per linac Cryomodule
Recirculating up to 5 passes (5.5)
4 experimental Halls

Polarized and unpolarized beams

[https://doi.org/10.1016
/j.ppnp.2022.103985]

South Linac

Design energy of 11 GeV to Halls
A, B, C; 12 GeV to Hall D

5C100
Cryomodules
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CEBAF upgrade option 1: positron capability

« Opportunities to explore aspects of two photon exchange physics, nuclear structure,
and more using both polarized and unpolarized positrons

* A new polarized positron injector based on the PEPPo method [Phys. Rev. Lett., 116,
214801 (2016)]

« Beam dynamics issues include: positron capture at the source, transport to and in
CEBAF, CEBAF acceptance limits

e+ bunch compression

_ I _ Legend
e+ chirp I e+ acceleration Target
|

@ Conical Solenoid

@ Solenoid

@ Quadrupole
Dipole

@ Collimator/dump

® RF Cavity

e+/e- production

— \ /
\
1 | |
Al | I e e+/e- separation

adiabatic focusing ' E—
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CEBAF upgrade option 1: positron capability

« Positron capture and manipulation: the positron production method creates a highly
divergent positron beam

* The positron collection system must balance yield, polarization, and momentum

« Solenoid based systems that can be mimicked with angular and momentum acceptance
cuts
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CEBAF upgrade option 1: positron capability
» Positron capture and manipulation: the positron production method creates a highly

divergent positron beam
« Compression of positron bunch length for efficient acceleration — chicane design for

desired compression, compression using CEBAF arcs
o R56 = —25cm

= 38l m!
L =233 [S. Habet]

o Chirp: r =
o Full compresion factor : C = - Sp =

[doi:10. 18429/JACOW IPAC2022- MOPOTKO12]
Opyp = 0.03, 0p = 0.4675 ps

MMMMM
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CEBAF upgrade option 1: positron capability

 Positron transport in CEBAF and acceptance: synchrotron radiation-induced emittance

growth

&p/p [x 103]

Adiabatic
damping

Synch. rad.
growth
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CEBAF upgrade option 2: energy upgrade to 22-24 GeV

» Energy upgrade from 12 GeV to 22-24 N
GeV is being explored using multiple
passes in new fixed field, alternating-
gradient (FFA) arcs

« Adiabatic, non-scaling FFA arcs replace
high energy CEBAF arcs, allowing for
more recirculation - higher energy

 Anew 650 MeV electron injector

« Beam dynamics issues include: beam
optics in FFA lattice, multi-pass linac 650 MeV
optics, synchrotron radiation impact on
beam quality at higher energy

Novel permanent magnet
CBETX technology used for power
and cost savings

[A. Bogacz and FFA@CEBAF Working Group]
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CEBAF upgrade option 2: energy upgrade to 22-24 GeV

* FFA lattice optics: compact FFA FODO cell with large momentum acceptance and
combined function magnets - multiple energy beams can be transported through the

same string of permanent magnets

I/WI_L,L)i_T7| T T 11 T T

4 T Tdomka
= = 2dorbit.x

_—

CBETZX magnets: from 38cm? to 78cm? [S. Brooks]

BD BF BD -
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CEBAF upgrade option 2: energy upgrade to 22-24 GeV

* FFA lattice optics

1 5, e 1@bétﬂﬂ L, | - | | | | . 1 | - I | { 1 I | —
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L memﬂk KA Aoy S S
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~0.025 T T T a0
Optical functions for the entire 10-22 GeV (6-pass) FFA racetrack
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CEBAF upgrade option 2: energy upgrade to 22-24 GeV

3
T

- Multi-pass linac optics: current *°MV pass-1
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functions in FFA arcs . | | | | | | | | |
. VL 283GeV | 5 ]
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CEBAF upgrade option 2: energy upgrade to 22-24 GeV

« Synchrotron radiation effects at higher energy: present status

2 5 72

AE = ~—rg mc?
p

e . ,}_.G
AE'\, = ?qu'[) < H = pg N
Ae? 2m AP
E __ —Cq'T'O !

E? 3 p?

HX =ng3 +23XDXD;( +bXD;2'

C 55 h
7 32/3me
Geometric Arc Radius [m] ‘ 80.6

Final Energy [GeV]

24.2

Total Energy Loss [MeV]

976

E [GeV] | Fill factor | r [m] | DE [MeV] | <H>[m] | L [m rad] 3,
arcl 1.2 0.063 5.1l 0 1.8E-01 2.8E-09 2.6E-06
arc 2 2.3 0.127 10.2 0 1.8E-01 3.6E-08 8.9E-06
arc3 34 0.126 10.2 1 1.86-01 3.7E-07 2.6E-05
arc4 4.5 0.253 20.4 1 1.8E-01 8.2E-07 4.3E-05
arc5 5.6 0.253 20.4 2 1.8E-01 1.6E-06 7.1E-05
arcé 6.7 0.253 20.4 4 9.0E-02 4.0E-06 1.2E-04
arc7/ 7.7 0.379 30.6 5 9.0E-02 6.7E-06 1.6E-04
arc8 8.8 0.379 30.6 9 9.0E-02 1.2E-05 2.2E-04
FFA S 9.91 0.876 70.6 6 4.0E-03 1.3E-05 2.6E-04

FFA 10 11.00 0.876 70.6 9 4.0E-03 1.3E-05 3.0E-04
FFA 11 12.08 0.876 70.6 13 4.0E-03 1.3E-05 3.6E-04
FFA 12 13.15 0.876 70.6 19 4.0E-03 1.4E-05 4.3E-04
FFA 13 14.22 0.876 70.6 26 4.0E-03 1.4E-05 5.2E-04
FFA 14 15.29 0.876 70.6 34 4.0E-03 1.6E-05 6.2E-04
FFA 15 16.34 0.876 70.6 45 4.0E-03 1.8E-05 7.5E-04
FFA 16 17.39 0.876 70.6 57 4.0E-03 2.1E-05 8.9E-04
FFA 17 18.42 0.876 70.6 72 4.0E-03 2.4E-05 1.1E-03
FFA 18 19.44 0.876 70.6 89 4.0E-03 3.0E-05 1.2E-03
FFA 19 20.44 0.876 70.6 109 4.0E-03 3.7E-05 1.5E-03
FFA 20 21.42 0.876 70.6 132 4.0E-03 4.7E-05 1.7E-03
FFA 21 22.38 0.876 70.6 157 4.0E-03 6.0E-05 2.0E-03
FFA 22 23.31 0.876 70.6 185 4.0E-03 7.6E-05 2.3E-03
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CEBAF upgrade option 2: energy upgrade to 22-24 GeV

« Synchrotron radiation effects at higher energy: present status
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arcl 1.2 0.063 5.1l 0 1.8E-01 2.8E-09 2.6E-06
arc 2 2.3 0.127 10.2 0 1.8E-01 3.6E-08 8.9E-06
arc3 34 0.126 10.2 1 1.86-01 3.7E-07 2.6E-05
arc4 4.5 0.253 20.4 1 1.8E-01 8.2E-07 4.3E-05
arc5 5.6 0.253 20.4 2 1.8E-01 1.6E-06 7.1E-05
arcé 6.7 0.253 20.4 4 9.0E-02 4.0E-06 1.2E-04
arc7/ 7.7 0.379 30.6 5 9.0E-02 6.7E-06 1.6E-04
arc8 8.8 0.379 30.6 9 9.0E-02 1.2E-05 2.2E-04
FFA S 9.91 0.876 70.6 6 4.0E-03 1.3E-05 2.6E-04

FFA 10 11.00 0.876 70.6 9 4.0E-03 1.3E-05 3.0E-04
FFA 11 12.08 0.876 70.6 13 4.0E-03 1.3E-05 3.6E-04
GrOWth! FFA 12 13.15 0.876 70.6 19 4.0E-03 1.4E-05 4.3E-04
FFA 13 14.22 0.876 70.6 26 4.0E-03 1.4E-05 5.2E-04
FFA 14 15.29 0.876 70.6 34 4.0E-03 1.6E-05 6.2E-04
FFA 15 16.34 0.876 70.6 45 4.0E-03 1.8E-05 7.5E-04
FFA 16 17.39 0.876 70.6 57 4.0E-03 2.1E-05 8.9E-04
FFA 17 18.42 0.876 70.6 72 4.0E-03 2.4E-05 1.1E-03
FFA 18 19.44 0.876 70.6 89 4.0E-03 3.0E-05 1.2E-03
FFA 19 20.44 0.876 70.6 109 4.0E-03 3.7E-05 1.5E-03
FFA 20 21.42 0.876 70.6 132 4.0E-03 4.7E-05 1.7E-03
FFA 21 22.38 0.876 70.6 157 4.0E-03 6.0E-05 2.0E-03
FFA 22 23.31 0.876 70.6 185 4.0E-03 7.6E-05 2.3E-03
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Summary

« Upgrades to current nuclear physics accelerator facilities extend science programs
beyond present capabilities

« ATLAS multi-user upgrade and nuCARIBU are approved upgrades to ATLAS at ANL

 JLab is considering positron capability and energy upgrade to CEBAF for operation
beyond 2030

« Beam dynamics topics are currently being explored for proposed options at JLab

Thanks for your attention!
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