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Abstract
The BNL Relativistic Ion Collider (RHIC) started operation more than 

two decades ago with a program of high-energy ion collisions. A 
few years later a program with polarized proton collisions was 
added, and the following years the program expanded further and 
further with ever-increasing luminosity, polarization, species 
combinations and operational flexibility. The machine is now also 
preparing for use in the Electron-Ion Collider. We examine the path 
from the beginning to the present state, and outline the technical 
and other components and strategies to sustain a long and varied 
physics program. 
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Life cycle of a large accelerator facility
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7
[Y.Y. Lee, ”50 years of the BNL AGS”, 14th Intl. Conf. on Accelerator and Beam Utilization, Gyeongju, Korea (2010).]

No 200 MeV Linac yet (1970)
No 1.5 GeV Booster yet (1990)

1959: CERN PS



ISABELLE
• Early 1970 studies for 200+200 GeV proton-proton collider 

superconducting magnets
• 3.8 km circumference, 6 intersection, AGS as injector 
• At the same time Fermilab started working on the Tevatron 
• Only one working dipole prototype (Mark V) – sc cable issues
• Tunnel, office building, helium refrigerator built (still in use today) 
• 1983 canceled in favor of SSC (itself canceled in 1993)
• BNL quickly build a heavy ion physics program with AGS
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Ernest Courant
1920-2020

[Ernest D. Courant, “Accelerators, colliders, and snakes”, Annu. Rev. Nucl. Sci. 2003. 53:1-37]



Relativistic Heavy Ion Collider

• 1984 began to think about heavy ion collider
• ~100 GeV/nucleon, 

dipoles ~3.5 T (5 T for ISABELLE) 
• develop heavy ion beams in AGS, 

with heavy ion experiments
• 1991 construction begins
• 2000 first collisions
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[Ernest D. Courant, “Accelerators, colliders, and snakes”, Annu. Rev. Nucl. Sci. 2003. 53:1-37]

Satoshi Ozaki

Mike Harrison Tom Ludlam



RF

RHIC

NSRLLINAC
Booster

AGS

Tandems

STAR

(s)PHENIX

(PHOBOS)
Electron lenses

Polarized Jet Target

(BRAHMS)
Electron cooling

EBIS

BLIP

TPL

Start operation : 2000
Circumference   : 3.8 km
Max dipole field : 3.5 T
Energy               : 255 GeV polarized p

: 100 GeV/nucleon Au
Species          : ph to U (incl. asymmetric)
Experiments : BRAHMS, PHOBOS (complete)

STAR, PHENIXgsPHENIX)

Relativistic Heavy Ion Collider – main parameters
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RHIC Design Manual
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now Lavg = 88×1026 cm-2s-1

now Lavg = 15.4×1031 cm-2s-1 (with Pavg = 55%)



RHIC Design Manual (July 1998)
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IR design with beam splitting DX dipoles first

DX dipole

D0,Q1—Q3

DX dipoles
• Lmag = 3.7 m, Bmax = 4.3 T
• large aperture 

(18 cm coil ID)
• only magnets that 

need training 
(~5 for IR6/8 only)



Transition crossing – with sc magnets
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[M. Harrison, S. Peggs, and T. Roser, “The RHIC accelerator”, Annu. Rev. Nucl. Sci. 2002. 52:425-369

Did limit intensity 
for some time
- Electron clouds
- Instabilities
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Claudia Ratti,
University of Houston

RHIC CDR, 1986
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Configuration Manual Polarized Proton 
Collider, 2006
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now Lavg = 1.54×1032 cm-2s-1

now Pavg = 55% (average over 3D distribution and time)



PHENIX (p)

AGS

LINAC BOOSTER

Pol. H- Source

Solenoid Partial Siberian Snake

200 MeV Polarimeter

Helical Partial 
Siberian Snake

Spin Rotators
(longitudinal polarization)

Siberian Snakes

Spin Rotators
(longitudinal polarization)

Strong AGS Snake

RHIC pC Polarimeters

Absolute Polarimeter (H jet)

STAR (p)

AGS Polarimeters

Spin flipper

SpinFest, August 7, 2008
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Special devices for polarized protons:
source, polarimeters, snakes, rotator, flipper



RHIC performance evolutions
• Au+Au luminosity at 100 GeV/nucleon
• p­+p­ luminosity and polarization (100 and 255 GeV)
• Medium energy (Cu+Cu, O+O)
• Asymmetric collisions (p­+Au, d+Au, h+Au, Cu+Au)
• U+U, Zr+Zr / Ru+Ru
• Au+Au luminosity at 3.85 to 9.8 GeV/nucleon 

(Beam Energy Scan, including a fixed target program)
• New detector for 2023 to 2025: sPHENIX
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Curious fact:
RHIC and LHC 
did not collide the
same ion species
(except p),
oxygen also 
planned for LHC
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RHIC Au+Au / U+U operation at full energy

can now be done in 1/2 day



Performance limits – RHIC ions, high energy
• Bunch intensity Nb, limited by injectors

EBIS, bunch merges in Booster and AGS
transition instability 
aim for 2x109 in store ultimately

• Intrabeam scattering 
=> stochastic cooling
=> 56 MHz SRF (stronger longitudinal focusing)

• Lattice with small b* and large off-momentum dynamic aperture
with hourglass factor ≈0.5 at end of store, need large b* reduction 
any lattice change must not result in additional beam losses

(momentum spread with 56 MHz SRF will be increased)
dynamic b* reduction after emittance decreased by cooling 

Goal is to have burn-off as the dominant beam loss mechanism.
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L(t) = 1
4π

f0N
Nb
2 (t)

ε(t)β*(t)
h(β*,σ s,θ )



3D stochastic cooling for heavy ions

M. Brennan, M. Blaskiewicz, F. Severino, PRL 100 174803 (2008); K. Mernick PRSTAB, PAC, EPAC

longitudinal
kicker cavity 

(half side with
waveguides)

horizontal kicker 
(open)

horizontal and
vertical pickups

longitudinal pickup

5-9 GHz, cooling times ~1 h

vertical
kicker

(closed)
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U-U store – new mode in 2012

Au-Au U-U
BFPP 117 b 329 b
EMD 99 b 160 b

(2) Minimum loss rates given by total U-U 
cross sections, 2 largest contributions from 
BFPP and EMD:

U-U event seen in PHENIX

rms transverse emittances

beam loss rates

luminosities

Nearly all beam loss though 
luminosity (burn-off)!

10%/h

3.3 mm.mrad

6x1026cm-2s-1

3D stochastic cooling leads to
new feature in hadron collider:
Lmax > Linitial

(1) Lattice optimized for large off- momentum 
dynamic aperture, not for smallest b* (Y. Luo)

6 h

Lmax

Linitial

L∝ Nb
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Operation at burn-off limit in U+U
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97% of intensity burned off at Lmax

Burn-off dominated operation allows for
determination of total U+U cross section
– and comparison with calculation (mostly QED) 
(published in Phys. Rev. C) => 



RHIC Run-14                  Delivering RHIC-II luminosity

2007, Beginning
of RHIC-II upgrade

2014, End of
RHIC-II upgrade

Increase in initial luminosity
result of larger bunch intensity

Increase in luminosity lifetime
result of 3D cooling, >90% burn-off



Au bunch intensity evolution
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main limits:
- injectors output
- e-cloud in RHIC
- transition instability

in RHIC

ultimate goal

AGS 12g6g2 merge (planned) 
EBIS, Booster 4g2g1, AGS 8g4g2 merge 

scrubbing with protons
111 bunches

43 bunches

gt-jump, octupoles at transition L(t) = 1
4π

f0N
Nb
2 (t)

ε(t)β*(t)
h(β*,σ s,θ )

H. Huang, K. Gardner,
K. Zeno, RF, et al.
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RHIC p­+p­ operation at 100 / 255 GeV

PHENIX (p)

AGS

LINAC BOOSTER

Pol. H- Source

Solenoid Partial Siberian Snake

200 MeV Polarimeter

Helical Partial 
Siberian Snake

Spin Rotators
(longitudinal polarization)

Siberian Snakes

Spin Rotators
(longitudinal polarization)

Strong AGS Snake

RHIC pC Polarimeters

Absolute Polarimeter (H jet)

STAR (p)

AGS Polarimeters

Spin flipper



FOM = LP4 ~ Nb2P4 

p bunch intensity and polarization
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main limits:
- injectors output
- polarization
- e-cloud in RHIC
- beam-beam in RHIC

L(t) = 1
4π

f0N
Nb
2 (t)

ε(t)β*(t)
h(β*,σ s,θ )

ultimate goal

beam-beam compensation 
polarized source upgrade with Atomic Beam Source

AGS tune jumps, RHIC 9 MHz RF
AGS cold snake

polarized source upgrade with sc solenoid
AGS warm snake

A. Zelenski, H. Huang, 
K. Gardner, K. Zeno, RF, et al.

(double-spin experiments)



Head-on beam-beam compensation                          
Principle
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Correction in same turn, need to fulfill 2 conditions:

(1) kp phase advance minimizes beam-beam
resonance driving terms – implemented with
ATS type lattice (Simon White) 

(2) Same amplitude correction kick as bb
kick reduces beam-beam tune spread –
implemented with electron lenses (not 
possible with magnets)

100



Head-on bb compensation  Footprint compression
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tune distribution could not be measured with BTF
and p+p collisions due to coherent modes
(works in simulations – P. Görgen (TU Darmstadt) et al. NIM A 777, pp. 43-53 (2015))

tune distribution can be measured with BTF and p+Al collisions
proton beam: (Qx,Qy) = (.685,.695); Al beam: (Qx,Qy) = (.685,.695); DQx, DQy >> x => no coherent modes

no bb
2x bb

DQ reduction
from e-lens

Can only reduced
BB tune spread
(black curve is limit)



Run-18 Zr+Zr/Ru+Ru – same A, different Z (CME)                               
Zr-96/Ru-96 Extraordinary help from DOE, ORNL, RIKEN

for source material and preparation

Ru isotopes



Run-18 Zr+Zr/Ru+Ru at 100 GeV/nucleon

32

Run Coordinator: Greg Marr
paper: IPAC 2019

Zr+Zr
Ru+Ru Zr+Zr Ru+Ru Ru+RuZr+Zr Ru+Ru Zr+Zr

CeC PoP
dedicated

scheduled
maintenance

Store-by-store species change and flat luminosity of 21.5×1026 cm-2s-1

20 h nominal store length (WEEK: 30-Apr-18 to 07-May-18)
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Beam Energy Scan I and II (BES-I, II) 

[2015 NSAC Long Range Plan for Nuclear Science]

• BES-I in 2010/11/14
• BES-II: 10x increase

in the number of events

Au+Au collisions
down to 3.85 GeV/n 
(40% of CoM energy at 
nominal injection)
Luminosity really low

Space charge
Intrabeam scattering
Magnetic field errors (also 

time dependent)
Large beam with losses 

BES-II goal of 4x luminosity
over 3.85 – 9.8 GeV/n 
(highest energy is nominal injection)

Designed cooler for 
2 lowest energies



Distinctive features of Low-Energy RHIC electron Cooler (LEReC)

• LEReC is fully operational electron cooler which:
• utilizes RF-accelerated electron bunches
• uses non-magnetized electron beam (there is no magnetization at the cathode and there

is no continuous solenoidal field in the cooling section)
• LEReC approach to cooling is directly scalable to high-energies (eg 41 GeV p in EIC)

34A. Fedotov, RHIC Retreat, September 16, 2021



LEReC operating parameters
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Papers: 
• S. Seletskiy et al., Accurate setting of electron energy for demonstration

of first hadron beam cooling with RF-accelerated electron bunches, 
PRAB 22, 111004 (2019).

• D. Kayran et al., High-brightness electron beams for linac-based 
bunched beam electron cooling, PRAB 23, 021003 (2020).

• A.V. Fedotov et al., Experimental demonstration of hadron beam 
cooling using RF accelerated electron Bunches, PRL 124, 084801 (2020). 

• H. Zhao et al., Cooling simulation and experimental benchmarking for 
an rf-based electron cooler, PRAB 23, 074201 (2020). 

• S. Seletskiy et al., Obtaining transverse cooling with nonmagnetized electron beam, PRAB 23, 110101 (2020). 



Many other optimizations beyond LEReC
Au+Au collision at 7.7 GeV (lowest and most difficult energy)
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Switch to Low tune

E-beam current scan

Tune scan

Damper engaged

IR steering

LEReC cooling

Beta squeeze

RF voltage ramp

LEReC optimization & long bunch
Chuyu Liu, Run Coordinator BES-II
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BES-I vs BES-II luminosity
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Run Coordinator: Chuyu Liu (Run-19 to 21)

3rd year 1st year2nd year

Goal was 

Lavg (BES-II) = 4x Lavg (BES-I) 
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Beam Energy Scan II scoreboard

All BES-II event goals achieved or exceeded

Colliding energies
(added 8.65 GeV/nucleon)

Fixed target energies

Fixed Au foil target in STAR
Direct vertical beam tail on foil

(101 M)



Next year (FY 2022) – preparing for 
p­+p­ at 255 GeV
Challenging mode because of

• Short shut-down 
• Polarization
• First use of abort kicker relays with

large stored beam energy
• Very tight schedule 
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RHIC Run-17 delivered luminosity,  p↑+p↑ at �s = 510 GeV

STAR (uncorrected)

STAR (corrected for dedicated CeC time)

Run-17 max projection

Run-17 min projection

thru fill  20933 Monday 29 May

Last time p­+p­ at 255 GeV in Run-17:
• Nb = 2x1011/bunch 
• b* = 1.5  -> 1.2 m (dynamic b-squeeze)
• Lpeak = 154x1030 cm-2s-1    (limited by STAR)
• Lavg = 127x1030 cm-2s-1

• Lweek = 50 pb-1

• Pavg = 55%

Run-17

+ 2 weeks CeC (=> Vladimir)

Run Coordinator: Vincent Schoefer



After Run-22 – completing the RHIC 
program with sPHENIX (new) and STAR
sPHENIX – new detector in IR8
• Run-23: Au+Au
• Run-24: p­+p­, p­+Au
• Run-25: Au+Au

• All beams at 100 GeV/nucleon
• Ideally 28 cryo weeks each year,

less with budget constraints

40
sPHENIX construction (30 Sep 2021)



Running with sPHENIX
To maximize useful luminosity:
• Operational use of 56 MHz SRF cavity 

(increased longitudinal focusing)

• 2 mrad crossing angle limits  
collisions only in small vertex cut ±10 mm

• Use of upgraded machine/experimental
protection system (abort kicker relays
+ faster detection of anomalies)

• Also new ±150 A PS in IR8
(larger operating margin for small b*)

41

L(±10 cm) ~ L(total) with 2 mrad



Life cycle of a large accelerator facility
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RHIC

FAIR

EIC

Construction project
[~decade]

Pre-project
[few decades]

Operation
annual budget ~10% of construction cost

[few decades]

Re-use
for next 
facility or
shut-down 



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

Hadron storage ring 40-275 GeV
based on RHIC, existing   

o 1160 bunches, 1A beam current (3xRHIC)
o Bright vertical beam emittance 1.5 nm
o Strong cooling (coherent electron cooling)

Electron storage ring 2.5–18 GeV new ring in RHIC tunnel
o 1160 bunches
o Large beam current, 2.5 A è 9 MW S.R. power
o SRF cavities

Electron rapid cycling synchrotron 0.4-18 GeV new ring in RHIC tunnel
o 2 x 28 nC bunches, 1 Hz cycle time
o Use spin transparency for high polarization

High luminosity interaction region(s) new
o L = 1034 cm-2s-1, Superconducting magnets
o 25 mrad crossing angle with crab cavities
o Spin rotators (longitudinal electron spin)
o Forward hadron instrumentation for tagging

43

EIC Overview Ferdinand Willeke et al.



What made 2.5 decades possible?
• Facility remails priority of science community, 

science program evolved in new directions, detector upgrades

• Evolving experimenters interests could be met with evolving 
accelerator developments (L, P, flexibility)

• For example: 
• some unusual species (Ru-96/Zr-96) 

=> required ORNL for Run-96 enrichment (with DOE support), 
existing BNL sources, help from RIKEN, stochastic cooling

• Collisions below nominal injection energy
=> required construction of an electron cooler 

• Strong funding agency commitment 
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RHIC after 21 years of physics …

• Full energy Au+Au Lavg = 44x design
• Only p­+p­ collider, Lavg = 0.8x design, 

P ~ 55%, still challenging 
• Many species and combinations, incl. 

asymmetric and low natural abundance
• Extended energy range below 

nominal injection 
• 4 more years planned,  

3 with a new detector

• Strong and evolving science program + steady stakeholders support (users, lab, DOE) 
• Developed technology for evolving program, eg operational stochastic (high energy) 

and electron cooling with RF accelerated e-beam (low energy) 
• Most of RHIC complex will be re-used for the Electron-Ion Collider 
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L design

Nominal injection

L design
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Wolfram Fischer
BNL

Thursday, 14. Oktober 2021 at 4 pm

Online-Seminar via Zoom
(ID: 952 6046 8012 / PW: 102080)

Coordinator: Anja Seibel, Janet Schmidt
Secretary: Larissa Birli

https://indico.gsi.de/categoryDisplay.py?categId=359

ACCELERATOR SEMINAR

21 years of RHIC – performance far beyond the design

The BNL Relativistic Ion Collider (RHIC) started operation more than two decades ago
with a program of high-energy ion collisions. A few years later a program with
polarized proton collisions was added, and the following years the program
expanded further and further with ever-increasing luminosity, polarization, species
combinations, energy range, and operational flexibility. The machine is now also
preparing for use in the Electron-Ion Collider. We examine the path from the
beginning to the present state, and outline the technical and other components and
strategies to sustain a long and varied physics program.


