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Relativistic Heavy lon Collider — main parameters

e

-Polari-zed JéfTarget

Start of operatlon 2000
= Circumference : 3.8 km
2 Max dipole field :3.5T
c ' : pT to U (including asymmetric)
: Au 100 GeV/nucleon
:pT 255 GeV
; STAR PHENIX (—> sPHENIX)




RHIC science programs

1. Creation an
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The QGP is a strongly coupled nearly
“perfect” liquid (n/s near the quantum
limit 1/4x). RHIC’s cooler QGP is (on
average) closer to perfection than the
40% hotter QGP produced at LHC.
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RHIC science programs

1. Creation and study of the Quark Gluon Plasma (A+A)
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2. Origin of the proton spin (pT+pT)
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Quarks Gluons of all Quarks of Gluons
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RHIC science programs

1. Creation and study of the Quark Gluon Plasma (A+A)
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The QGP is a strongly coupled nearly
“perfect” liquid (n/s near the quantum
limit 1/4x). RHIC’s cooler QGP is (on
average) closer to perfection than the
40% hotter QGP produced at LHC.

0.20 +

015 |

0.10 -

Flow Coefficients

0.05

0.00

(0]

[2015 NSAC Long Range Plan for Nuclear Science]
2. Origin of the proton spin (pT+pT)

Spin of all Spin of Angular Momentum  Angular Momentum
Quarks Gluons of all Quarks of Gluons
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[2015 NSAC Long Range Plan for Nucl. Science] | RHIC result: not zero (2009 data only)

major emphasis. Data from the RHIC run in 2009 have for the first time shown that gluons inside a pro-
ton are polarized. The integral of Ag(x,0°=10 GeV?) in the region x > 0.05 is 0.207996 at 90% C.L.



RHIC - all running modes to date 2001 to 2016
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RHIC - all running modes to date 2001 to 2016
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RHIC - all running modes to date 2001 to 2016

AR | 2015
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RHIC - all running modes to date 2001 to 2016
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Low Energy RHIC electron Cooling (LEReC)

A. Fedotov
« 64 m to IP2 (not to scalel
Commissioning 704 SRF

Commissioning Diagnostic Line 1 Booster

Diagnostic Line 2 704 MHz 9 MHz 21GHz Cavity DC
Cu Cavity Cu CaVIty Cu Cavity l e Gun
COOLING 49_ X %

in Yellow RHIC ring

LEReC Solenoids

..|_ Compensating (LF)

180° Bending 20° Beam 4 Matching (HF)
Magnet Bending Dump
Magnets 4~ Merger/Transport
Energies E : 1.6, 2.0 (2.65) MeV

Avg. current [, 1 27 mA
Momentum dp/p : 5x104
Luminosity gain : 4x BROOKHRVEN
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Low Energy RHIC electron Cooling (LEReC)

A. Fedotov
« 64 m to IP2 (not to scalel
Commissioning 704 SRF

Commissioning Diagnostic Line 1 Booster

Diagnostic Line 2 704 MHz 9 MHz 21GHz Cavity DC
Cu Cavity Cu CaVIty Cu Cavity l e Gun
COOLING 49_

in Yellow RHIC ring

LEReC Solenoids

'..|_ Compensating (LF)

180° Bending 20° Beam 4 Matching (HF)
Magnet Bending Dump
Magnets 4~ Merger/Transport
Energies E : 1.6, 2.0 (2.65) MeV

Avg. current [, 1 27 mA
Momentum dp/p : 5x104 1st bunched beam electron cooler
Luminosity gain : 4x planned operation in 2019/2020
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Luminosity [10 cm'zs'l]
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RHIC Au+Au operation with stochastic cooling

Main luminosity limit: intrabeam scattering
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RHIC Run-14 Delivering RHIC-II Au+Au luminosity
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RHIC Run-14
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RHIC Run-14 Delivering RHIC-II Au+Au luminosity

Increase in luminosity lifetime result of
3D stochastic cooling,
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Au bunch intensity evolution L()=——f N N, (©)
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Au bunch intensity evolution L(f)=41foNh(,B*,0'S,9)
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Au bunch intensity evolution L(t)zifo WB,o
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Au bunch intensity evolution L(t)zifo WB,o
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Au bunch intensity evolution
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Au bunch intensity evolution L(l‘)=if0Nh(ﬁ*,a 9
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Au bunch intensity evolution L(t):lfoNh(IB*,o' ,0)
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Au bunch intensity evolution

Y-jump, octupoles at transition
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Au bunch intensity evolution

Y-jump, octupoles at transition
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3D stochastic cooling for heavy ions longitudinal

P , kicker cavit
longitudinal pickup (half side witz

transverse waveguides)
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. g transverse vertical ©
A kicker kicker

VN EAARA AR A A (closed)

N 5 o Gz, cooling times ~1 h
M. Brennan, M. Blaskiewicz, F. Severino, PRL 100 174803 (2008); K. Mernick PRSTAB, PAC, EPAC
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lon beams with cooling — tolerance for emittance growth

« Bunch intensity N,, was limited by

transition instability in RHIC

(1) high peak current — (2) also triggers
e-clouds, (3) no synchrotron motion,
(4) chromaticity does not change fast
enough through transition

« Can tolerate emittance growth
at transition
as long as it does not lead to

intensity loss (need all ions for burn-oftt)
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« Useful feature during electron lens commissioning with Au beams
experiments tolerated intermittent emittance growth from

electron beam commissioning or quenched solenoids
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U+U operation at burn-off limit — allows measurement of g,
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U+U operation at burn-off limit — allows measurement of g,

|97% of |ntenS|ty burned off at L
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U+U operation at burn-off limit — allows measurement of g,

|97% of |ntenS|ty burned off at L
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U+U operation at burn-off limit — allows measurement of g,

|97% of |ntenS|ty burned off at L
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Burn-off dominated operation allows for

determination of total U+U cross section o,

— and comparison with calculation (mostly QED)

published in Phys. Rev. C => BROOKHEVEN
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U+U operation at burn-off limit — allows measurement of g,

|97% of |ntenS|ty burned off at L
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Measurement of the total cross section
of uranium-uranium collisions at ,/syy = 192.8 GeV

Burn Off d0m|nated Operat|on a”OWS for Baltz, M. Blaskiewicz, D. Gassner, K.A. Drees, Y. Luo, M. Minty, P. Thieberger, and M. Wilinski
Brookhaven National Laboratory, Upton, NY 11973, USA
determination of total U+U cross section g, LA Pehenichnon
Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia
— and comparison with calculation (mostly QED) ™/ vl
. . y ion cross sections totaling several hundred barns have been calculated previously for the
pu bIlShed 18] Phys Rev C => sistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC). These total cross
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2016 event with increased luminosity (L, now 40x design) —
shorted quench protection diode
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2016 event with increased luminosity (L, now 40x design) —
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2016 event with increased luminosity (L, now 40x design) —
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2016 event with increased luminosity (L, now 40x design) —

shorted quench protection diode

L . Large orbit bumps protect experiments
in abort kicker pre-fire
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2016 event with increased luminosity (L, now 40x design) —
shorted quench protection diode
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Large orbit bumps protect experiments
in abort kicker pre-fire
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p[m]

RHIC pT+pT operation with head-on
beam-beam compensation

Main luminosity limit: beam-beam

Wolfram Fischer
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Electron gun
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Special devices for polarized protons: .
@ source, polarimeters, snakes, rotator, flipper / .
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p bunch intensity and polarization
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Head-on beam-beam compensation Principle

Correction in same turn, need to fulfill 2 conditions:

0
oy ®)
T TN, (a)
p-beam 1 rp T T T
| defocuses 0.10¢
0.5 \ —_
5 005}
=
-10 05 05 ' o 0.00
&
4 = —0.05f
e-beam lens —().5: ©
“‘\\“I'oc ses , _0'10: L ~
; T ‘ ’ -6 -4 =2 0 2 4 6
pe —to— initial radius r [o]

NATIONAL LABORATORY 18

Wolfram Fischer
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Head-on beam-beam compensation Principle
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Head-on beam-beam compensation Principle

Correction in same turn, need to fulfill 2 conditions:
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RHIC electron lenses Overview
Xiaofeng Gu, liaison physicist
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RHIC electron lenses
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RHIC electron lenses Overview

SC main solenoid Xiaofeng Gu, liaison physicist
B=6T,1=440A

warm solenoids + 16 more magnets

(fringe fields, correctors)
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RHIC electron lenses Overview

SC main solenoid Xiaofeng Gu, liaison physicist
B=6T,1=440A
warm solenoids + 16 more magnets warm solenoids

(fringe fields, correctors)
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RHIC e-lens Parameters

TABLEI Typical electron lens parameters for 2015 and design
values (for up to 250 GeV proton energy).

2015 Design
Quantity Unit  value value
Distance of center from IP10 m 3.3
Magnetic length L, m 2.4
Gun solenoid field B, T 031 <0.69
Main solenoid field B,, T 50 2-6
Cathode radius (2.70) mm 75 4.1,7.5
rms beam size in main solenoid o, um 650 > 300
Kinetic energy E, keV 50 <10
Relativistic factor f, 0.14 <0.2
Electron beam current /, mA 600 <1000

Beam-beam parameter from lens £, 0.001 +10 <+15

Technology sources: Tevatron e-lenses (V. Shiltsev et al.),
RHIC Electron Beam lon Source (EBIS) (J. Alessi et al.(rooknnven
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Head-on bb compensation Tune distributions from e-lens

tune distribution measured with

transverse BTF

complex coherent response R(Q) to
small sinusoidal excitation at tune Q
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Head-on bb compensation Tune distributions from e-lens

tune distribution measured with

transverse BTF

complex coherent response R(Q) to
small sinusoidal excitation at tune Q
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Head-on bb compensation Footprlnt CompreSSIOH
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e-lenses in operation with collisions at 2 experiments

1. e-lenses turn on before collision

(112 stores with both lenses without
a single turn-on failure)

2.Beams into collision at PHENIX,

collimators to store positions
(requires PHENIX collisions)
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e-lenses in operation with collisions at 2 experiments

U 1. e-lenses turn on before collision
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(S 1 a single turn-on failure)
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e-lenses in operation
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large beam-beam param. &
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e-lenses in operation with collisions at 2 experiments

1. e-lenses turn on before collision

(112 stores with both lenses without
a single turn-on failure)

2.Beams into collision at PHENIX,

collimators to store positions
(requires PHENIX collisions)
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e-lenses in operation with collisions at 2 experiments

1. e-lenses turn on before collision

(112 stores with both lenses without
a single turn-on failure)

2.Beams into collision at PHENIX,

collimators to store positions
(requires PHENIX collisions)
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Head-on bb compensation

increase in bb parameter £ with lens

Initial emittance and 5 min later, beam loss over 5 min 2 data sets:

Emittance g, [um]

P

Intensity reduction -

Wolfram Fischer

4.5
4.0
3.5
3.0 F

- 1 .
max without lens | max with lens

0

250
2.0
1.5

* ops with
B test with

1.0

—— — - ——

lens
lens

O test without lens

13 14

15

16

10%
8%
6%
4%
2%

=5 ~
OG-t
- rad S L

I s
|

0%

8 9 10 11 12 13 14

beam-beam parameter E/IP [0.001]

Note: It is possible that higher beam-beam parameters £ can demonstrated in the
future, without and with lens (§ sensitive to orbit, tune, chromaticity etc.)

15

16

(1) 2015 ops
(2) tests for max [E]

—avg. over good stores
ops: 111 bunches

tests: 30/48 bunches
=> higher intensity and brightness

— avg. over good stores
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Head-on bb compensation

increases in L and &

quantity unit  operations tests for max &,
(avg. over 10|without with with
best stores) | e-lens e-lens e-lens
2012 2015 — 2015 —
bunch intensity N, 10ttt 1.6 225 2.6 2.15 2.0
no of bunche ky 109 111 48 111 30
B;’y at IP6, IP8 (p+p) m 0.85 0.85 — 0.85 —
B ., at elens (p+e) m 10.5 15.0 — 15.0 —
lattice tunes (Qz, Qy) ... (0.695,0.685)| — (0.695,0.685) —
rms emittance €, pm 3.3 2.8 3.5 2.4 1.9
rms beam size IP6/8 o pm 165 150 170 150 125
rms beam size e-lens o pm  — 630 700 645 520
rms bunch length o m 0.63 0.70 0.77 0.70 0.56
hourglass factor H 0.74 0.75 0.78 0.81 0.86
beam-beam param. £,/IP 0. 001 —5.8 —=9.7 -9.1 -10.9 —-12.6
# of beam-beam IPs . 2 2+1% 2 2+1* 241*
luminosity Lpeqr 10%%cm™2s™! 46 115 72 115 40
luminosity Lgq4 102%cm~2s~! 33 63 — — —

Note: It is possible that higher beam-beam parameters £ can demonstrated in the

Wolfram F.ouiiu

future, without and with lens (§ sensitive to orbit, tune, chromaticity etc.)
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Head-on bb compensation

increases in L and &

quantity unit  operations tests for m 2 data sets:
avg. over 10 |without witl
(best stores) | e-lens e-ler (1) 201 5 OpS
_ 212 2015 — 2915 (2) tests for max [§|
bunch intensity N, 10 1.6 2.25 2.6 2.1L % Lo
no of bunche ky 109 111 48 111 30
B;,y at IP6, IP8 (p+p) m 0.85 0.85 — 0.85 —
B ., at elens (p+e) m 10.5 15.0 — 15.0 —
lattice tunes (Qz, Qy) ... (0.695,0.685)| — (0.695,0.685) —
rms emittance €, pm 3.3 2.8 3.5 2.4 1.9
rms beam size IP6/8 o pm 165 150 170 150 125
rms beam size e-lens o pm  — 630 700 645 520
rms bunch length o m 0.63 0.70 0.77 0.70 0.56
hourglass factor H 0.74 0.75 0.78 0.81 0.86
beam-beam param. £,/IP 0. 001 —5.8 —=9.7 -9.1 -10.9 —-12.6
# of beam-beam IPs . 2 2+1% 2 2+1* 241*
luminosity Lpeqr 10%%cm™2s™! 46 115 72 115 40
luminosity Lgq4 102%cm~2s~! 33 63 — — —

Note: It is possible that higher beam-beam parameters £ can demonstrated in the

Wolfram F.ouiiu

future, without and with lens (§ sensitive to orbit, tune, chromaticity etc.)
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Head-on bb compensation

increases in L and &

quantity unit  operations tests for m 2 data sets:
avg. over 10 |without witl
(best stores) | e-lens e-ler (1) 201 5 OpS
____ 212 2015 — 2015 (2) tests for max [§|
bunch intensity N, 10 1.6 2.25 2.6 2.1L % Lo
no of bunche ky 109 111 48 111 30
B;,y at IP6, IP8 (p+p) m 0.85 0.85 — 0.85 —
B ., at elens (p+e) m 10.5 15.0 — 15.0 —
lattice tunes (Qz, Qy) ... (0.695,0.685)| — (0.695,0.685) —
rms emittance €, pm 3.3 2.8 3.5 2.4 1.9
rms beam size IP6/8 o pm 165 150 170 150 125
rms beam size e-lens o pm  — 630 700 645 520
rms bunch length o m 0.63 0.70 0.77 0.70 0.56
hourglass factor H 0.74 0.75 0.78 0.81 0.86
beam-beam param. £,/IP 0. 001 —5.8 —=9.7 -9.1 -10.9 —-12.6
# of beam-beam IPs .. 241 2 24+1* 2417
luminosity £,cqk 1030cm_2 —1 146 115 {7 115 40
luminosity L4,y 10%°cm™2%s™! | 33 63 — — —
Lpea 2.5% increase
L,,, 1.9%increase

Note: It is possible that higher beam-beam parameters £ can demonstrated in the

Wolfram F.ouiiu

future, without and with lens (§ sensitive to orbit, tune, chromaticity etc.)
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Head-on bb compensation

increases in L and &

quantity unit  operations tests for m 2 data sets:
(avg. over 10| without witl
best stores) | e-lens e-ler (1) 201 5 OpS
_ 212 2015 — 2915 (2) tests for max [§|
bunch intensity N, 10 1.6 2.25 2.6 2.1L % Lo
no of bunche ky 109 111 48 111 30
B;,y at IP6, IP8 (p+p) m 0.85 0.85 — 0.85 —
B ., at elens (p+e) m 10.5 15.0 — 15.0 —
lattice tunes (Qz, Qy) ... (0.695,0.685)| — (0.695,0.685) —
rms emittance €, pm 3. effect of 3.5 2.4 1.9
rms beam size IP6/8 o pm 1€ 170 150 125
rms beam size e-lens o pm _ new lattice 700 645 520
rms bunch length o m 0.63 . 0.77 0.70 0.56
hourglass factor H Q74 05 0.81 0.86
beam-beam param. £,/IP 0. 001 —5.8 . —10.9 —12.6
# of beam-beam IPs : ‘ 241 2+1* 241*
luminosity £,cqk ]{ﬁocnf_2 —1 46 115 {7 115 40
luminosity L4,y 10%°cm™2%s™! | 33 63 — — —
L 2.5% increase

peak

L 1.9% increase

avg

Note: It is possible that higher beam-beam parameters £ can demonstrated in the

Wolfram F.ouiiu

future, without and with lens (§ sensitive to orbit, tune, chromaticity etc.)
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Head-on bb compensation

increases in L and &

quantity unit  operations tests for m 2 data sets:
avg. over 10 |without witl
(best stores) | e-lens e-ler (1) 201 5 OpS
_ 212 2015 — 2915 (2) tests for max [§|
bunch intensity N, 10 1.6 2.25 2.6 2.1L % Lo
no of bunche ky 109 111 48 111
B, at IP6, IP8 (p+p) m 0.85 0.85 — 0.85 —
B ., at elens (p+e) m 10.5 15.0 — 15.0 —
lattice tunes (Qz, Qy) ... (0.695,0.685)| — (0.695,0.685) —
rms emittar}ce €n ) pm 3. effect of 3 effect of é: +38%
rms beam size IP6/8 o pm . 5  w/o and w/
rms beam size e-lens oy ~ pm  — NEW lattice - electron lens
rms bunch length o m 0.63 electron lens
hourglass factor H Q.74
beam-beam param. &,/IP 0. 001 —5.8

# of beam-beam IPs
luminosity £,cqk

luminosity Lgq4 10%%m

1030cm—2 —1

28_1

— o1
46 115
33 63

Lpea 2.5% increase

L,,, 1.9%increase

Note: It is possible that higher beam-beam parameters £ can demonstrated in the

future, without and with lens (§ sensitive to orbit, tune, chromaticity etc.) 'ROOKHEVEN
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Head-on bb compensation

increases in L and &

Wolfram F.ouiiu

quantity unit  operations tests for m 2 data sets:
(avg. over 10| without witl
best stores) | e-lens e-ler (1) 201 5 OpS
_ 2012 2015 — 2015 (2) tests for max |§|
bunch intensity N, 10 1.6 2.25 2.6 2.1L % Lo
no of bunche k 109 111 48 111 30
Bx , at IP6, IP8 (p+p) m 0.85 0.85 — 0.85 —
B;’y at e-lens (p—+e) m 10.5 15.0 — 15.0 —
lattice tunes (Qz, Qy) ... (0.695,0.685)| — (0.695,0.685) —
: o
rms emlttar}ce & ) pm 3. effect of 3 effect of ) é: +38%
rms beam size IP6/8 o pm . 5  w/o and w/
s s, A i Tt = . new lattice ~ electronlens n
rms b PRL 115, 264801 (2015) PHYSICAL REVIEW LETTERS 3 pEcenBeRbois TON lens
hourg
beam- Operational Head-on Beam-Beam Compensation with Electron Lenses
# of 1 in the Relativistic Heavy Ion Collider
lumin W. Fischer, X. Gu, Z. Altinbas, M. Costanzo, J. Hock, C. Liu, Y. Luo, A. Marusic, R. Michnoff,
lumin T. A. Miller, A.I. Pikin, V. Schoefer, and P. Thieberger
—_— Brookhaven National Laboratory, Upton, New York 11973, USA
S.M. White
European Synchrotron Radiation Facility, BP 220, 38043 Grenoble Cedex, France
(Received 28 September 2015; published 23 December 2015)
Head-on beam-beam compensation has been implemented in the Relativistic Heavy Ion Collider in order
to increase the luminosity delivered to the experiments. We discuss the principle of combining a lattice for
Note: It is possible that higher beam-beam parameters £ can demonstrated in the
future, without and with lens (§ sensitive to orbit, tune, chromaticity etc.) 'ROOKHEVEN
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Continue to run new species
combinations at various energies —>‘_‘

Summary — RHIC upgrades
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I% Summary — RHIC upgrades

Luminosity www

Continue to run new

combinations at various energies = . .
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I% Summary — RHIC upgrades
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I% Summary — RHIC upgrades
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