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RHIC - a High Luminosity (Polarized) Hadron Collider
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PHENIX o
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Operated modes (beam energies):

jU-U 100 GeV/n

Au—Au  3.8/4.6/5.8/10/14/32/65/100 GeV/n

Achieved peak luminosities: v ' d— Ay 9.8/19 5/31.2/100 GeV/n
Au-Au (100 GeV/n)  155x10%cm=2s-1 - 11/31/100 GeV/n .

pPT ;ﬁgrgjﬁiz\gﬂne ; 2b£;r/5><1030 em=s Bk 11/31/100/205/250 GeV
1. Luminosity L [ 5- 100 GeV/n |
2. Proton polarization P g — 100 GeV/n
3. Versaitility (species, E) - 4 100 GeV/n
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1 Beam-Beam DA Tracking:

If intensity >2.0E11, then DA is less than 4
sigma which is not good for the proton beam life
time in RHIC

There was an intensity limit in RHIC before Runl5.

Reason?

2 2013 polarized proton run:
if average intensity is greater than 2.0E11
the emittance would blow up and
luminosity decreased.

IPM measured Emittance (um)

[Yun Luo et al., PRAB19, 041002 (2016)]
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Bunch intensity [10"9 protons]
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Reason->Beam-Beam:

1. Proton-Proton lumi is limited by beam-beam.
Oncoming proton beam acts as a nonlinear
defocusing force, leads to beam decay,
emittance increase;

2. Bunches with 2 collision point has more beam
decay comparing with 1 collision points (less
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Time (Fill 16697}

beam-beam).

3. Tune spread with beam-beam is larger than

WP685695-noBB-dp0
WP635695-BB-dp0
WP895685-n0BB-dp0
WP695685-BB-dp0

without beam-beam effect.

/Solution->EIectron lenses (e-p):

Electron beams provide equal but focusing force
to compensate for 1 of 2 beam-beam interactions
(p-p), then increase bunch intensity (Luminosity)
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—1€ad-0n beam-peam compensation

p-beam lens defocuses

e-beam lens focuses

1. Tune spread compensation
=> e-p has same amplitude dependent force as p-p —

-10

beam-beam kick

ns'

t

=> provided by electron lens \ S e o
magnet kicks

2. Resonance driving terms compensation

=> phase advance between p-p and e-p is Ay =kn
=> provided by lattice (new lattice in 2015, based on ATS — S. White)
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—lectron Lens 1or
SC main solenoid
B=6T,1=440A
warm solenoids + 16 more magnets warm solenoids
(fringe fields, correctors)

orbit steerers orbit steerers

1. Gaussian Beam

electron collector
2. 1A DC current

electron gun
3. 78 kHz pulsed beam

4. 5~10 keV
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Photomultiplier
Light guide

Backscattered Scintillator
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12{ == 953 keV +50 degree
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Superconaucting solenoid

winding at BNL &
22 layers, ~25000 turns

6T field
Field straightness
Angle correctors

2.8 m long total



conaucting iMagnet

A maximum x50 um deviation of the main solenoid field lines within £800 mm

e c| ensl 4T Fringe470
0.100 — eLensl_3T_Fr?nge47O
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0.050 2. Three different
—_ fields
&
é 0.000 3. #1000 mm good
< \ field
-0.050 _' 4. Without correction
Blue Ring 5.  With warm magnets
-0.100 |
Linear Fit £0.85 m Subtracted
-0.150
-1200 -800 -400 0 400 800 1200

Z Pos_MagFrame (mm)
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Modulator current indicates
78 kHz is running.

Blue and Yellow were
running 78 kHz pulse mode
with 1A simultaneously
within RHIC beam abort

gap;

Parasitic to RHIC beam
provides more
commissioning time;

Blue e-lens 78 kHz was
running for 14 hours during
2013;




Electron beam profile measurement (2014)

Blue Electron Beam Profile Measured via YAG Screen
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lransverse € ' Jnment VWith Au beam (2014)

Two methods to do transverse position and angle alignment: BPM or eBSD (detector)
[P. Thieberger, PRSTAB 19, 041002 2016]

 BPMs in both lenses to bring e- and A- beam in proximity (transverse electron beam position for
blue and yellow, electron beam angle steering for yellow)
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[Peter Thieberger et al., PRAB19, 041002 (2016)]
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1 Lattice Tor Operation

Lattice improvements

Optics measured-to-model agreement quite good (10-
E-lens requires 11 phase advance from 15% beat beat) without additional correction.
lens to one colliding IP.
‘ , Momentum aperture improved, shown by increase in
/2 phase advance per cell and ‘ATS tolerable radial shift:
style beta squeeze allow passive Run 12: +/- 0.7 mm radial shift;
compensation of sextupole driving terms Run 15: +/- 1.25 mm radial shift

P12
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—lectron Operation

700 = Blue &-Beam Current S
Yellow e-Beam Current =
—— Beam-Beam Parameter| | ' 3 TABLEL Typical electron lens parameters for 2015 and design
§ values (for up to 250 GeV proton energy).
o
E
H 2015 Design
& Quantity Unit  value value
m
° 0 0 pos " o o Distance of center from IP10 m 3.3
Time from Physics / Minutes Magnetic length L, m 2.4
Gun solenoid field B, T 031 <0.69
140 ‘ ' ' ‘ ' “ Main solenoid field B,, T 50 2-6
£ Cathode radius (2.70) mm 75 41,75
739 § rms beam size in main solenoid o, {m 650 > 300
o , 3 Kinetic energy E, keV 50 <10
> 8 Relativistic factor f§, 0.14 <02
g 40 — = STAR Luminosity b Electron beam current 7, mA 600 < 1000
3 2l === PHENIX Luminosity 2 Beam-beam parameter from lens &,  0.001 +10 < +15
Emittance v
% 20 20 60 80 100 12

Time from Physics / Minutes

1. Turned on for every store (45~60 min.)
2. High reliability: available for all stores after running

3. Blue e-lens limited to ~ 500 mA by onset of e-current instability
Yellow e-lens operating at > 1 A

[Wolfram Fischer et al., PRL 115, 264801 (2015)]
IS R —SSS



ctron Lens Opera

(10N

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, 10tt 16 225 2.6 2.15 2.0
no of bunche k; 109 111 48 111 30
B ., at IP6, IP8 (p+p) m 0.85 0.85 — 0.85 —
B ., at e-lens (p+e) m 10.5 15.0 — 15.0 —
lattice tunes (Qz, Qy) ... (0.695,0.685)| — (0.695,0.685) —
rms emittance €y ) pm o 3. offect of 3 effect of & +38%
rms beam size IP6/8 o pm . 5  w/o and w/
rms beam size e-lens o,  pm  — NEW lattice - electron lens
rms bunch length o m electron lens

hourglass factor H

beam-beam param. £,/IP 0. OO -

# of beam-beam IPs
luminosity L£,cak 102%m
luminosity Lgq4 10%%cm

—2S—1
_28_1

Lpeak 2.9% INCrease

L

ayg 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.)
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Im(R)/|R|

0.687 0.689 0.691 0.693 0.695 0.697 0.699 0.701

Im(R)/|R|

Incoherent tune distribution due to e-lenes current
(at 0.55 mm e-beam size)

——no e-lens
===-300 mA
= = 600 mA
—900 mA

Incoherent tune distribution due to e-lenes beam size
(at 900 mA e-beam current)

1.05 F
0.95 ;
0.85 ;
0.75 ;

0.65

===-0.65 mm
--060mm
—0.55mm

045 |

A
0.05 A l\l\ -

0.687 0.689 0.691 0.693 0.695 0.697 0.699 0.701
Horizontal tune

P10 IP8 IP6

1. e-p collision (only negative
beam force), no p-p

2. Incoherent tune vs e-beam
current

3. Incoherent tune vs e-beam
size

4. e-lens creates as much AQ =
0.013 as one beam-beam
collision



Demonstration fune spread Compensation

1. tune spread without bb and without e-lens ¥ TF F
2. tune spread expands with bb o - v
3. tune spread contracts again with bb and e-lens, but only up to ~750

mA (first such direct observation)

4. tune spread is only compressed to the value without bb, even with e-
currents up to 1030 mA

1.00 F —0 pAl, 0 mA

0.90 F -==+2x pAl, 0 mA

0.80 f ——2x pAl, 365 mA

: — = 2x pAl, 560 mA

—0.70
3 - —2x pAl, 750 mA
=060 ¢ _ , ===2xpAl, 890 mA
E 0.50 ;' " : ’.I i R R S Y zprL 1030 mA

040 [

030 [

020 F

0.10

0.675 0.680 0.685 0.690 0.695

Horizontal tune




~roton)

Loeak +150% Ly, +90%

p-p Luminosity by Store Intensity)

180 ' I T 1 T 1 T 200 ! ‘
Run12 peak i i i : e i | i
o p : Lumi infer emit (um,rms): Y a0 — 2015 P=57%
160l| ® Runl2avg N S S N ,/,1, , = 180 [ ; B !
O Runls peak : 3 i T : E‘ /
i : : . : S _— A8 SN NSUSOOutot RSSO WSO S—
140 - ® RunlSavg ( - /z R I Z 160 "
N N N . N : N 'g ‘
J:0 £ 140 [ AN S e e R S
D A20 s D O e O g ’,
h . = | S WS N R N S
7 5 5 5 ‘ 5 s g 120 /
E 100 T N £ /
=] I 1=} 4
o = 1 100 b LSS SN RN SN S S R
m =9 7
¢ {208 ’
O 80kt N T a = ’
— N [} ] A
= S e o ; 012 P=59%
E : : : . p ! i&' /
£ : : , ‘ s = /
S 60 : : e o i O e e 2 60 - / / 2009P=56%
: : =] ,’ I’
: : (" ' § : : et / ’
ol L O B a®® & 0l £ / P _ 2006 P=55%
: ey e’ ; ; : : £ 40 /’ ; ,/a* 2008 P=dd% ="
: S~ : - : : : : B V4 I" o"' 4"!
- 1O S g VP i 45 = —— Rt =7 i S S S
20F e ; : | ; ; = 20 R 7T 2005 P=47%
: : : : : : : : |t/-"—=!/ “':"-':::-;:::_-—————_—_é' 2003 .§P=340°
%8 1.0 12 1I4 ‘1‘6 1I3 2.0 2.2 24 0 0
. - . Iﬁtensity p;ar bunch tlell] - . - 0 2 4 6 8 10 12 14 16 18 20

Time [weeks in physics|




0 Proton Beam Intensity

(d Electron Lens introduction

0 E-lens Commissioning and Operation

0 Runl6 Operation with Au-Au

0 Summary




280
260 25% or more Maximum Intensity Available in AGS
28% more Au Intensity.
"o 2401 . 220 .
= * *’m‘ Improved by AGS
5220 : il b *%5‘ *k iy 1 i '
@ FRT * ale* a@-‘* ale
z *ise % % 25% more intensity available
5200 190 « % * _ -
= o El 2016 Au |ntensu?‘y
= . .
% . ¥ ﬁﬁf N 172 | Limited by RHIC RF
-— B | O
c o O = [Finm]
c:u o1 mg o §0F o DE?:% 162 Eu%% o O o 5 Ta o S
B 160 127 e A e u”u%%ﬁju” e - = | Lumi. Limited by detector
— B 0T & oD P T g
| | 0 M i o DD
1401 2014 Au Intensity ]
120 | | | | | | | |
0 20 40 60 80 100 120 140 160 180

Store




)

AU buncn Intensity =volution

L()=—— N G0 Wg,c.,6)

Ar™" &)B (1)

AGS 12-6—>2 merge
I

25 | v O <«— ultimate goal (25% more)
£ [
S 20} O main limits:
s - injectors output
£ o5l ® - transition instability
= . B .
e - ° in RHIC (e-clouds)
=
e i ® o o - pre_sently Land.a.u
z 10 [ cavity RF amplifiers
Z
_—
5 - @
S 05 |
=) L
z @ Wolfram Fischer
IPAC16-WEZAO01
00 llllllllllllllllllllllll
2000 2005 2010 2015 2020 2025 H. Huang, K. Gardner,

Time |year]|

K. Zeno, RF, et al.



30

]
o
o

—_

o))

o
I

0 Runi4 Peak Luminosity
@ Run16 Peak Luminosity

—_

N

o
T

0
O
T

I
O
T

O

140

120

100

o]
=]

[ T = )]
o o O

Average Luminosity /10°° cm™ s™' Peak Luminosity / 10°° ¢cm™2 s~

O

|
0.3 0.6 0.9 1.2 1.5 1.8 2.1
Average Intensity / 10

1. Average all peak luminosity: 80% more

2. Average all average luminosity: 60% more

1. L +80%

peak

2. Loy +60%

3. Excluded 12 extremely low intensity store for Runl14 for luminosity.
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1. Head-on beam-beam compensation scheme in operation in 2015,
consisting of new lattice (RDT compensation) + e-lenses (DQ compensation)
L +150% L., t90%

peak avg

2. Higher &/IP possible, presently constrained by injectors
(potential for 3~4x L in future runs)

3. The gold (Au) intensity in the RHIC during the 2016 run exceeded the previously
achieved intensity by 28%. L ., +80% L, +60%

4. There is 20% (compared with the max. intensity in 2016) more Au intensity
available from AGS.
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