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RHIC — a High Luminosity (Polarized) Hadron Collider

T Efens
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Achieved peak luminosities:
Au-Au (100 GeV/n)  195x10%°cm=?s-t
pT—pT (250 GeV) 150%x103° cm?2 s -1
Performance defined by

1. Luminosity L

2. Proton polarization P

3. Versaitility (species, E)
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RHIC

STAR

»_ 6:00 0’clock
/wsmwmrenll Operated modes (beam energies):

2 Au —Au
e d — Au*
_.g'— Cu—-Cu
= pT-p?
3He — Au

fe Au — Au
g u-u
@ pT — Au*
Cu —-Au*
e - p

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

11/31/100 GeV/n
11/31/100/205/250 GeV

100 GeV/n

| Planned or possible future modes:

2.5 GeV/n (~ SPS cm energy)
100 GeV/n

100 GeV/n

100 GeV/n (*asymmetric rigidity)
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Introduction -- E-lens Motivation

Bunch intensity [10”9 protons]
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RHIC proton intensity threshold:

1 2013 RHIC polarized proton run:
@ 2.2E11 for Blue (beam-beam)
@® 2.0E11 for Yellow (longitudinal stability)

2 Beam-Beam Tracking:
If intensity >2.0 X 1011, no enough tune
space for large beam-beam tune spread

Electron lenses (e-p):
compensate for 1 of 2 beam-beam interactions

(p-p), then have the capability to increase bunch
intensity (Luminosity)

Coherence Instability:

Transverse bunch by bunch damper
Larger beam size and beta*
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Introduction -- E-lens Layout
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Camera
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YAG screen
lon collector

3. E-gun & Collector

FCT .
i 4. Instrumentations
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Hardware - Superconducting Magnets Field

Main solenoid field provides transverse electron beam profile to match p-beam

1l i .
-~ 17 magnets total per cryostat Vertical test:
7 1. Yellow solenoid: 475 A (10% more), no quench
Jfr‘inge field solenoid |
| [ anti-fringe field solenoid | | main “trim" solenoid }3 2. Blue solenoid: 500 A (10% more), no qguench
1 i
600
- 500 - -
e 0% o o o °©
_ < o © 1PN
S N { - S~ [
" & £ 400 - o ¢ I
W|nd|ng at BN‘[ $ o o ¢ ELENS1 max test
; ¢ ELENS2 max test current 500A - no
11 double Iayers ~25000 turns totai S 300 - curent47sA- - quenches
z= no quenches
g
[}
3 200 -
4 ELENS1 (11 DBL LAYERS) QUENCHES
> ELENS1 (10 DBL LAYERS) QUENCHES THERMAL CYCLE TO DISCONNECT
100 | —ELENS1 TEST MAX - NO QUENCH ELENS1DBLLAYER 1
@ ELENS2 QUENCHES
0 = ELENS2 TEST MAX - NO QUENCH
0 2 4 6 8 10 12

Quench Number

J. Muratore et. al, MT-23 (2013).
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Hardware - Blue Field

1. Blue Solenoid 5T with Dewar,
4.5 T with RHIC refrigerator;

E-lens Blue Superconducting Magnetic Field Comssioning
I I T T |

55 I
= Blue Dewar
5H = Blue RHIC Refrigerator

! | !
____________ ... DewarST | 2. Critical temperature reached
RHIC Refrigerator 45T with high heater load;

3. Can get higher field with
lower temperature;

4. Itis thermally induced , not
because of mechanical
instability or conductor.

Field/T

SOLUTION

1.Operate at lower temperatures

2.Add insulating vacuum on the
cryostat warm bore;

Time ! Hour ' ' ~ 3.Add FermiLab piston cold
compressor (3.8K)
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Field /T

Hardware - Yellow Field

E-lens Yellow Superconducting Magnet Commissioning

Time / hour

. T D R T RHIC Refrigerator 6T |
| | | i i | | | |
20 30 40 20 80 70 80 90 100

Yellow Solenoid 6T with RHIC
refrigerator;

Yellow solenoid is the second
solenoid; it has better
performance than the first
solenoid which is the blue one.

Ramp up with 0.2A/s to 5T,
ramp up with 0.1A/s from 5T
to6T
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Hardware - Field Straightness Measurement

Needle & mirror Vibrating Wire
&S BEAM

Magnet

Wire carrying
sinusoidal current

i -
LASER XY
Stage
\MAGNETIC  opTicAL I Vibration
NEEDLE F”_TER SEIISOIS

1

! I

MIRROR POSITION SENSITIVE DETECTOR

(Based on C. Crawford et al., FNAL and BINP, Proc. PAC'99, p. 3321-3)

1. Needle & mirror: straightness
2. Vibrating wire: straightness, multi-poles

3. Use needle & mirror because of NSLS-II,
space and risks from vibrating wire:

- Effect of large sag (~300 microns) of ~5 m long wire;
— Separate offset/tilt/sag from a local bending of field lines;

— Large fringe field outside the solenoid.
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Hardware - Blue horizontal

X (mm)

0.150 ‘ ‘ ‘
e c|_ensl 4T Fringe470
0.100 —eLensl_3T_Fr?nge470
— — elLensl 2T Fringe470 1] Tolerance = + 50um
- = Tolerance
0.050 -2, Three different fields
3/ =£1000 mm good field
0.000 ,—,%
4| Without correction
-0.050 - / 5. With warm magnets
Blue Ring
-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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Y (mm)

Hardware - Blue vertical

0.150 ‘ ‘ ‘
e | ensl 4T Fringe470 /
0.100 —elLensl 3T _Fringe470 1.| Tolerance = £ 50um
— = elLensl 2T Fringe470 _ _
/ 2.| Three different fields

I 4.| Without correction

— = Tolerance |
0.050 - \ / = =800 mm good field
[

-

0.000 M\ ]

{ \/ /, 5. With warm magnets

_0.050 "‘ D i 6. Straightness
tolerances (+15% rms

. Blue Ring beam size) for sufficient
-0.100 . | overlap

: Linear Fit £0.85 m Subtracted
-0.150 :

-1200 -800 -400 0 400 800 1200
Z Pos_MagFrame (mm)
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Hardware - Yellow horizontal

0.250 | | |
0.200 e AT + Fringe (NoWarm)

' —— 3T + Fringe (NoWarm) 1. Tolerance = & 50um
0.150 T _2|_T|+ Fringe (Nowarm) .' 2. Three different fields
0.100 olerance , |

+800 mm good field

’é\ 0.050
= Without correction
e NO warm magnets

-0.050

-0.100 Yellow Ring

\

-0.150 Linear Fit £0.85 m Subtracted

-0.200 Beamsplitter Effect Corrected

-0.250

-1200 -800 -400 0 400 800 1200

Z Pos_MagFrame (mm)
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Hardware - Yellow vertical

0.100 ‘
0.080 Yellow Ring Tolerance = £ 50um
0.060 . :
_______________________ Three different fields
0.040
\ +800 mm good field
_0.020 \ m
& 0.000 R / Without correction
S }
;_’_0_020 NO warm magnets
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' __ A\ /- — _ ——3T + Fringe (NoWarm) .
-0.060 v = = 2T + Fringe (NoWarm)
-0.080 — — Tolerance
-0.100 Linear Fit £0.85 m Subtracted
0,120
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Hardware — Superconducting magnets

350 T T T T T I I 02
: : : : —ldagnet Current
- : g ........ R S e e —\femcaIBPMrmS:O'IS .

e e B e e 016 1. Superconductmg magnets
. — AII superc onductlng magnets trlpped by AC fault o4 tripped by AC fault from
£ fe S - S P — I— _— ............... T— o %

% WO ............. S A ................ ............... ............... e Toos= 2. Also effected orbit rms,
100 ; : : : : 3~4 times less than ramp
o0 down of normal
_ | conducting magnets
5833 331 332 333 334 335 336 337 338 339 358 95
I 1 1 | T | T I 1 . .
: _ . : : Tune X 3. RHIC orbit feedback can
: : : : : : : : Tune ¥ .
a0l — StarZDC rates [|0.245 handle it
............... Star ZDC COI.|.|S.|.O|’] rate.. _024
0235 g
'_
4. No effect on tune
023
e No effect on beam loss

0 | I | I I i I | I n22
33 331 332 333 334 335 336 337 338 339 34
Time (Hours)
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Hardware - Normal Conducting Magnets

Elens Mormal Conducting Magnets Commissioning

: : : : : | = Blue G52-C52
5 Yellow GS52-CS52
8OO i T o e NI R T =]
l-TI-.j.' - Continuous:running
ool WM
. l l--h-—u -—--— --n-ﬂ-l
GO0 |- R
f:.. OO0 |- el
=
o
S A00[- 1 RRTAIAILY IS NEHEE | R
1
00| e
200 Rl ............. ........ i
100)- N W ............... Ramp: dow il for other. act.i.vé.atef; ..................... ............. .........
0 I | I | | I | | | |
0 10 20 30 40 50 60 70 80 90 100

Time / Day

Totally 12 solenoids and 6 power
supplies.

Magnetic fields as function of

current were measured during
2012;

All magnets run very reliable from
2013;

Most of magnet PS run very well;

Only the yellow GS2-CS2 PS has
a fault during 2014 RHIC run and
took 4 hours to fix it.
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Hardware - Normal Conducting Magnets

800 I 05
T S S = GSB Current HO 45
P ~—vewms ||, 1. Ramp down four big
700 ........................................................................................................................................................................... _O 35 normal CondUCtIng
z ' magnets during store
E ............ zzsg
s - Affected the vertical
& ; 1 orbit rms
0.15
:. ...................................................................... O'] i
SN s 3. RHIC orbit feedback can
TR —————— | - handle it
4000 0.05 0.1 0.15 0z 025 03 0.35 04 045 O.g
20 : ! ! ! | : : ! , 024 _
151 | | T hebea | 4. Orbit feedback runs
: : ellow Decy . .
16 z : ——TuneYH | routinely every 20 min. for
..................................................................... i = ==Tane Y Y g s . . .
_4r : i orbit drift correction.
212+ é : - ®
2 g Tune H &V =
= 10} : — =
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= by of b <—ﬁ—5— No effect on tune
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in} ! 5 i
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Hardware - Instrumentation

x /

DTOf || DT03 | DT04

Vacuum pipe

Pinhole
detector

Camera
Scrapers

YAG screen
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Hardware - The Electron Backscattering Detector

BACKSCATTERED
ELECTRONS ===

PHOTOMULTIPLIER
LIGHT GUIDE

T T T
12| — 953 KeV +50 degree - AR

I SCINTILLATOR

-+ — 953 KeV -50 degree - | \ "

|
YAY]
Il

8- — 5 KeV beam envellopne n [VATA' IR

A, n
\U\MAMVI
AV VUV

= \[\/ )
E A AR f A A
£ oAy
HIVHNU”U’ ’V === ELECTRON BEAM J§ CATHODE

U)

/"‘I

- 1000 1400 1800 2200 2600
Z (mm)

iron box
p-metal |
shield

photomultiplier

vertical
positioning
light guide
vacuum
+— bellows
1 plastic insulator
scintillator tungsten foil
tungsten backscattered

block electrons

electron beam thin wind

ow

1. The backscattered electrons: scattered by
collisions with the ions or proton, reach the
detector located close to the gun;

2. The detector position: the centroid of the
backscattered electrons moves up or down
because of the bending B field.

3. Used for ion and 3He during 2014 RHIC run

TRANSLATION |
MECHANISM

courtesy of Peter Thieberger
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Hardware - Proof-of-principle eBSD scans

40000
35000 1. The program LISA (Luminosity and IR
T o000 . \ Steering Application) routinely used for
o optimizing luminosity for the
w 25000 .
5 [ experiments has been adapted to
o 2000 \ automatically optimize electron-ion
§ 15000 \ alignment.
10000
oo /I ¢,=0.66 mm *\_ 2. The eBSD output pulses are used
ot N instead of the Zero Degree Calorimeter
°, . ) ; . . (ZDC) coincidence signals.
Horizontal separation (mm) 1.1
1.0 /’,.+.L~
45000 oA ,1/ ;
e |, s
40000 0.9 F ™ /
. J ' /
35000 L7 s ) / \
o 30000 ;{‘ \ I:;: o8 f,x"‘ "'.\
§ 25000 fis :ﬂ 0.7 / ‘o
: / \ 8
[ 20000
g / \ 05
w 15000 s m
t / G,=0.73 mm \
3 10000 .‘ N 0.5
“ 5000 “/ \i\‘

=]

’_._'_'.r‘f T
0 0.4
-1.4 1,2 -1,0 -0.8 -0,6 -0.4 -0,2 0,0 0,2 0,4 0,6 0.8
Bump Total (mm)

0 1 2 3 4 5
Vertical separation (mm)

O Planes} #  Planesicourtesy of Peter Thieberger
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Hardware - Instrumentation

Anode Voltage Measurement:

*A circuit is developed to measure the voltage on the anode;
«Can be used for modulator or trigger diagnostic;

Collector Temperature Sensor (8):

*Eight temperature sensors are mounted outside of collector;

*The electron beam position (off-set or centered) inside the collector can be
roughly estimated by the temperature distribution,

*Useful for DC electron beam;

Drift tubes (5 for each e-lens):

*Design for accumulated ion extraction;

*Blue drift tube 2&4 connections were broken because of vacuum baking;

*Yellow drift tube 4 has the same problem. They will be fixed during 2014 summer;
*Other drift tubes were commissioned and vacuum conditioned.

h Pn) AMcs or BROOKHIVEN 5
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Electron beam — Current

Blue and Yellow Gun Perveance
1200 ) T ! 1 ! T I

1. Electron gun perveance is

1100 measured in pulse mode

1000

B Blue Elens Beam Current

9001 e Perveance Fit=095uAV 'S G o/
: ® Yellow E-lens Beam Current

? Demveance Fit = 0.96 uA V15| / : 2. Blue electron gun perveance
800_ ............ ............ . A .— R :

i 0.95 pA V15

700_ ........... ............. ........... ...................... ............. .......... _

3. Yellow electron gun perveance

; 0.99 A V15

4000 ......................... ............ L e ......................... ........... |

Electron Beam Current / mA

300k ST S e o T SRR S AR _
f : : : : : : 4. DC beam dark current issue is

200 ................. BRI i underStOOd and reSOlved_

0 I | I I | I |
1 2 3 4 5 6 7 8 9 10 11
Anode Voltage / kW
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Modulator PS Current (mA)

Electron beam — Pulsed Mode

115

105

a5

85

75

65

55

45

35

25

15

Pulse Mode 78 kHz

Time (Hours)

: I . : 180
- § == Blue Modulator PS Current -
=—Yellow Modulator PS Current
R | R T FE PR RHlC Beam Intensity ................................................. :160
ol il oA . :140
......................................................................................................................................................... 1120
- kHz 1A: electron beam .
el R e S S AP BRI | A :100
B Yellow 78 kHz lA elbctron beam i
....................................................................................................................... _80
B T .................................. ] 60
RHIC |on beam g
........................................................................................................................ _40
............................................................................................................................. ;”m”m”m”m”.“mn_zo
| | L e
0 2 4 6 8 10 12 14 16 18

1. Modulator current indicates
78 kHz is running.

N

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

gap;

RHIC Beam Intensity / 10°

w

Parasitic to RHIC beam
provides more
commissioning time;

4. Blue e-lens 78 kHz was
running for 14 hours during
2013;
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DC Electron Beam Current / ma

Electron beam — DC mode

1400
1350

1200

1050

900

750

500

450

300

150

_ ! . , _ ! ! ! : ' '
......... — e DC CUrent
: : : : : : : : : : 0wy DI CUrrent

05 1 15 2 25 3 35 4 45 5 55 B 5.5 7

Time /Hour

NO RHIC ion beam

Blue and Yellow were running
simultaneously

Beam currentis 1 A

Blue was running for 9.5 hours
during 2013 commissioning.
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Electron beam Blue Transverse Profile

Blue Electron Beam Profile Measured via YAG Screen

' 7N 7 Bl YAC prole |
/ \ 1 ¢ Current 70 mA
/ \ 4« Beam profile from
\ : YAG is a Gaussian
/ \ '
);. .I'\
\\
\ —— ° i
160 1é0 200 250 360 sén 400 PrOfIIe does nOt
Phais change with current
Yellow Electron Beam Profile Measured via Pinhele Detector
Gaus.sianFil %
50+ -
40+ .r;" \\\‘ T
. .frf \\
Pinhole Detector | e Current 1150 mA.
£ ' * Pinhole profile is
201 T Gaussian
10} 7 "'\_\
/
0 _____'_’*', | i . i i \\"r--..-._
0 10 20 30 Pii:ls 50 &0 70 80
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Electron beam Yellow Transverse Profile

Yellow Electron Beam Profile Measured via YAG Screen

U.S. DEPARTMENT OF ENERGY

S0 T T T T T T I
===Yellow_YAG_Profile
g0l Gaussian Fit Il
7N 1. Current 100 mA
7O+ | - ;
2. Beam profile from
i \ YAG is a Gaussian
YAG screen
/
30 Y
. / s ‘
10F i | :
N
00. = 50 160 ISIU 260 2.50 PSE(’) 350 400 4%0 S(IJG 5%0 1;00
Yellow Electron Beamn Profile Measured via YAG Screen
B¢ T T T T T T T
| I _ 3. Current 100 mA.
[\ [T 4. Pinhole profile is
4 - Gaussian with a
Pinhole Detector flat top
8 5. Maybe caused by
2 fewer data points
. 6. Center depression
b /J ok in simulations
P = ! . \‘.4“ i i |
1] 10 20 30 40 50 60 70 i)
Pixals
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Electron beam — Orbit and Tune

0.006
0.005
0.004
0.003
0.002
0.001
0
-0.001
-0.002

-0.003

5e-06
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2e-06
le-06
0
-1e-06
-2e-06
-3e-06
-4e-06
-5e-06

-0.003

Modlel
Horizontal data

Vertical data

1. The first electron and
ion beam alignment by
moving electron beam;

-0.002 -0.001 0

Vertical Separation [m]

0.001

0.002

Yellow ion beam at
store

Vertical kick (from orbi

Modlel
Vertical data ——e—

Vertical kick strength
agree with model

-0.002 -0.001 0

Vertical Separation [m]

0.001

0.002
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Electron beam — Emittance Growth

1. Blue DC mode with ion beam:;

Beam Current (A)

1 18
0o 2. Emittance decreasing because
~V8g ; : 5 5 5 ing:

...- ....... BIueHonzontaIEmd'tance ................... ..................... EIectronBeamCurrent ........ 16 Of COOIIng,

08k ..=.: : : : : : :
f';l-“ l o 3. Increasing electron beam
07_ ................... ........... .. -' ................................................................................... Current (red);
Yellow V;ertical Emittan E

06F : : : E .. .

..................... U NERNA S X - .... 12 «E 4. No additional emittance

] 00000, %“ags £ rowth;
05 ; ; : o....::g 3 g

.................... ..................... ...................... .......... 10 £ )
04+ : 5 : | £5 Vacuum spike caused

¢ emittance growth;

0B 18
0.2 6. With stochastic cooling ;

............................................................................................................................................................... 6 ) )
0.1 - 7. With rebucketing;

i i i i i i i .
. 07 0.9 1.1 13 15 17 19 8. 1 hour=cooling or IBS growth
Time {Hours) time
¢ Onice of BROOKHFIAVEN
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Electron Beam — Beam-beam driven instabilities

g
5]
o

200

150

Solenoid current [A]

100

< 20
=
o 15
©
wn
Li7]
Lo
E 5
&
m 0
15
=
= 10
1h)
5
= 5
-

\

15T

solehoid field

20:00 20:30

21:00

21:30

loss rate and emittance

22:00 22:30

................................................................................................ 150

110

U

20:30

21:00

1A

ke 7 X

o)

electron current . v o

20:00 20:30

21:00

21:30

22:00 22:30

4 LI S - .
0 100 200 200 400

1. Last bunch only

2. Field from 3T to 1T;

Emittance [mm.mras

3. Beam s stable;

4. Will re-do it again.

courtesy of S. White
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RHIC electron lenses - Preparation for 2015

2015 — First proton run with electron lenses => compensation

sLarger cathodes (7.5 vs. 4.1 mm radius)

=> allows for matched beam size with high solenoid field
=> raises instability threshold
=> easier alignment

*Transverse damper
=> raises instability threshold

*New lattice, based on ATS optics (S. Fartoukh, CERN)

=> phase advance kp between p-p and p-e interactions
=> small nonlinear chromaticity
=> no depolarization

Office of BROOKHIVEN

‘d Science NATIONAL LABORATORY
8. DEPARTMENT OF ENERGY




Summary

1)

2)

3)

4)

S)

A minimum main solenoid field of 5 T with the completed magnet.

A maximum deviation of the main solenoid field lines from a straight line of
+50 um without correction at a main field of 4 T, and over a range of at least
+800 mm)

All instrumentation are commissioned. eBSD was used for beam-beam
alignment;

A Gaussian transverse beam profile as verified by the two installed profile
monitors (YAG screen and pin hole detector)

Both blue and yellow e-lens provided the electron beam for beam-beam
studies for several times.
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