igh IntensityPolarized Ton Sources

Anatoli Zelenski, BNL

e Polarized proton (deuteron) H(D-) sources.
e Polarized 3He*+ ion sources.
Summary.

EDM Collaboration meeting , March 13, 2017




Parity-violation experiment at TRIUMF in pp-scattering at 221 MeV

300 keV polarimeter

Spin-correlated beam intensity

D modulations: < 10
Polarization modulations: < 0.1%
e Energy modulations: <103 eV.
)u +/- ¥ - TRICZ
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OPPIS- polarized H-ion source; SOL- 1,2 —spin-precession solenoids; —

IPM- beam profilometers; PPM- scanning polarimeters; TRIC-1,2-
ionization chambers — beam current detectors.
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Pulsed OPPIS at TRIUMF, 1997-99.

Second generation.

Atomic H

Injector.

A pulsed H- ion current of a 10 mA was obtained in 1999.




Optically Pumped Polarized H- Ton Source
(OPPIS) at TRIUMF
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Beam current and polarization vs. Rb-vapor thickness




Strip-Injection of longitudinally polarized H- ion beam
intfo the p-EDM storage ring

Carbon stripping target

232.8 MeV H- beam \

..... b s f Protons

Ad~ r-r'\r?ntum

Longitudinally
polarized

- |

VECIOT

1.0 mA x 10 pus - 6 x 10*° x 10 =6 x10'° H- ions/pulse




Strip-Injection of longitudinally polarized H- ion beam

Carbon stripping target

\

-\
Momentumse
vector

LongitUdina”y pOIarized Spin .o’
232.8 MeV H- beam vecigt

47.5deg bending magnet

Flip the longitudinal pol.




Polarization facilities at RHIC

L. .. =16x1032s1lcm?2 50 < Vs<510 GeV

Absolute H-jet RHIC pC “CNI"
polarimeter \ / polarimeters
> é K3
g RHIC
PHENIX_
\ @ STAR
o Siberian Snakes

Spin Rotators
Pol. H- ion source

LINAC - AGS, 24GeV
s7+—— AGS pC “CNI"” polarimeter

200 MeV polarimeter
BOOSTER, 2.5 GeV




RHIC Polarized beam in Run 2013-15-17

OPPIS

\ 1.0-2.0 mA H ion beam, 300-500 us pulse duration

LINAC

\ (8.0-14.0) -10'! polarized H- /pulse at 200 MeV

Booster

(3.0-3.5) -10'! protons /pulse at 2.3 GeV

~

(2.5-3.0) -10%! p/bunch

AGS

Exquisite Contxol of Systamatics

~2.010" p/bunch, P~60-65% at 100 GeV ~~g
P ~ 58% at 255 GeV

It is expected, that use of Electron Lens — =

will allow increase of the bunch intensity e > -
~? 5.1011 ™R et L™

to ~2.5-10 p/bunch. ) e !

RHIC Spin & eRHIC at BNL



Rb-90deg, Booster input-9.3-101, 200 Mev-83.8%

AGS

|/ Summary |/ Target S5cans I/ Target Measurements I/ Emittance Measurements
-AGS

Target Targetl Orientation Vertical

Measurement Type

M Fixed Target

2 Profile By Sweep

Current Velocity O
Current Position 95000

Peak Position 105667
Count Rate o3 Status Ok
MNum Events SO0 0000 Events Done T63
Time To Run SO0 Elapsed Time 216

Polarization in AGS ~ 65-70 %

Polarization Measurement Result

65.49 + /- 2.07

2
» "rndf = 0.58
runiD: 61129
Jun 1, 2014 12:51:32 PM

Source Polarization: B3.78 +/- 1.07

Analysis

CNI Analysis |



Run 13 H-jet polarimeter, physics stores
< Yellow_Pol (eLens lattice) ¢ Blue_Pol (eLens lattice) ® OPPIS (from SetUp, krisch)

O Yellow_pol (Runl2 lattice) ® Blue_pol (Run12 lattice)
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Polarization measurements at 255 GeV
in H-jet polarimeter, Run-2013, April-25-30
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The RHIC OPPIS after upgrade (2011-12)with atomic
hydrogen IHJZCTOI" Comple’red for 2013 Run




SPIN -TRANSFER POLARIZATION IN PROTON-Rb COLLISIONS.

Laser-795 nm Na-jet ionizer cell:
Optical pumping NIL(Na)~ 3+1015 cm2

Rb: NL(Rb) ~10* cm
i —
Sor_la_l — R o H-
transition cell
B —
_________________ 1.5 kG field

ECR-29 GHz Superconducting Charge-exchange Electron to proton

Proton

source

— o o o el o o o o o

Laser beam is a powerfull primary source of angular momentum:

10 W (795 nm) = 410 hv/sec = 2 A, H*equivalent intensity.

Feasibility of Multi-ampere polarized beams.



New OPPIS with atomic H® injector layout

CP1 TMP1

Neutralizer

Atomic H He-ionizer Rb-cell Sona_ |
injector cell transition cell

H e HO - H* > HO e H




"Fast Atomic Beam Source”, BINP 2011

Plasmatron

4-grid proton
extraction system

~35A
equivalent
H° beam

N i [ﬂ:’mm}] : : I"'-"

H2 Neutralization cell

FABS produces 200-300 mA equivalent HO beam intensity
Within the Na-jet ionizer acceptance.




FABS 4-grid spherical Ion Optical System (IOS).

1820 holes ,5 cm in diameter 3-5 A of

- ——

- >

proton beam




Residual un-polarized H° beam component
suppression by the energy separation

HO +He — H* + He + e Deceleration

: ‘é Rb -cell

H(6.5 keV) . He-jonizer clel

...... beveeeem HH(700) ererersdbusbenseensaneseses HO(2,5KeV) snnnnannash
p HO(BO%).,;,EE ................................................ > H0(6.5 keV)

.
. /

4.1 KV 40KV | -41KV| 23KV +0.1kV




He-ionizer cell and three-grid energy separation system

| 3-grid beam
deceleration

~ | He-pulsed
valve

system




H- beam acceleration to 35 keV at the exit
of Na-jet ionizer cell.

/ i
| H ]
Q —_—
B BT LI WO B L —
- L. 35 keV/

Y2U 77724778

32kV  -28keV  -15keV

Na-jet cell is isolated and biased to — 32 keV. The H  beam is
accelerated in a two-stage acceleration system.




Sodium-jet ionizer cell.

increase up to 3.0 cm .

Transversal vapor flow in the N-jet cell.
Reduces sodium vapor losses for 3-4 orders
of magnitude, which allow the cell aperture

/

NL ~2-101> atoms/cm?
L ~ 2-3cm

Reservoir— operational
Nozzle — Tn ~500 °C.

Nozzle
500deg.C

Collector
~150 deg.C

Trap

- Reservoir
~500 deg.C

N D
I e

temperature. Tres. ~500 °C.

Collector- Na-vapor condensation: Tcoll.~120°C
Trap- return line. T ~ 120 — 180 °C.



Low Energy Beam Transport line.

Variable collimator
In DB2 to improve
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Polarized inj_»’ec’ror, 200 MeV Linac and HEBT

Polarization direction is
adjusted vertically in
the 750 keV beamline
by the solenoidal spin -

rotator.

BOOSTER

Q%
H— 7))
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Febr. 17, 2016. 750 uA polarized current out of the

_inac

Home: TDS 3[}123 Linac- Sources (130.199.111.122)

Tek Run | — ] Trig?

i AT 724dmV
j@r —728mV

Ch1| Zﬂﬂm‘-.e' E‘mCh2| Eﬂﬂm'\-’ M|1Uﬂp.5 A| E:{t s Eﬂﬂm‘u'
17 Feb 2016

W32.60 % | 18:03:02




Proton-Carbon Elastic

Scattering at 200 MeV.

«2C
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FIG. 1. Laboratory differential cross sections and

analyzing powers, as a function of laboratory scattering
angle, measured for 200 MeV polarized protons elasti-
cally scattered from '2C and ¥¥C.



Layout of the 200 MeV proton polarimeter, (2010)
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Absolute polarization measurements at 200MeV
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Detector and variable absorber setup
for 200 MeV proton beam.

Cu from 0 to 9mm
{step by 1mm)

Cu from 0 to 1mm
(step by 0.1mm)




Signhal amplitude distribution in the first detector

00

00

00

| Lo S E A T SO TN TN PR AN NS T SO S N |
0 1000 2000 3000 4000
Max. Amplitude [FADC cnts]




Signal amplitude distribution in the 2-nd detector
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Signal amplitude distribution in the 3-rd detector

Events / bin

; I
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Max. Amplitude [FADC cnts]




- CONTROL — Paoints Polarization Left Polar. Right Polar. Left Up Right Up Right Dowr [ —
All 6| 08563 + 0.0209| 08558 = 0.0281 | 0.8568 = 0.0309 49.3 & 4.3 1703 = 144 160.8 = 131 521 + 52 |
12° 4"‘|gmal ut 6| 08563 + 00209 08558 + 00281 | 08568 + 0.0309 493 £ 4.3 170.3 + 144 1608 + 131 521 + 52
L sTaTUS — ma Cut 6| 08563 + 0.0209| 08558 + 0.0281 | 0.8568 + 0.0303 493 £ 4.3 1703 + 144 160.8 + 13.1 521 + 52 ||
z  Cut 6| 08563 + 0.0209| 08558 + 0.0281 | 08568 + 0.0303 493 £ 4.3 1703 + 144 1608 + 131 521 + 52
E 1 Sigma Cut 6| 08563 + 0.0209| 08558 + 0.0261 | 0.8568 = 0.0309 493 £ 4.3 1703 = 144 160.8 + 131 521 = 52 ||U/D
-DATA—— - — _ . S
S Polarization Left Polar. Right Palar. Left Up Right Up Left Down Right Down
All 6| 08517 &+ 0.0181 | 08529 + 0.0169 | 0.8505 + 0.0321 0.55 + 0.14 7.32 + 057 6.51 + 0.79 063 + 0.33
106 My ¢ Sigma Cut 6| 08517 + 00181 | 08523 + 0.0163| 0.8505 + 0.03Z1 055 + 0.14 7.32 + 057 6.51 + 0.79 063 * 0.33
107 3 Sigma Cut 6,7 06517 = 81| 08529 + 0.0169| 0.8505 = 0.0321 0.55 + 0.14 7.32 + 057 6.51 + 0.79 063 = 0.33
108 Z Sigma Cut €| 08517 « 001p1| 08523 + 0.0169| 08505 + 0.0321 055 + 0.14 7.32 + 057 6.51 + 0.79 063 + 033
108 1 Sigma Cut BN_0.8517 * 81| 08529 + 0.0163| 08505 + 0.0321 055 + 0.14 7.32 + 057 651 + 0.79 063 + 033
110
111 RSN
112 \\
113 183 | 4 10 \ 1 729 0| 13385
114 36 | 153 0 776 1335 0| 10166] 1.010m 0.0566
115 135 | 44
e > Pol t t 200 MeV -85.2%
7 I8 3 O arization a e 0
118 48 | 179 2
119 156 | 51 5 _ 0 755 0| 1338
120 44 | 157 0 8 771 1335 0| 08634 1.010 0.0191
121 159 45 5 0 736 0| 1335|
- SETUP BNALYSIS
12° Analyzing power I.BZ 2 12e Min. count (LU, RD = Moving average Istack =
SIS = LI = g = REFRESH | HISTOGRAMS | TIMECHARTS
16° Analyzing power Il!.99 S 12 Min. count (LD, RU) |99 3 Awveraging interval I‘IEI =]
_ — — ANALYZE | PULSE COUNTS | BEAM ENERGY
/D Analyzing power |.55 ;j Energy ave. interval |1Il =
-RESULTS
Comment |
122 Left Amm events (U, D) | 2966 - 7 | 9664-15 | 49.4-01 | 161.1-0.2 47.8- 0.1 157.8-0.3
12° Right Arm events (U, D) Totals | 10229 - 12 | 3135-7 Averages | 170.5-0.2 | 52.2-0.1 Moving ave. 159.4- 0.4 49.9-0.2
12 POLARIZATION (P, dP) | 0.8563 | 0.0085 | 0.8576 | 0.0092 0.8539 0.0213
16° Left Arm events (U, D) | 35-0 | 406 - 3 | 058-0.00 | 6.77-0.05 0.60 - 0.00 6.40 - 0.20
16° Right Arm events (U, D) Totals | 45 -1 | 38-0 Averages | 7.42-0.02 | 0.63-0.00 Moving ave. 6.20 - 0.00 0.60 - 0.00
16° POLARIZATION (P, dP) | 0.8498 | 0.0180 | [ ' 0.8318 0.0491




Polarization stability ~12 hrs, April 19
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Polarimetry at RHIC

Lamb-shift polarimeter at the source energy.
Absolute 200 MeV polarimeter after the Linac.
P-Carbon CNI polarimeters in AGS and RHIC
Absolute H-jet polarimeter in RHIC.




Polarized proton beams in high-energy
accelerators and colliders

High intensity polarized negative H-, D- sources.

Optically Pumped Polarized lon Source (OPPIS)
for RHIC and Atomic Beam Source (ABS) with
charge exchange ionizer at COSY, IUCF and
NICA (Dubna).

Charge-exchange (strip) injection.

Equal (maximum possible) intensity of polarized
and un-polarized beams in RHIC and COSY.




ABS: colliding beam ionizer and nearly
resonant charge-exchange

Direct conversion of polarized atoms into polarized negative ions:
(Haeberli, 1968)

* Colliding beam ionizer:
HT +Cs°= H-T + Cs*
(conversion efficiency ~ 5-1073)
50 uA pulsed H-T beam ( R. Gebel et. al. , COSY)

* Resonant charge-exchange plasma ionizer:
HT + D= HT + DO
(conversion efficiency ~ 0,12)
4 mA of pulsed H'T (Belov et. al., INR RAS)

34




: M) J0LICH
COSY‘s Polarized lon Source
R.Gebel

Cs lonizer Deflection Atomic Beam Source

Neutralizer Charge Exchange Dissociator
Quad. Triplet ‘ l A

By | W AR AR L= N = — W > s Il
i i L 1T PN FANRNPR T | I —r—— + [EEE< O

= .
Scanner  EI Lens Gupf Vlewer Scanner
==

RF discharge

‘ Wienfilter

El. Len 5 1 Steerer

Cup/ ViEWEI‘:l-—_'*;

Charge exchange reaction

H°(D?) + Cs® — H(D") + Cs*

Ref.: Haeberli , NIM 62(1968)
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INR RAS source of polarized H-ions

HT +D- = HT +DO

_" EXTRACTION
Peak H-ion current - 4 mA ELECTRODES
- - MAGNETS
Polarization ~ 0.9 MisSHEATIR ANALYSIG
SKIMMER MAGHET plasma

charge—exchange
rgglon DEUTERIUM
LASMA SOURCE

Unpolarized D~ ion current Na \
60 mA (~20 mA/cm?) He— Sl 4

|
=<

b
=1y
== |t

=

—

|
Pulse duration (FWHM) — T [

- 3500 |/s TUREBO-
170 N l l TWOSTAGE  MOLECULAR PUMP
u\- 3500 /s TURBO- 2x4000 /s 4000 s CONVERTER
MOLECULAR PUMP ION PUMPS 10N PUMP
Rep. Rate 5 Hz MASS WEAK FIELD
p- SPECTROMETER RF TRANSITION UNIT

(Belov et. al, 2007)

Belov, SPIN2012, Dubna



Plasma generator for resonant charge-exchange ionizer

Magnet for Section of the
transversal ionizer solenoid
magnetic field [T Y
—
Neutralizer —=8 =
cone | \
Plasma [H? i High-voltage
GGos  source coil ™ § B Fscreen
valve ﬁﬂ— N
% — ) D+, D-, e
. Blocker of plasma
) electrons
Arc-discharge
plasma
source

Cylinder of the é
surface-plasma Cs oven =
converter

In order to produce polarized negative hydrogen ions it was necessary to have
deuterium plasma consisting mainly from D* and D ions because slow polarized H-
ions can be easily destroyed in collisions with plasma electrons.

Plasma injector producing deuterium plasma enriched by D-ions with
surface-plasma converter has been developed at INR.




CIPIOS polarized H- ion source with INR plasma ionizer at TUCF

oOoo0oo0oco0oO0

Resonant Charge Exchange lonizer

CIPIOS - CIS
Injection Layout

90° Vertical Magnetic Bend
Followed By 90° Transverse
Electrostatic Bend

Beam Properties

Pulsed @ 1Hz to 4Hz

25 keV Beam Energy
Polarized H orD™

Nominal polarization >80%
~ 1.5 mA (peak) from source
225 mA (peak) unpolarized
available

pin Rotation Solenoid




NICA- accelerator —collider complex at JINR, Dubna

BM@N (Detector) S SPD
Extracted beam (Detector) |

-2
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' : |

Nuclotron



The polarized ions source for NICA accelerator complex

Figure 6: Source of Polarized Ions mounted on the HV
terminal and RFQ connected to the LU-20

In October-November 2016 Run, D* beam current of 1.7-2.0 mA was
produced and accelerated In Nuclotron. D polarization ~75-90% of
maximum value.




cold head

-jet polarimeter -
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1800 H-jet target intensity
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EBIS upgrade with new "injector” solenoid for
polarized 3He** ion production.

BNL-MIT collaboration

Optical pumping in Polarization and ionization in high magnetic field
High magnetic field will produce 3He** ion beam with P > 80%
50T 50T
\New Existing EBIS
] He3 Cell Ion .
. :* : [ : . CO]];E—;tor cceleration
Gun
m Solen()ld
Up to 2x101!
lonization to 3He** 3He™
ions/pulse




RHIC's Electron Beam lon Source

e 5T Solenoid B Field; 1.5m lon Trap
e 20 keV electrons up to 10 A, 575 A /cm? Current Density
e Any species, switch between species in 1 sec




Summary

e The present high intensity OPPIS and ABS sources
provide required beam intensity for present and future
pp, and ep Colliders.

e Accelerated to energy 233 MeV polarized H ion beam is
an ideal injector for Proton-EDM storage ring.

e|n the future RHIC, eRHIC will require high-intensity 3He**
ion beams. The high intensity 3He** ion source on the
basis of new EBIS injector is under development at RHIC.




