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INntroduction

p-Ring
Electron ion collider in China

( e-injector )
.

Polarized
lon Sources

Unpolarized Polarized

iLinac

» Spin is an intrinsic property of particles

» Polarized particle beams (targets) utilize the
degree of freedom of spin

> Investigating the important role of spin in
nuclear structure and interactions

» Testing parity and time reversal symmetry 1990/2000s
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Status of SPIS at IMP 4D > 1 4

& D'MH D T HH

Spin Polarized lon Source at IMP

Plasma Source

» Start from 2020.06

Storage Cell

Diagnosis Chamber

> Design Goals
* Polarized H*/D*

* Intensity: > 1 mA
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XX WFT )
22X SFT  Einzel lens

>~ Sextupoles Wien Filter

r ,, " MFT b | " | ;
N AP eceleration lens
g ‘ Sextupoles

* Polarization: > 80%

* 2-5Hz, > 100 ps

Cooled copper clip Sodium oven” ="
_ Dissociator Spin filter
 Solenoid Valve Metastable . %
atom detection
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Status of SPIS at IMP

»> Sextupole magnets:
* focus the atoms m; = 1/2; defocus others m;=-1/2
* Electron spin polarized atomic beam

Sextupzle Magnets
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Sextupole Magnets
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» Medium (Strong, Weak) Field Transition
* Transfer the polarization from electron to nucleus
* Nuclear spin polarized atomic beam
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Polarized Atomic Beam Source - Principle
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StatUS Of SP‘S at H\/l P Polarized Atomic Beam Source - Design

* Atoms with m; = 1/2 are focused by sextupole magnets

r/mm
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Status of SPIS at IMP

Polarized Atomic Beam Source — Polarized Mode

* Switching on one or two transitions, vector and
tensor polarized atomic beams can be obtained.

<> HIAE

1 2 . 3 4 5 6 7 8 9 10 11
Polarization mode
H D
1+2+3+4 Atomic beam state 1+2+3+4+5+6
1+2 After the 1st sextupole 1+2+3
- - Transition in MFT - 1(=)4 1(=)4 3(@)4 3[#])4 3[#]4 1(=)4 - -
1+2 1+2 Statse after MFT 1+2+3 2+3+4 2+3+4 1+2+4 1+2+4 1+2+4 2+3+4 1+2+3 1+2+3
- - After the 2ed sextupole | 1+2+3 2+3 2+3 1+2 1+2 1+2 2+3 1+2+3 1+2+3
2[#)a - Transition in SFT - 2[#]6 3(@)5 2[#]6 - - 2[#)6 ()5
1+4 1+2 States after SFT 1+2+3 3+6 2+5 1+6 1+2 1+2 2+3 1+3+6 1+2+5
1(=)4
- 1(#])3 Transition in WFT fd - - - fd - - 3[@)2 -
2(#)3 CE:
6(#])5
1+4 2+3 States after WFT 2+3+4 3+6 2+5 1+6 3+4 1+2 2+3 2+4+5 1+2+5
1+4 2+3 Final states In 1onizer 2+3+4 3+6 2+5 1+6 3+4 1+2 2+3 2+4+5 1+2+5
1 -1 Vector polanzation - 2/3 0 0 1 -1 1/2 - 1/2 - 1/3 1/3
- - Tensor polarnzationz 0 1 -2 1 1 - 1/2 - 1/2 -1 -1
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—— RF-OFF
—— RF-ON
— Atom Flux

Status of SPIS at IMP

Polarized Atomic Beam Source — Pretest

* Monitor the ion collector current of an ionization gauge

Atom Flux (s™1)
n
1

1.0 1
* The atom flux injected into ionizer was about 3 x 1016 /s 0s -
* Low level, potential to reach 1~2 x 1017 /s -
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StatUS Of S P‘S at ‘ M P Polarized Atomic Beam Source — photos
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Status of SPIS at IMP

* Arc source produces
plasma jet with high
density

e Storage cell to
increase the density
of polarized atoms

* Strong magnetic field
(> B.) avoid
depolarization during

the charge exchange

Plasma loni

H° T+D" 5> H T +D°

zer - Principle High-efficiency

Quasi-resonant

charge exchange

O'z5><10'15cm2@2ED+ ~ 10eV e o e s

Polarized

Atomic Bea

Magnet

Dipole ||

Biy =50.7mT,B;} = 11.7 mT,

Polarized
lon Beam

P18,

— Beam Storage d%ﬂ;%;—E
Extraction Cell\ Solenoi T

242

HV pulsed
25 kv
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StatUS Of S P‘S at H\/I P Plasma lonizer — Plasma Generator

Soft Iron —. 37.3 mbar-L-S%, 200 us
Gas Inj.
i Washers ) ¢
Coi : ’ | T 25 kV, 500 us
Isolator Ui ground | V: - \
y \ groun |
«Jl s ! l : : t
0 | T I R—
....... L la_ground i 1 7 \ 500 mA, 150 us
i Lo _J Lot \
[ s i T t
- Ugc i LN 6 kV
Reiiiid | ~ Solendid Valve | Lo ‘
) Eie——Yg Ignition electrode (C) i 1 1) 300V
‘ u ! | I ¥ammeme 80 V
Cathode (B) s i : || \ t
1 T T 1
Anode (A) Iag| | I —\300A,150us
Cooling water tl _ tl'— —i—: £ \ t
o 2 *3
* Pulsed gas injection (200 us)
« Ignition with a HV spark
» Arc discharge (300 A) at the narrow washer canal (ID ~ 7mm)
* Instantaneous power 25 kW
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Status of SPIS at IMP  Plasma lonizer

* Strong B-Field: avoid depolarization, confine plasma jet

* Beam extraction system for intense ion beam

lonization Region & Beam Extraction

coil 3-3
coil 3-1
coil 3-2 ../

Total .-~ ’

) Storage Cell ’

300
Inverse Coil Main Coils
S - ® e
200 -
2 100 -
2
0  TEEES
—100 A
—~100

GE SE (Grid)  PE (Grid

0 100 200 300 400

Position (mm)

* Tungsten wire 0.1 mm
* Period 2.0 mm
* Transparency 90%

12/37



Status of SPIS at IMP

RTB2004; 1333.1005K04; 204795 (02.400 2021-11-18)
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* High-density plasma generation
and confinement

* High-intensity ion beam extraction
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Beam current (mA)

100+ Arc current 250 A S
m Arc current 300 A
Arc current 350 A %
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High voltage (kV)

Optimized beam current as a
function of extracted HV
obeys the Child-Langmuir law

Extraction system works in
space charge limited mode

Beam current (mA)

Plasma lonizer — Pretest
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Beam composition analysis
by scanning dipole magnet
excitation current

Proton/deuteron fraction 90%
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StatUS Of SP‘S at H\/lP Plasma lonizer — Photos

Storage Cell

Plasma Generator

<
Dipole Magnet

Plasma Generator
Assembly

HV Shielding =~
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StatUS Of S P‘S at ‘ M P Lamb Shift Polarimeter — Principle

HV
Einzel Lens Wien Filter Deceleration  Na Oven Spin Filter
. Lens | L et
% Measure polarization |
uickly and precisel ' LR N | inl =
=1 filp R ?
=| il - | o !E&LOO el
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* Directed measurement " | |
downstream of SPIS J

* No need for further

_ . Metastable
acceleration Polarized : . Polarized
Rotation of Spin .
* Immunity to mixed H,* lon Beam Orientation Atomic Beam
: YK 2 MHY JH? : MH(2S).
in polarization Transformation A TTFIY

measurement for D* Efficiency: 4% " Efficiency: 10%

* More sensitive and Detection
fficiency: 0.05%

: N Transport Efficiency
intuitive & . for a atoms: 50%
Metastable atoms Metastable - 1 H(2S).
detector Ground - |, H(1S) <;:|
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Status of SPIS at IMP

‘33":5 —
q/ - "S;I
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Wien Filter

Decelerate Lens

'

Na Oven

X (mm)
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Lamb Shift Polarimeter — LEBT

40

Dipole Einzel Wien  Deceleration Na Spin PMT
Magnet Lens Filter Lens Oven Filter Window
—— < A ™~ 7 A N M A —~ Yy
I
[ ]

1000

Position (mm)

1500

» Align spin direction with beam axis
> Decelerate ions from 20 to 2 keV

> Inevitable space charge effect
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C: Steady-State Thermal

Status Of SP‘S at H\/l P sz Thermal Simulation

Unit; °C
Time: 1s

Lamb Shift Polarimeter — Sodium Oven

252.39 Max
227.35
202.31
177.27
mm 152.23
127.19
102.15
77.107
52.067
27.027 Min

> Yields of the metastable atom is sensitive to thickness

of sodium atoms (2 x 1014 cm?)

» Low temperature inlet and outlet restrict excessive

diffusion of sodium atoms

Evaporation Simulation
2.5% A 16
10 _: E - =, - '
rm E PR .
) 0% S ~. .
B 207 T 1017 o RO g— N
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Sodium Oven Temperature (°C) ' ' ' ' ' !
& ¢ 0 o0 100 150 200 250 17/37
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Status of SPIS at IMP
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HFJZeeman state
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Status of SPIS at IMP

Assembly

fyand Q measurement with

Vector Network Analyzer
i

Trcb 511 dBMag 6 dB/Ref4dB Cal Off  Trc7 521 dB Mag 10 dB/ Ref 0 dB Cal Off 1
M1 1.609500 GHz -42.4542 dB
Bandpass Reflto Max Track
Bandwidth 590.799000 kHz
L L e e e et e e e e e 7, 1 e e | 1509258 -Gz
Lower Edge 1.609202 GHz

Upper Edge 1.609793 GHz

Quality Factor (3dB) 2.724 kU
Loss 2753

M1 1.609500 GHz -20.3793 dB
M2 1.609202 GHz -23.3793 dB
M3 1.609793-GHz -23.3793 dB
*M4 1.609498 GHz -20.3799 dB

f, =1609.5 MHz
Q, = 2724

Ch3 Center 1.61 GHz Pwr 3 dBm Bw 1 kHz Span 50 MHz

Lamb Shift Polarimeter — Spin Filter - Cavity

Measured £, field distribution
with a perturbed ball

Normalized F, ¢

—— Simulated

*® I Measured
L L

I ! I I I
—100 -0 0 o0 100
Position (mm)
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StatUS Of S P‘S at ‘ M P Lamb Shift Polarimeter — Pretest

* Lyman spectrums measured with unpolarized H*/D* beams (DC)

RTB2004; 1333.1005K04; 203872 (02.400 2021-11-18) RTB2004; 1333.1005K04; 203872 (02.400 2021-11-18)
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StatUS Of SP‘S at H\/l P Lamb Shift Polarimeter — Photos

PMT for EUV
photon

Spin Filter
RF Cavity

I Spin Filter
N Solenoid

22/37
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Status of SPIS at IMP

Beam test — Intensity

Polarized proton operation

Polarized deuteron operation

Operation mode Ht mA H* mA Dt mA DT mA H} mA H* mA
Free atomic beam 0.3 1.5 140 0.3 9.0 160
With storage cell 1.0 1.3 70 1.0 1.3 100
1.0
—— ABRS OFF —— ABS OFF L1 0
—-— ABS ON - 0.8 ’<E‘ —:= ABS ON ;—:\
2 -==Pol. HT beam g ;? -== Pol. D" beam [ (.8 é
g 06 2 B =
= H1H 5 s '+ 1D (06 ¢
o | Se] avi
2 oty 3 N 1 P04 &
= T g
HO - (0.2 BT - 0.2 —=
o) Q
oy \ a
- 00 = and g \A\oooommmmmmmmm e - 0.0
0 500 1000 500 1000
Time (s) Time (s)

Intensity of H* and D*
up to 1 mA (6 x 10! ppp)

Flux of H® and D° is
about 3 x 1016 /s
lonization efficiency 20%

Sixfold increase in
atom flux and ion
beam intensity
within 1-2 years
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StatUS Of SP‘S at H\/I P Beam test — Polarization

1.8
1.2 4 @ Background @ Background
Bg + Pol. beam 1.6 - n Bg 4+ Pol. beam
— F'it Background n — Fit Background
;:\ 1.0 4 —Fit Bg + Pol. beam ;\ 1.4 4 — Fit Bg + Pol. beam
® o
= — P. = 0.547 + 0.007
£ 0.8 1 = 1.2 7 P.. = 0.056 £ 0.009
&0 P, = —0.729 £+ 0.021 Eo
2 7n 1.0
2 0.6 - & ”
% 2 0.8 1
' @
% |
g 5 0.6 -
S g
=
— 0.4
024 ‘
T T T T T " . . ofle .
92.5 595.0 57.5 60.0 62.5 T T T T T T

Magnetic Field (mT) 52 o4 o6 o8 60 62
=0 Magnetic Field (mT)
e H i7ati 0 . — .
beam polarization 73% s « Vector polarized D* beam polarization 82%
* inati H . .
Contamination of background « Mixed H; has no effect on polarization

measurement of Dt beam

« Sixfold in H® and H* flux --> overall * Mixed HJ can be swept out before

&1 polarization 63% injection to synchrotron
Q&? HIAF> 24/37

« Overall H* beam polarization 38%




StatUS Of SP‘S at H\/I P Beam test — Polarization

Measured Polarization V. S. B-Field of Sodium Oven Measured Polarization V. S. B-Field of Wien Filter

0.3 1
§ — Fitting Curve o L

! Measured Points

S

w

<
]

o
[\
]

&
—_
|

0.25

= Hitting Curve
i Measured Points

=

DD

o
]

Fitted equation:
P =Pz x (14+0)/(24 Pz + (1 —19))

Measured proton polarization P[*°%®
Measured proton polarization P,
o
o
1

0.15 A d=x/vV1+ 2% == B/B. 024 W& P = Pz cos(klwien + 60)
Fitted result: Pz = 0.300 Pz = 0.256, k = 0.055, 00 = 2.724
T T T T T T —0.3 T T T T T T
0 100 200 300 400 500 0 20 40 60 80 100
Sodium Oven B-Field (G) Lyien (A)

Lamb Shift Polarimeter: stable and reliable
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Acceleration of polarized ions with HIAF

> Spin-polarized experiments at HIAF lon  Energy Intensity
species (GeV/u) (PpPP)

v Polarized Internal target Boxing's talk, session 2

13
* External station with polarized beams ? P I LSl
e d 4.2
T2 3He?* 5.9
: SRing: Spectrometer ring I Polarized ion production I
p C:278m
s Bp: 15Tm I Polarization preservation I
ol
% .. BRing: Booster rin nalinac —
llrgﬁﬁ' C: 5699 m ’ iLinac Supercondu““ 9 IPoIarlzatlon measurement I

Bp:34Tm
E: 9.3 GeV p, 2
| © 6.0x10"2 ppp (p) gy,
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Acceleration of polarized ions with HIAF

Polarized proton - Production 1t H*, 1 D*
4 48 MeV/u 1D*

@ >50 MeV/u tH*
HWRO015

SPIS (H,*, D*)

QWRO007

Stripping Foil

Agsf“'“ R. Engels, PSTP
RFQ: 0.8 MeV/u e g [C12017
HCI ECRISs —
Current RFQ only ey LHe fank |
. i é“;;q;‘m"u_ Cell coolin ———
> Polarized H,* source & aﬁfﬁlﬁ:?;ef gar;lcles [/1 | — - T ol
Stripper maybe feasible < =] T
panels
Cha”enge!” Ssir;:ecﬂon Cell C-film  Ionoptics
No existing polarized H." ion source | Ak ml

Serious depolarization even with low energy
C{;@D HIAF> 27/37
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Acceleration of polarized ions with HIAF

Polarized proton - Preservation
G=179

Vspin = Gy V

* Imperfection resonance
Vspin = N (integer)

driven by magnet errors and misalignments

* Intrinsic Resonance
Vspin = NP T vy,

driven by focusing fields, P = 3, v,= 9.43 for

BRing

9.3 GeV maximum energy of BRing-N
27 1ntrinsic res.

18/9 Tmm -mrad

|4 imperfect res.
2 GeV for DC electron cooling

8 Intrinsic res.
74/37 tmm -mrad
4 imperfect res.

iLiI’laC Polarized lon
Source

)

polarization
(@)
1
N
-

e
o
o~

-1 -

20 25 30 35 40 45 5.0

v
u

> HIAE
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Acceleration of polarized 1ons with HIAF

Polarized proton — Preservation (0.2 — 2.0 GeV)

* A constant field solenoid snake makes enough spin tune gap for avoiding

depolarization resonance [M.X. Li, NIMA, 2022]

snake
snake

rength:0.00
ength:14.1

k

= 1.00
o

Polarizati

Spin tune
o
N

0.95;

0.901

5

©
I

—— EREETES

3.8 3.9 4.0 4.1 4.2

4.8 4.9 5.0 51 5.2

* To higher energy (9.23 GeV), a helical snake (strength 30%) is a feasible option.
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Acceleration of polarized ions with HIAF

Polarized deuteron — Preservation

* Development of tensor-polarized transport matrices
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Acceleration of polarized 1ons with HIAF

Polarized deuteron — Preservation G = -0.14, 4.21 GeV/u

Within the HIAF energy range, the losses of vector and tensor
polarizations of deuteron beams are negligible.
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Acceleration of polarized 1ons with HIAF

Polarized 3He** - Production No existing intense polarized 3He** ion source

[ Superconducting solenoid-1 3 3 +
[A. Zelenski, NIMA, 2023] e+ He— "He +2e

/Superconducting solenoid-2-, <
r Electron Gun \ Electron collector, RFQ accelerator-
f 1

e+ He' = He' +2e

B.for°He*: 031 T

Optically-pumped 3He cell , .f’f}- *’I ) B-Fleld Of lonizer >~ Bc

* Gun Coil Transition region / Collector Coil .~

Accelerating tl:l]'l'.! LEBT/ ¢ P0|al‘lze 3He |n'S|tu

High-field MEOP Pprof. Li's Talk (Session 6)

Polarized 3He** source based on extend EBIS is under development at BNL
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Acceleration of polarized ions with HIAF

Polarized 3He** - Production

Other possible solution: resonant charge exchange

A.S. Belov, NIMA, 1998 SOURCE OF 3 477 ++ 3,7 4+ 4
[ ] POLARIZED He+ *He' — He'™ +*He
b a " THERMAL
He He ATOMS 4 16 cm?
{(UNPOLARIZED) ° 4x 107 cm @ 50 eV
ION 3--0
SOURCE He l B=1kG ANALYSING
\ | / / MAGNET
*He™ / *He™ | |
- — — —_— I I ———
J/7 3;3‘“. ,
COOLED f \ }
STORAGE EXTRACTION |
VELL ELECTRODES } “He™

* No occurrence of 3He*, no requirement for a strong B-Field

* Intense *He** with low energy (=50 eV) (Challenging)
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Acceleration of polarized ions with HIAF

Polarized 3He** - Production Other possible solution: ECR ionizer

» Depolarization
3He Polarizer ECR lonizer

M. Tanaka, NIMA, 2004

Polarization 0.5 Mirror Col
SR

* Insufficient B-field

* Electron spin reverse

Polarization 0.2
o0 000 0 0 ¢ ..’ 3He++

P~1 torr P~10-° torr
Hz~1 mT Hz~05T
dHx/dx/Hz~

dHx/dx/Hz~104

* Development of ECR ionizer and 3He optical pumping in these years

* Polarized 3He** source based on ECR ionizer is worth considering

(%}{? (-_/QiAE{ 34/37



Acceleration of polarized ions with HIAF

Polarized 3He** - Preservation G = -4.18, 5.89 GeV/u

* The G-factor of 3He™" is greater than
that of the proton

* Depolarization is more severe * With a helical Siberian snake (strength 40%)
1.00- — 1.001
0.75 - ]
5 P 0.98
g% £ 0.96
5 5
o 0.25- =
- ~ 0.94
£ 0.00- 5
> 2 0.92
—0.25 1
0.90°
—0.50
30 -25 -20 -I5 -10 -5 30 25 20 15 10 5
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summary

Status of SPIS at IMP Polarized 1on acceleration with HAIF

» Polarized proton, 9.23 GeV, 6 x 102 ppp
O Existing RFQ cannot acc. H
O A polarized H,* ion source or another RFQ

AN

Vector (and tensor) polarized
proton (deuteron) beams

Intensity 1 mA (6E11 ppp)
Polarization 80% >
Repetition 2-5 Hz

Future, Sixfold increase in
beam intensity by optimizing
the polarized atom-beam flux

[ Helical Siberian snake (strength-30%) for polarization
preservation

Polarized deuteron, 4.21 GeV/u, ~2 x 102 ppp

v' Feed HIAF-BRing with polarized deuteron from SPIS
v No depolarization within the HIAF energy range
> Polarized 3He**, 5.89 GeV/u, ~2 x 102 ppp

O Intense polarized 3He** is being discussed

[ Helical Siberian snake (strength-40%)

O < X X

c%»}{? HIAF> 36/37



QOutlook

Polarized 1on acceleration with HAIF

> Polarized deuteron acceleration A

basic requirements have been met
> Polarized proton acceleration A A

a new RFQ (easy) OR a polarized H,* source (challenging) & a Siberian snake (moderate)
> Polarized 3He** acceleration A A A

a new RFQ (easy) & a polarized 3He** source (challenging) & a Siberian snake (moderate)

What is most important is the physics that can support all these
developments for HIAF. We need good physics.
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Acceleration of polarized ions with HIAF

Polarized proton — Preservation (0.2 — 2.0 GeV)
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* Both constant strength and constant field solenoidal snakes can control the depolarization less than 10%

HIAF-BRing works with a fast-ramping rate = Constant-strength snake: field ramping rate 29 T/s
c_{%? HIAF> 40/37
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To realize polarized 1on beams
acceleration with HIAF

Polarized 1on beam team
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