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Outline

* Polarized *He and nucleon spin structures

* Optical pumping techniques for polarized 3He gas
* Spin exchange optical pumping (SEOP)
* Metastability exchange optical pumping (MEOP)
 Polarized 3He in high magnetic fields using MEOP

* BNL-MIT for EIC polarized 3He** beam
* JLab-MIT for CLAS12 polarized 3He target

* Summary
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The Spin of the Nucleon Remains Puzzling

Proton spin crisis since the EMC experiment Spin decomposition
in 1980’s

One of the major tasks of hadronic physics
studies is to understand the nucleon spin
structures
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» Requires polarized nucleon targets/beams
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Nucleon Polarization
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Polarized 3He: Effective Polarized Neutron

* 3He nucleus: S state ~90%

* 2 proton spins anti-parallel
* nucleus spin carried by the neutron

S

~90%

* Polarized 3He for lepton scattering experiments

SJ

~1.5% ~8%

Two optical pumping

techniques to polarize 3He
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Spin Exchange Optical Pumping (SEOP)

* Optically pump alkali-metal atoms in

3 : Bouchiat, Carver, and Varnum, PRL 5, 373 (1960)
He gas mixture

* Spin exchange between alkali electrons Collision Mixing
and 3He nuclei /—-

* Need oven (~475 K) 7 = 4

* Pro: large pressurerange (1to 13 bar) 5Py ——

* Con: low pumping rate B 795 nm

Application: :>
v' MIT-Bates
v TRIUMF

v SLAC e5 .4
v TUNL o512 4
v’ JLab HallA/C Eéfa;;;on

* 13 experiments for 6 GeV
* 7 experiments approved for 12 GeV
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Polarimetry Methods for SEOP

Helmbholtz Coils 21 G

* Nuclear Magnetic Resonance

»Adiabatic fast passage RE Coils
* transverse RF signal with swept frequency
» 3He spin flipped at Larmar frequency | rl 17
* pick up the spin precessing signal ' N\ _!ﬂ‘?

» Free induction decay
* transverse RF pulse at Larmar frequency
» 3He spin tilted by a small angle
* measure the transverse relaxation time of FID

* Electron Paramagnetic Resonance

T.R. Gentile et al., Rev. Modern Phys. 89, 045004 (2017)
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Polarized 3He Targets at JLab Hall A

gﬂlgéisﬂng A - Three Opto-power Downstream Beam Pip
P I~ ?. 30 W Diode Lasers
) | tuned to 795 nm
A | Collimating Lens

Diode %

EPR Coil o Collimating Lens

- CEBAF Beam
Pick Up Coils

E—

RF - Drive Coil

Main Holding Coil

3” Pumping
Chamber

3He nuclear polarization: 40-50%

25 G Holding Field

[t

J. Alcorn et al., Nucl. Instr. and Meth. A 522, 294 (2004)
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Metastability Exchange Optical Pumping (MEOP)

* Optical pumping of metastable-state Colegrove, Schearer, Walters, PRL 132, 2561 (1963)
(2381) SHe 23P " mp=-3/2 -1/2 1/2 3/2
» Spin transferred to ground-state 3He 0 ¢ f ;‘ }4%
nuclei via metastability exchange CP Laser 1083 nm | /i [ /i Equal
collision and hyperfine coupling | | ./ i [ /i Probability
+ Cx| |C9 o/ ;‘;" !/ ;‘?-‘ Decay
* Room temperature I I / rad
: : [/
* Pro: high pumping rate 235 {—'—I— 1/2 ,’ /,
/
* Con: limited pressure range (~1 mbar) 1 I 3/2 - L
RF Excitation (~1 ppm) ‘ _
i Metastablity
Applications: | ] XEXChange
v MIT-Bates (external target, cryogenic target cell) 1 SO F=1/2 12 12

v HERMES (internal target, cryogenic storage cell)

v MAMI (external target, piston compression)

O JLab CLAS12 (external targetin high field, cryogenic, under development)
L RHIC EIC (polarized ion source in high field, under development)
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Polarimetry Method for MEOP 50 rognercote [
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* Measure the degree of circular polarization of the . ek c £ 5
. . . o E
668 nm discharge light emitted by the k 5 g X =
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| o ® 20
* Obtain the electron polarization P ' =
I‘ em - - =
* Nuclear polarization P, determined by applying -7
. . -me’te‘:
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Polarized 3He for MIT-Bates 88-02 Experiment

LIGHT FROM LASER

0] * Double-cell design

1.083 um

TURBO PUMP

/FLexlaLE COUPLING * Pumping cell: room temperature, 2 mbar
BARATRON
L = * Target cell: 17 K, 2 mbar
- T 70| /4| 200 kHz OSCILLATOR
[ o AT 77 - I rj_#-’/ 2
3%1e GAS - 7%:]77; EPOXY
b L5 BYPASS VALVE [ i
FARADAY CUP+ Y - TEMPERATURE SENSITIVE
) IV ) — " RESISTOR
<— PROTON BEAM
N
2.5 um COPPER FOIL/ P /FLEXIBLE COPPER BRAID
— 8} Q o] /

COLD FINGER ATTAGHMENT—" | J U

Fig. 3. The target apparatus of the double cell prototype.

T~ TARGET CHAMBER

R.G. Milner et al., Nucl. Instr. and Meth. A 274, 56 (1989)
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Polarized 3He for MIT-Bates 88-02 Experiment

Pumping cell (Pyrex)

* Double-cell design
* Pumping cell: room temperature, 2 mbar
< gas inlet valve * Target cell: 17 K, 2 mbar

’ .:.:,;, Y P l 1 t f3H
Y 7 oranmetry or=re |
* Polarization measured from pumping cell

| € transfer tube (Pyrex)
; * Wellinferred for target cell
Target cell (copper)

Gy € temperature  sensor

T dP,(t) _  P(t) | P(t) = P(t)
i HEthE - 1, = = +
Pumping cel dt T tp
T dP(t) _ _ Pdt) | Polt) = Bt
=——L Transfer Tube dt Tt ts
braid block _ —t /Ts —t /Tl
Target Cell [ ] Pp(t) = 4,¢€ + a;€

to refrigerator
C.E. Jones etal., Phys. Rev. C 47 (1993) 110-130
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Polarized 3He for MIT-Bates 88-02 Experiment

Pumping cell (Pyrex)

Double-cell design

* Pumping cell: room temperature, 2 mbar
o gas inlet valve * Target cell: 17 K, 2 mbar

: . 3
///// L Polarimetry of °He

% /
e aded e Y e whe @y * Polarization measured from pumping cell
g  Wellinferred for target cell
Taget: ool opper] | * Target performance:
"” & temperature  sensor

 Up to~40% in-beam polarization
* 102to 1X103seconds relaxation time

braid block

to refrigerator
C.E. Jones etal., Phys. Rev. C 47 (1993) 110-130

FEE (LEXFE) —ENFRAVIETITS | ZMKF | 2024.12.28 12



Path to Polarized 3He in High Magnetic Field

 Historically, 3He could not be polarized in 1.0 \
high field... ] o§° : .,
« SEOP: increasing wall relaxation 081 4 ? - ‘*
* MEOP: weak hyperfine coupling ' s \
0.6 - \
* Untilrecent high-field MEOP development : O O 4,
2
* Motivated by NMR medical imagir)g N 04- O Gentiled3 (W) \C\l |
demand (Kastler Brossel Lab, Paris) || OO% BatzPhD (w) ¥ \
* Found MEOP effective at higher pressures 0.2 Efé‘;‘ﬁi‘fﬁﬂilfé&m N »
« Successfully produced nearly 60% || @t o " <.
polarization at 100 mbarand 4.7 T 0.0 4P B=22,47T(n) K __ A
0.1 i 10 100
p (mbar)

Nikiel-Osuchowska et al., Eur. Phys. J. D 67, 200 (2013)

T.R. Gentile et al., Rev. Modern Phys. 89, 045004 (2017) o Opensymbols: low field (1 -3 mT)
= Filled symbols: high field (1.5-4.7 1)
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SHe Transitions at Low Field

He3 Sublevels at 0.01T
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Figures based on Courtade (2002), Nikiel (2013), from calculation by Nacher. Figures made by J. Maxwell.
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3He Transitions at High Field

He3 Sublevels at 2T
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Figures based on Courtade (2002), Nikiel (2013), from calculation by Nacher. Figures made by J. Maxwell.
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BNL-MIT Development of High Magnetic Field

e Polarized 3He ion source for the EIC at RHIC at
Brookhaven National Lab

* Electron Beam lon Source (EBIS) operatesat5T

* MEOP within 5T field, transfer into EBIS for ionization
and extraction

* Motivated development of EBIS configuration which

a I SO be n eﬁt S ot h e r | o n S e gun e*beam Vacuum pump Differential pumping lon accumulation region 5T solenoid
100 ! ! _ T T
Probe - | A
Photodiode 80 o A AA - L o : |
g 2 S -
& 60F 0 : : ; .
£ e} o8 ¢ 3
o |
5§ 40 : : | .
o Y v 3 : ' 1T @
s
20 @ L . . . A _
J.D. Maxwell et al., Nucl. Instr. and Meth. : : ' 2%
A 959, 161892 (2020) 0 | | | | , Nikiel ¥
0 100 200 300 400 500 600 700

FEM (WWEXZF) F—BNFRADETITS | ZMKZ | 2024.12.28 Relaxation Time (secs) 16



BNL-MIT Development of High Magnetic Field
MEOP for the future EIC

Superconducting solenoid-1

Superconducting solenoid-2
Electron Gun Electron collector RFQ accelerator

Optically-pumped 3He cell

Gun Coil Transition region Collector Coil

*He Cell

*He gas f
to “““““'E
P;il—li
Extraction and measurement of 3He nuclear
polarization anticipated in 2025.
A. Zelenski et al., Nucl. Instr. and Meth. A 1055, 168494 (2023) Courtesy of R. Milner
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Proposed Experiment Using Polarized 3He at
CLAS12 at JLab

CLAS12: CEBAF Large Acceptance Spectrometer

5 T solenoid in interaction region

for operation at 12 GeV [ overview [
v' High luminosity electron scattering
v Multi-particle final-state response ,
C12-20-002: A program of spin-dependent electron
scattering using a polarized 3He target at CLAS12 |

e Scientific opportunities
» SIDIS and nucleon spin structure

» Tagged DIS (deuteron taggin TL":J\F\( ,‘ i{‘
gg ( gging) B {rcaec

= __Z
| l-

a

1 ’
|
/, /

» Quasi-elastic scattering

Click on
. boxes for info
* 30 days of running at 10.6 GeV electron energy
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A Novel Polarized 3He Target at CLAS12

Creating a New Target for CLAS12

Double-Cell Cryo Target High Field MEOP

-+ e High Polarization (~60%)
e High magnetic fields (5T)
e Pressure increase 100 x

e Polarize at 300K
e Transfer to 5K target cell
e Density increase 60 x

e By combining established technologies: a new polarized target

(Maxwell, Milner, NIM A, 2021.)
e Achieve 5.4 amg, roughly half JLab SEOP target gas density

e Polarize within 5 T solenoid: CLAS12 standard configuration
Slide from J. Maxwell
19
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CLAS12 Polarized 3He Target Conceptual Design

Pumping Cell (300 K) QT Heat Shield
w Convective Return <F e- Beam
Target Cell (5K)

J.D. Maxwell and R.G. Milner, Nucl. Instr. and Meth. A 1012, 165590 (2021)

Outer Vacuum Chamber

Pumping cell (293K) Target cell (5K)

* Borosilicate glass cell * 100 cms3, 20-cm aluminum cell coated with cryogenic layer

* MEOP to 60% polarization * Cooled by LHe heat exchanger

* Annular cylindrical volume * Luminosity: 2.7X1034 nucleons/cm?/s at 0.5-pyA beam current
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SHe depolarization mechanisms

* Wall relaxation: borosilicate glass
and coating for aluminum

* Transverse B-field gradient

104 seconds relaxation time around
the pumping region

J.D. Maxwell and R.G. Milner, Nucl. Instr. and
Meth. A 1012, 165590 (2021)

* lonizing radiation
* 3He," ions from the beam

* suppressed with higher field
K. Bonin et al., Phys. Rev. A 37, 3270 (1988)

* to be validated by in beam tests
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Target Development: Step 1 - Low Field Test

30-Gauss magnetic field

Polarized 3He test system in 2021

First 3He polarization using

e 1-mbar sealed 3He cell MEOP at JLab in low field
(30 Gauss)

70% nuclear polarization

~180 seconds relaxation with discharge on

. §
53 z
5 BE  E%
= = ©
o] - O v X
—l O~ aalgyaal
A —

RF V~

ZEH (WEXF) 22



Target Development: Step 2 - High Field Test

. i 3 i
5-T warm-bore solenoid (tests up to 4 T) _ Polarized “He test system in 2022
3 ! \ \ \ ) 3
1-mbar sealed “He cell First 3He polarization in

1083-nm probe laser high field (2 T) at JLab

45% polarization with limited laser power

~100 seconds relaxation with discharge on

P Photodiode 3He cell with RF electrodes
ump \
laser h 2 :
R 0 —{m
R B ' r
Probe I
laser Solenoid
F— 10 cm K /
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Target Development: Step 3 - High Field Systematic
Studies

JLab MEOP polarized 3He test system in 2023
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High Field MEOP Systematic Studies

80 .
 Nuclear Instruments and Methods in = 20E- , Mg=iTtik

e Physics Research Section A: 3 -
Accelerators, Spectrometers, S 50§
Detectors and Associated Equipment S -
Volume 1057, December 2023, 168792 N 40
S 30E,
Full Length Article o
.eqe . 20F
Metastability exchange optical o

pumping of 3He at low pressure

0 200 400 600 800 1000 1200 1400 1600

and high magnetic field ot &)
X.Li% 2 =,].D. Maxwell P, D. Nguyen ®, J. Brock P, C.D. Keith P, e s - R — = R e
R.G. Milner‘],mb NE_ - -
Effe cts Of d |ffe rent Pump 3He cell with RF electrodes % o ;_
transitions, laser power, == 0 i ~F - -
. . L — C
discharge and B field on ; sF . .
H Probe - IS~
pumping rate and max laser _ Solenoid P ot
polarization i 10cm
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Target development step 4. variable pressure

(O ng O I n g) JLab MEOP polarized 3He test system in 2024
T4 . T e
* New valved cell allows for varied gas pressure %% = <N |\

‘_“ _ _ew e

* New 1083-nm laser accommodated to 5-T field
* Fillable gas system
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Summary

Nucleons are building blocks of the visible universe, knowledge of the spin
structure of the nucleon is stillincomplete

Spin polarized 3He is a powerful effective polarized neutron target

New techniques for polarized 3He in high magnetic fields will provide new
opportunities for spin studies at the state-of-the-art QCD facilities

Development on novel polarized 3He target and ion source using high-field
MEOP is underway and expected to provide unprecedented improvement in
understanding nucleon spin structures

Thanks for your attention!
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