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Polarized Gas Targets

Gases vs. Solids

Solid polarized targets can provide near 100% polarization at far higher density than
can be achieved with any gas.

Why Choose a Polarized Gas Target?

Available nuclei: different species (3He), nuclear corrections

Dilution factor: Only 17% of NH3 is polarizable protons

Background: Windows, cryogens complicate high-precision measurements
Spin Reversal: Internal targets flip at up to 100 Hz

Total luminosity: long cells and higher beam current
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Polarized Gas Targets

Polarizing Nuclei is Hard
e Take the proton. It has a magnetic moment . Why not just line up the spins
with a strong magnet?

e Up-down energy different is 2u B, with
Hproton = 9 x 10786V/T

e At 10T, thermal energy kT at room
temperature is 14,000 times larger! Even at
0.3K, still 14 times.

Electron Spin Is Our Powertool

e The electron’s u is 660 times larger!

e Use hyperfine coupling in atoms to polarize
the nucleus
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Internal Gas Targets Polarized Gas Targets

Beginnings of Polarized Gas Targets: Internal Targets

e Remember Stern-Gerlach? Spray atomic H or @ ST
D through a sextupole. wo| HYDROGEN 1 Dl
e 4 spin states for H. To isolate @: 2r

";r
. Choose@@ L
® UseRFto ﬂip@to@ For
® Second sextupole to choose @ |

e 100% Vector P (and/or Tensor for D) I T
X = B/B,

Sextupole Magnet

Dissociator

N N
>
B 5
N

RF
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Internal Gas Targets Polarized Gas Targets

Beginnings of Polarized Gas Targets: Internal Targets

e Remember Stern-Gerlach? Spray atomic H or \
D through a sextupole. PARTICLE
) . BEAM
® 4 spin states for H. To isolate @: - H% -

e o ® E

® Second sextupole to choose @
e 100% Vector P (and/or Tensor for D)
e Atomic Beam Source: jets with very low
density (106 H/s), good for storage rings

e Storage cells coated with teflon used to
increase target density. FILTEX at CERN, and
VEPP-3 in Novosibirsk
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Internal Gas Targets Polarized Gas Targets

Wisconsin ABS, Polarized H and D Target (CERN, HERMES, IUCF)

50 cm
dissociator magnet1 ME magnet2 1o Isltorage
cell
=

’*Chamber#1 *—#2—»‘47#34>‘ ’4— #5 —»

Steffens, Haeberli (2003)
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Internal Gas Targets Polarized Gas Targets

Storage Cell Targets

SMOG?2 Internal Target (LHCspin)

Bring Spin Physics to the LHC!
Fixed, internal target at LHCb with
storage cell

Storage ring, so low density is
advantageous

ANKE ABS from COSY, Julich




Internal Gas Targets Polarized Gas Targets

Storage Cell Targets

SMOG?2 Internal Target (LHCspin)

® Bring Spin Physics to the LHC!

e Fixed, internal target at LHCb with
storage cell

e Storage ring, so low density is
advantageous

e ANKE ABS from COSY, Julich

e Cell splits in half to accommodate beam,
suppress wake field effects
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Internal Gas Targets Polarized Gas Targets

Storage Cell Targets

SMOG?2 Internal Target (LHCspin)

® Bring Spin Physics to the LHC!
¢ Fixed, internal target at LHCb with
storage cell

e Storage ring, so low density is
advantageous

e ANKE ABS from COSY, Julich

e Cell splits in half to accommodate beam,
suppress wake field effects

e Already run with unpolarized gases
e Talks Thursday, 11:00 (Lenisa, Engels)

Steffens, PSTP 2022
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Optical Pumping Targets Polarized Gas Targets

Optical Pumping of Helium

e OP: Kastler in 1952 (Nobel 1966), key to lasers
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Optical Pumping Targets Polarized Gas Targets

Optical Pumping of Helium

iR UV | Hydrogen

H level
Vertical scale of evels
visible transitions

OP: Kastler in 1952 (Nobel 1966), key to lasers s
Energy to first excited electronic state is 20 eV!

Parahelium Orthohelium

This corresponds to a wavelength of around 60 nm,

not practical for driving polarizing transitions. e; b - L
= i Helium
* \We have to optically pump other electronic states, % | energy
. i levels
then transfer to the helium nucleus. psl AL :

0o 1 2 3 0o 1 2
Orbital angular momentum |
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Optical Pumping Targets Polarized Gas Targets

Optical Pumping of Helium

e OP: Kastler in 1952 (Nobel 1966), key to lasers = :[
. . . ! R UV | Hydrogen
e Energy to first excited electronic state is 20 eV! | vencasteo | %
e This corresponds to a wavelength of around 60 nm,
not practical for driving polarizing transitions. L
= i Helium
* \We have to optically pump other electronic states, % | energy
. i levels
then transfer to the helium nucleus. ! :

0o 1 2 3 0o 1 2
Orbital angular momentum |

Polarization of Gas via Optical Pumping

e Spin-exchange: Evaporate Alkalis into the Gas, Pump Them
e Metastability-exchange: Excite Electrons to 2S, Pump Them

J. Maxwell 8




Optical Pumping Targets Polarized Gas Targets

Why Polarized Helium 3?

¢ How do we make polarized neutron targets and beam sources?

State  Probability

S 88.6%
S 1.5%
D 8.4%

S-state 2He: nuclear spin carried by the neutron nearly 90% of the time

e Polarized spin asymmetries: “He good surrogate for 7

¢ 3He's magnetic moment close to n, easier spin manipulation in accelerator
e Crucial cross-check against measurements on “ii” from ND3

J. Maxwell 9



Optical Pumping Targets Polarized Gas Targets

Wider Applications of Gas Polarization

Polarization of gases (*He, 129Xe)
important across many fields

* Magnetometers and
Co-magnetometers

y/z

* NMR and Medical Imaging A *
e Neutron Spin Filters
e Fuel for polarized fusion efforts
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Optical Pumping Targets Polarized Gas Targets

Wider Applications of Gas Polarization

Polarization of gases (*He, 129Xe)
important across many fields

e Magnetometers and
Co-magnetometers

¢ NMR and Medical Imaging
e Neutron Spin Filters
e Fuel for polarized fusion efforts

native / transplant
Miller et al., 2010
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Optical Pumping Targets Polarized Gas Targets

Wider Applications of Gas Polarization

polarized
Polarization of gases (*He, 129Xe) *He
important across many fields
o> <o - o~
* Magnetometers and or ©*
~o o>
Co-magnetometers o <o o &
: : -
¢ NMR and Medical Imaging “~o o >
. . —_—> _—
* Neutron Spin Filters unpolarized polarized
e Fuel for polarized fusion efforts neutrons neutrons
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Optical Pumping Targets Polarized Gas Targets

Wider Applications of Gas Polarization

Polarization of gases (*He, 129Xe)
important across many fields

e Magnetometers and
Co-magnetometers

¢ NMR and Medical Imaging
e Neutron Spin Filters

e Fuel for polarized fusion efforts
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Optical Pumping Targets Polarized Gas Targets

SEOP

Spin Exchange Optical Pumping

e Done in 1960 with lamps, practical in 1987

Collisional Mixing
(Chupp et al. 1987) /_\

e Pump Rb in ~30 G holding field s, ,
® 795 nm laser light: 5S; /5 — 5Py /5
* N, for quench collisions to repopulate the 795 nm rjj
ground state B o/
/ Soppaad
5, —4— ichnmnSplillmg

M =-1/2 M =+1/2
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Optical Pumping Targets Polarized Gas Targets

SEOP

Spin Exchange Optical Pumping

e Done in 1960 with lamps, practical in 1987
(Chupp et al. 1987)
e Pump Rb in ~30 G holding field

® 795 nm laser light: 5S; /5 — 5Py /5
® N, for quench collisions to repopulate the
ground state

¢ Spin exchange polarizes K, then 3He (or Xe)

Rb

PSTP — Sep 22, 2024 J. Maxwell 11



Optical Pumping Targets Polarized Gas Targets

SEOP

Spin Exchange Optical Pumping

Helmbholtz Coils 21 G

e Done in 1960 with lamps, practical in 1987
(Chupp et al. 1987) RF Coils

e Pump Rb in ~30 G holding field

® 795 nm laser light: 5S; /5 — 5Py /5
® N, for quench collisions to repopulate the
ground state

¢ Spin exchange polarizes K, then 3He (or Xe)
e Slow, but pressure up to 13 atm




Optical Pumping Targets Polarized Gas Targets
SEOP

Spin Exchange Optical Pumping

e Done in 1960 with lamps, practical in 1987
(Chupp et al. 1987)
e Pump Rb in ~30 G holding field

® 795 nm laser light: 5S; /5 — 5Py /5
® N, for quench collisions to repopulate the
ground state

e Spin exchange polarizes K, then 3He (or Xe)
e Slow, but pressure up to 13 atm

e Polarize in oven, transfer target cell

® Pap ~ 95%, Pspye ~ 80%

® |n-beam reduced to Pspe ~ 60% .
® Longitudinal or transverse " Tad;palli

J. Maxwell



Optical Pumping Targets

SEOP

Polarized Gas Targets

JLab 6 GeV Polarized 3He: 13 Experiments with SEOP in Hall A

Neutron Spin Structure
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Optical Pumping Targets

SEOP

Polarized Gas Targets

JLab 6 GeV Polarized 3He: 13 Experiments with SEOP in Hall A

Neutron Spin Structure
e Valence structure: g7, A}
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Global Analyses
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E01-012 (Resonance, Q* = 3.0 GeV*/c?)
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Flay, 2016
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Optical Pumping Targets Polarized Gas Targets

SEOP

JLab 6 GeV Polarized 3He: 13 Experiments with SEOP in Hall A

Neutron Spin Structure
0.01

e Valence structure: g7, A} )JF

e Higher-twist: g%, d3

aa 001
o Lattice QCD O E01-012 (Resonance + DIS)
% * Sum Rules A EI55x
-0.02 X Chiral Soliton + E99-117 + E155x (Combined)
¢ Bag Models X
B VvV RSS (Resonance) ® This Work (CN)
-0.03 0 e Elastic Contribution (CN) 4 This Work (with low-x, CN)
OoaBl o
2 3 4 5 6
2 2
Q" [GeV]

Flay, 2016




Optical Pumping Targets Polarized Gas Targets

SEOP

JLab 6 GeV Polarized 3He: 13 Experiments with SEOP in Hall A
=~0.08
—~ L
H O E97110 data Burkert-loffe
NeUtron Spln StrUCture 0A06-— ® FE97110 data + extr. -w===- Pasechnik et al.
e \/alence structure: g?' A711 A E94010 data + extr. - MAID 2007
. . 0.04f- 0O SLACENM3  -wooeee GDH slope
L ngher-tWISt ggL, dgL ¥ EGladata + extr. Bernard et al., XEFT
° Sum ru|e3 (GDH) 002; X EGIb data + extr. Lensky et al., XEFT
-0A02:
-004:
-006:
-0A08-_
10

Sulkosky, 2019




Optical Pumping Targets Polarized Gas Targets

SEOP

JLab 6 GeV Polarized 3He: 13 Experiments with SEOP in Hall A

0 EI54 (SLAC) . N
0.02 [~ & E99-117 (JLab) # % Q=12GeV
b3 4

Neutron Spin Structure 0|8 The vk
e Valence structure: g7, A7 awf LA
Higher-twist: g%, d ool
Sum rules (GDH) 0l
Quark-Hadron duality g

Solvignon, 2008
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Optical Pumping Targets Polarized Gas Targets
SEOP

JLab 6 GeV Polarized 3He: 13 Experiments with SEOP in Hall A

Neutron Spin Structure T 0105 w1 =
& 0.0s} {
e Valence structure: g7, A} S 1l
0.00 ! by \
. - i i
* Higher-twist: g%, d 005l ¢t
e Sum rules (GDH) .10}
. _ [ — N e SYS.
e Quark-Hadron duality ¥ 05 Neutron  =m' -T
g -Bamxi0” DA 10
SSA, Form Factors, etc. 55 {
0.0 — 1+ A ke | BREEEE ]
e Transversity, TMDs {
-0.5¢ ez SYS. e —- 1]
0.1 0.2 0.3 04 0.1 0.2 0.3 0.4
Xbj Xpj
Zhang, 2013
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Optical Pumping Targets Polarized Gas Targets

SEOP

JLab 6 GeV Polarized 3He: 13 Experiments with SEOP in Hall A

Neutron Spin Structure 08— T T T
° . m An L ----RCQM LT 4
Valence structure: g7, Af I g
* Higher-twist: g3, dj P8 ---- vwp ST
| —-DSE T |
e Sum rules (GDH) T | / g —
: Sl 04— s —_— _
e Quark-Hadron duality o, L e .
= L /’:/F/ i
SSA, Form Factors, etc. s 7t .
' 02 .7 -~ pQCD,A=150MeV
e Transversity, TMDs - 7% — . pQCD,A=300MeV
B —— Our Fit 1
.Gn‘G% _‘..m..|H..\H..|‘H.lw..lw..l‘”.i
. 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
e 2-v exchange, Inclusive A
7 - g Y Q2 [Gev2]
e Quasi-elastic A,, A, Riordan, 2010
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Optical Pumping Targets Polarized Gas Targets

SEOP

Polarized 3He for 12 GeV: 7 Approved Experiments

<, 1

—

HMS/SHMS, DIS, 684/588 hours
HMS+SHMS, RES, 0/96 hours
SLAC E142

SLAC E154
HERMES

JLab Hall A E99117

Spin Structure in Hall C
e £12-06-110: A}

o> OD> e

0.5

E12-06-110




Optical Pumping Targets

SEOP

Polarized 3He for 12 GeV: 7 Approved Experiments

Spin Structure in Hall C
e £12-00-110: A}
e £E12-00-121: g%, d}

0.01

Polarized Gas Targets

0.005

T T T T T
—— MAID 2007
Lattice QCD
— — pQCD evolution
* SLAC 155x
4 JLab E99-117 (comb.) o)
O JLab E94-010
A JLabRSS

a

JLab E01-012
JLab E97-110 |

Ll |

" E06-014

o0te |

\
i

0.1 1
Q*(GeV/e)
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Optical Pumping Targets

SEOP

Polarized Gas Targets

Polarized 3He for 12 GeV: 7 Approved Experiments

Spin Structure in Hall C
e £12-00-110: A}
e £E12-00-121: g%, d}
SuperBigBite in Hall A

Ll
| ‘} %
‘}“ |
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Optical Pumping Targets Polarized Gas Targets
SEOP

Polarized 3He for 12 GeV: 7 Approved Experlments

@ o1 % —
Spin Structure in Hall C - -a<=
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SuperBigBite in Hall A 00 02 04 06 08 10 00 02 04 06 08 10

X X
e £12-09-018: Transverse SIDIS
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Optical Pumping Targets Polarized Gas Targets
SEOP

Polarized 3He for 12 GeV: 7 Approved Experiments

Spin Structure in Hall C 08— T 1 ]
- A E02-013 (Preliminary) ———- DSE - C. Roberts i
e E12-06-110: A} [ 4 ThisPofosal CQM - J. Miller N
0.6 Galster fit (1971) ]
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o E12:09-016: GT., G7, / :
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E12-09-016
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Polarized Gas Targets

Optical Pumping Targets

SEOP

Polarized 3He for 12 GeV: 7 Approved Experiments

Spin Structure in Hall C
e £E12-06-110: A}
e £E12-06-121: ¢%, dj
SuperBigBite in Hall A
e £12-09-018: Transverse SIDIS
e E12-09-016: G, G,
SoLID SIDIS TMDs
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Optical Pumping Targets Polarized Gas Targets
SEOP

Polarized 3He for 12 GeV: 7 Approved Experiments

Sp'n StrUCtUre In Ha” C . EosmoPmier::;is:m (Collins)
e £12-06-110: A7 9 12— 2<@®<3 %
. E,I 2—06—1 2,] gg, dg’ % [ 90 days SoLID 0.40<z<0.45 1 "E"
o C b o1 3
SuperBigBite in Hall A 0-85 Ceiii s {1 <
e E12-09-018: Transverse SIDIS 0.6 — 1o
o £12-09-016: G2, G, I } ]
= e & & 8 & —-0.1
SoLID SIDIS TMDs 0.2[ .. 1
e E12-10-006: Transverse 3He o |02
0.1 0.2 0.3 0.4 05
E12-10-006
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Optical Pumping Targets Polarized Gas Targets

SEOP

Polarized 3He for 12 GeV: 7 Approved Experiments

Spin Structure in Hall C == E’;Lﬁ,%";’{;ﬁ_‘“ﬂncem
o —— Pasquini B +
e E12-06-110: A7 S M2 meeny | 2GeV<QP<3GeV? ) %
S b | T peapbroach?) 040<z<045 | %
o E12-06-121: g5, d = 1B
Lo t —{0.1
SuperBigBite in Hall A 08 12

[

g
(2]

L L R R R R R R
=]

e £12-09-018: Transverse SIDIS |

e E12-09-016: G%, G%, 04 , 5_0.1
SoLID SIDIS TMDs 0.2 .

e E12-10-006: Transverse 3He 0 —-0.2

e E12-11-007: Longitudinal 3He o ez 03 04 05

¢ Di-hadron, Inclusive A, E12-11-007
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Optical Pumping Targets Polarized Gas Targets

SEOP

SEOP Improvements

e Hybrid cell in the 2000’s, Rb to K to He,
faster spin exchange

Rb K
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Optical Pumping Targets
SEOP

Polarized Gas Targets

SEOP Improvements

e Hybrid cell in the 2000’s, Rb to K to He,

K 10 Av=02nm
faster spin exchange -
e Narrow line-width lasers '
z
%‘ - e
§ 4
® — Av=2.0nm

laser wavelenath (nm)




Optical Pumping Targets Polarized Gas Targets
SEOP

SEOP Improvements

e Hybrid cell in the 2000’s, Rb to K to He,
faster spin exchange

¢ Narrow line-width lasers

e Cell Improvements

® 40 cmto 60 cm long

® |ncrease to 45 pA beam
25 G Holding Field
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Optical Pumping Targets Polarized Gas Targets
SEOP

SEOP Improvements

e Hybrid cell in the 2000’s, Rb to K to He,
faster spin exchange

e Narrow line-width lasers

e Cell Improvements

® 40 cmto 60 cm long

® |ncrease to 45 pA beam

¢ Added convection to reduce polarization
gradient from beam
Added air cooling to glass windows (metal
windows to come)
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Optical Pumping Targets
SEOP

SEOP Improvements

e Hybrid cell in the 2000’s, Rb to K to He,

faster spin exchange
e Narrow line-width lasers

e Cell Improvements

® 40 cmto 60 cm long
® |ncrease to 45 pA beam

gradient from beam

windows to come)

e Work by JLab 3He group, UVa, W&M,

Kentucky, Temple

Added convection to reduce polarization

Added air cooling to glass windows (metal

Luminosity 135/cm?s

104

Polarized Gas Targets

Polarization-Weighted Luminosity for
Various 3He Target Experiments

GEn-ll
A
45%
50%  454A,
18 uA, 60 cm,
40 cm 180W
100W
Aln
55%
15 uA
35% 45%  Transversity
. few uA 12 A
35% saGDH GEn-1
few uA A A
E142
A
1993 2003 2006 2008 2020 2022

JlLab 3He Group




Optical Pumping Targets
SEOP

SEOP Polarimetry

o AFP-NMR
e Sweep transverse RF (or holding field)
through Larmor v to flip spins
¢ Watch with pickup coils
® Relative measure needs calibration, but
“non-invasive” during experiment
¢ Pulse-NMR
¢ Use pulse of RF at Larmor v to tilt spins
® Watch precession and decay

e EPR
® Watch resonance of alkali atoms

* Flip 3He spins, alkali resonance frequency

difference gives absolute measure
® Used to calibrate NMR

Polarized Gas Targets

A
Oven Y

Pumping Chamber

NY

v

Pickup Coils

pNMR Coil Convection‘Heater
Beam

.

PN Target Chamber
PNMR Pickup Coils

DAQ reading Voltage(V) VS time(s) **"°9°-' NN

53 0 0 o 0 0 v 0 N
u k] 5 a » n » n 2
Holding Feld Gaus)  Sweeo 0?1

JlLab 3He Group




Optical Pumping Targets Polarized Gas Targets

SEOP

No Pain, No Gain: SEOP Challenges

e (Glass choice crucial to reduce
relaxation: Need very low permeability
(GE-180)
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Optical Pumping Targets
SEOP

No Pain, No Gain: SEOP Challenges

Polarized Gas Targets

e (lass choice crucial to reduce
relaxation: Need very low permeability
(GE-180)

e Very high laser power: 200 W means
arrays and complicated optics

J. Maxwell 16



Optical Pumping Targets
SEOP

No Pain, No Gain: SEOP Challenges

e (lass choice crucial to reduce
relaxation: Need very low permeability
(GE-180)

e Very high laser power: 200 W means
arrays and complicated optics

e Cell preparation/variation

60

g
g

N
&

s

Density Corrected Polarization (%)
w
8

5

°

Polarized Gas Targets

GEn-llb

a
Christing

ristine
- pristine (ALL)
| Error
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Optical Pumping Targets
SEOP

No Pain, No Gain: SEOP Challenges

Polarized Gas Targets

e (lass choice crucial to reduce
relaxation: Need very low permeability
(GE-180)

e Very high laser power: 200 W means
arrays and complicated optics

e Cell preparation/variation

¢ Hot, explodey cells in beam

PSTP — Sep 22,2024
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Optical Pumping Targets Polarized Gas Targets
SEOP

No Pain, No Gain: SEOP Challenges

e (lass choice crucial to reduce
relaxation: Need very low permeability Hall C Aln
(GE-180)

e Very high laser power: 200 W means
arrays and complicated optics

e Cell preparation/variation

Y i q D
Hot, explodey cells in beam average= 1965 s i

GEn-II

(b)

e |arger cells bring complications: median = 18.1 hrs average = 15.1 hrs
microfissures reduce polarization & P2L = 5.0x10%5/cmes median = 12.8 hrs

integrity P2l = 9.2x10%/cmes
e Talks Friday 11:00 (Presley, Jackson)




Optical Pumping Targets Polarized Gas Targets

MEOP

Metastability Exchange Optical Pumping

23P 12 mp=-3/2 -1/2 _1{2_ 3/2
e 1963, Colgrove et al (T1) 0 A A A 4?1
5 Il 21}
e Pure He, ~30G field CP Laser 1083 nm | I/; ////; Equslb.l‘
e Discharge promotes states csl Icg o) i f /[ A Dreoc;;“ty
t0 23S, I Y N e
: . |1 /
e Laser drives polarization 4 1, [ L/ __
e Collisions between 23S, and 2351 { I I/ 7
! I 3/2 - . N R

Metastablity
Exchange

1 _ <L A
1S, 2 SR

ground state polarize nuclei g gxcitation (-1 ppm) A
I
|
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Optical Pumping Targets

Metastability Exchange Optical Pumping

1963, Colgrove et al (TI)
Pure *He, ~30 G field

Discharge promotes states
to 2381

Laser drives polarization

Collisions between 23S; and
ground state polarize nuclei

Requires ~2 mbar

Rate drops with temperature

Polarized Gas Targets

x Magnet Coils E

Laser
Circular
Polarizer
Beam
Expansion

%
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Optical Pumping Targets Polarized Gas Targets
MEOP

Metastability Exchange Optical Pumping

e 1963, Colgrove et al (TI)

e Pure 3He, ~30G field

e Discharge promotes states .
t0 23S; ol A i

e |aser drives polarization ’

e Collisions between 23S, and
ground state polarize nuclei

® Requires ~2 mbar % _,_1»-—"'20 %00 300 400 500
e Rate drops with temperature

w D
o O
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e
\
S
A
Lt

-12
(10”2 em¥/sec)
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L

Av/N=Na /T
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T
1

TEMPERATURE (°K)

Colgrove, Schearer, Walters, 1964




Optical Pumping Targets Polarized Gas Targets

MEOP

Overcoming the Pressure Limitation of MEOP

target cell
Vr =120 cn®
pr=1bar

mercury valve

NMR coil=

==

capillary
compression cell tube
)

e |ncreasing the gas pressure omPpressior
crucial for scattering, i N[ ‘
medical imaging etank

e Toepler pump at MAMI . mercury

Laser ) -1083nm ()
P=300 m¥W |

getter
| punfier

|
il
il
Ty=10G

opt. pumping cell

Vop = 1270 cm®
pop=1-2Torr LN trap
S
E <
5 R
3 =X 3He-tank
© =
=0 = N
=l 5% dielectric murror
for 1083 nm

Fig. 6. Scheme of the Toepler-compressor.
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MEOP

Overcoming the Pressure Limitation of MEOP

—_—
e Increasing the gas pressure N N N N RN N
crucial for scattering, ’ : 3 ; 2 ‘X
medical imaging - %sme - =
Peristaltic pick-up coils )
e Toepler pump at MAMI ikt [SIC—HQ'\' "Hel |1
o T|ta.n|urr7 piston pumps. J i %#L — _ i
e Peristaltic pumps used in a N, P i LPl===—c— Pump
system to ship polarized gas H——— owtical Pumping cell —e———4—|—
M ' }J4 BS Telescope*7
: : : . :&
e 08NN
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Optical Pumping Targets Polarized Gas Targets

MEOP

Overcoming the Pressure Limitation of MEOP

¢ |ncreasing the gas pressure
crucial for scattering,
medical imaging

e Toepler pump at MAMI

e Titanium piston pumps

e Peristaltic pumps used in a
system to ship polarized gas




Optical Pumping Targets Polarized Gas Targets

MEOP

Overcoming the Pressure Limitation of MEOP

¢ |ncreasing the gas pressure
crucial for scattering,
medical imaging

e Toepler pump at MAMI

e Titanium piston pumps

e Peristaltic pumps used in a
system to ship polarized gas

e Cryogenic cooling of gas to
increase density

G. Collier

J. Maxwell 18



Optical Pumping Targets Polarized Gas Targets
MEOP

MEOP Double-Cell Cryo Target: Bates 88-02

Quasi-elastic asymmetries in 1988, 1993 e

e MEOP pumping cell at 2 mbar, 300K, 30 G: X
40% in-beam polarization

e Cutarget cell at 2 mbar, 17k

TISSLSSS IS

€— vansfer rbe (Pyrex)

Target cell (copper)

carbon-glass

e Cu foil beam windows (4.6 um) @\
e Cold surfaces coated with Ny to reduce —
. . . . temperature |
depolarization from wall interactions =
® 7.2 x 103 3He/cm?/s Luminosity w/ 10uA L v e

J. Maxwell 19



Optical Pumping Targets
MEOP

Polarized Gas Targets

High Magnetic Field Optical Pumping

e OP not historically done at high B

1.0 ‘ .
i : . 0o \
® SEOP: Increasing wall relaxation O 8 '
* MEOP: Weak hyperfine coupling...? 0.8 ?
¢ Kastler-Brossel Lab at ENS in Paris 06 8 ‘\ s
found by increasing By, MEOP s |o S o\ * “™
. . jas]
effective at higher pressures S : \ >
44O Gentile93 (w) d * \
(Nikiel-Osuchowska et al, Eur. Phys. J.D., 2013.) QOO¥ BatzPhD (w) % <,
O GlowaczPhD (n) N \’
e 5T:near 60% at 100 mbar! 0.2-{| & A SafiullinPhD (w.n) \ .
' @ BatzPhD (w) B=30 mT N <\ N
*  B=15T(w) \ﬁ K )
0.0 4P 822, 4A'7T(n) , -SRI
0.1 1 10 100
p (mbar)

Solid points above 1T

From Gentile, Nacher, Saam, Walker (2017.)
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High Magnetic Field Optical Pumping

e OP not historically done at high B He3 Absorption Spectrum at 0.01T
® SEOP: Increasing wall relaxation ; ; ; ; ; ; ;

¢ MEOP: Weak hyperfine coupling...? - o ]

* Kastler-Brossel Lab at ENS in Paris - ]

found by increasing By, MEOP — * + A —t 1

effective at higher pressures - 1

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

t t f — t t

e 5T:near 60% at 100 mbar! N n—

e Zeeman splitting separates states N §

for laser pumping o Y A VY S L]
-40 -20 0 20 40 60 80 100

Offset Frequency (GHz)

J. Maxwell



Optical Pumping Targets
MEOP

High Magnetic Field Optical Pumping

e OP not historically done at high B
® SEOP: Increasing wall relaxation
* MEOP: Weak hyperfine coupling...?
e Kastler-Brossel Lab at ENS in Paris
found by increasing By, MEOP
effective at higher pressures
(Nikiel-Osuchowska et al, Eur. Phys. J.D.,2013.)

® 5T:near 60% at 100 mbar!

e Zeeman splitting separates states
for laser pumping
® Decouples relaxation paths
® (Creates probe peaks (Suchanek et al.,
Euro Phys JST, 2007.)

Polarized Gas Targets

He3 Absorption Spectrum at 1T

Offset Frequency (GHz)

J. Maxwell



Optical Pumping Targets

Polarized Gas

MEOP

3He Transitions at Low Field

He3 Sublevels at 0.01T

23P Levels (GHz)

235 Levels (GHz)

50
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10
0
-10

He3 Absorption Spectrum at 0.01T
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L

o+
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-3/2
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oA
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Offset Frequency from C; (GHz)

Figures based on Courtade (2002), Nikiel (2013), from calculation by Nacher.
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Polarized Gas

MEOP

3He Transitions at Low Field

He3 Sublevels at 0.01T

23P Levels (GHz)

235 Levels (GHz)

50
40
30
20
10
0
-10

He3 Absorption Spectrum at 0.01T

|

|

w

(63
T

25

L
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L L I I 0

5/2
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-1/2 1/2 3/2  5/2
mp

-20
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N1 -
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Offset Frequency from C; (GHz)

Figures based on Courtade (2002), Nikiel (2013), from calculation by Nacher.
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Polarized Gas

MEOP

3He Transitions at Low Field

He3 Sublevels at 0.01T

23P Levels (GHz)

235 Levels (GHz)

50
40
30
20
10
0
-10

He3 Absorption Spectrum at 0.01T

|

|

w

(63
T

25

L

o+

L L I I 0
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-1/2 1/2 3/2  5/2
mp

Figures based on Courtade (2002), Nikiel (2013), from calculation by Nacher.
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Optical Pumping Targets Polarized Gas

MEOP

3He Transitions at High Field
He3 Sublevels at 2T He3 Absorption Spectrum at 2T
100 - _ 35 - :
< o+
N _ —
T 50 — - | o- |
v) - _ 3
S of - -
3 — 25 :
K — =
& 50 - —
o 0 - 2t .
a00- sl |
~ 100
T
G 50f - - 1r g
12}
% or - 05 | A i
-50 | - - J
0
[ 100 ) ) ) ) ) ) 0 M ! ! L LA | Lo o

-60 40 20 0 20 40 60 80 100 120
Offset Frequency from C; (GHz)

-5/2 -3/2 -1/2 1/2 3/2 5/2
mg

Figures based on Courtade (2002), Nikiel (2013), from calculation by Nacher.
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MEOP

3He Transitions at High Field
He3 Sublevels at 2T He3 Absorption Spectrum at 2T
100 - 35
— —_ o T T T

— g+
N
T 50 — | o- |
g — 3
2 L
i}% 0 25 1
S -
& 50 f, .l |

-100 -

15 .
100

o
o
T

&
<)
T

235 Levels (GHz)
(==}
T

: fy
- 1+ i
05 A _ _
J probe
0 AA I I L I I/Al;> I V- NN
-20 \/O 20

-100 ‘ ‘ ‘ ‘ ‘ ‘ 60 -40 40 60°-'80 100 120

-5/2 -3/2 -1/2 1/2 3/2 5/2
mp Offset Frequency from C; (GHz)

Figures based on Courtade (2002), Nikiel (2013), from calculation by Nacher.
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MEOP

3He Transitions at High Field
He3 Sublevels at 2T He3 Absorption Spectrum at 2T
100 a5
— —_ o T T T
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N
T 50 — | ) o- |
g - 3 f,
3 0
“ L
3 _ 25 .
\
= L .
A -50 f4 \ \\ probe 2k i
00t \
\ 1.5 -
~ 100 \
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= oL
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.50 | AT S~
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Figures based on Courtade (2002), Nikiel (2013), from calculation by Nacher.
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High Magnetic Field MEOP for EIC

Polarized Gas Targets

¢ High field MEOP techniques already being applied for nuclear physics
e BNL-MIT: Polarized 3He lon Source for EIC

e BNLs Electron Beam lon ks oo Horwsonor Proumatouave Hepolarngcol | Honspecd  Miror e naton e
Source operates at 5T ) ’

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

e gun e"beam  Vacuum pump Differential pumping lon accumulation region 5T solenoid




Optical Pumping Targets
MEOP

High Magnetic Field MEOP for EIC

Polarized Gas Targets

¢ High field MEOP techniques already being applied for nuclear physics

e BNL-MIT: Polarized *He lon Source for EIC

e BNLs Electron Beam lon
Source operatesat 5T

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

e Tests between 2to 4T gave
nearly 90% at 1.3 mbar
(Maxwell et al., NIM A 959, 2020)

e Talk Monday 11:00 (Wuerfel)

Polarization (%)

100

80

60

40

20

L | |

>me

200 300 400
Relaxation Time (secs)

Results at 1.3 mbar

500

700
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Optical Pumping Targets Polarized Gas Targets

MEOP

An Opportunity in Hall B's CLAS12

e CEBAF Large Acceptance Spectrometer for
Jefferson Lab’s 12 GeV upgrade

® High luminosity electron scattering —
® Multi-particle final state response v,,/
e PR12-20-002: A program of spin-dependent \l

electron scattering using a polarized 3He target |k
in CLAS12

4 _|
® Pr-dependence of n longitudinal spin structure
® Nuclear corrections to SIDIS jﬁj :
® Conditionally approved with A-rating ’

r\lXE\

Spokespeople: Avakian, Maxwell, Milner, I m—
Nguyen

e 5T solenoid in interaction region
¢ Novel target needed for standard config

J. Maxwell 24
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MEOP

Creating a New Target for CLAS12

Double-Cell Cryo Target High Field MEOP

e Polarize at 300K + e High Polarization (~60%)
e Transfer to 5K target cell e High magnetic fields (5T)
® Density increase 60x ® Pressure increase 100x

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
e Talks on Thursday, 11:00 (Pandey, Lu)

J. Maxwell 25




Optical Pumping Targets Polarized Gas Targets
MEOP

Proposed Target

Pumping Cell (300 K)

Heat Shield

Convective Return D — e- Beam

Target Cell (5K)

L LHe Cooling Lines jE _____________ 20CM-=============== .l

Outer Vacuum Chamber

293 K Pumping Cell 5K Target Cell

e 200 cm? borosilicate glass ¢ 100 cm?, 20 cm long aluminum cell
e MEOP to 60% polarization e Cooled by LHe heat exchanger
e Annular cylindrical volume e Luminosity of 2.7x10%* nuc/cm?/s at 0.5 uA

J. Maxwell 26
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MEOP

Proposed Target

r;‘::: ST

M

293 K Pumping Cell 5K Target Cell

e 200 cm? borosilicate glass ¢ 100 cm?, 20 cm long aluminum cell
e MEOP to 60% polarization e Cooled by LHe heat exchanger
e Annular cylindrical volume e Luminosity of 2.7x10%* nuc/cm?/s at 0.5 uA
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Overview Polarized Gas Targets

Overview

e Polarized gas targets are crucial tools for spin physics, and important
counterparts to polarized solid targets

e Development furthers technologies with wide and increasing use in other fields

e For further reading, excellent review articles:

e Steffens, Haeberli. Rep. Prog. Phys. 66 (2003)
® Gentile, Nacher, Saam, Walker. Rev. Mod. Phys. 89 (2017)

J. Maxwell 27



Special thanks to those whose papers and
slides I've mined to make this talk, including:

e Steffens, Haeberli, Cates, Tadepalli,
Jackson, Henry, Gentile, Nacher, Milner

Thank you for your attention!




Extra Slides Polarized Gas Targets

Metastability Exchange and Spin Exchange Optical Pumping

SEOP MEOP

e Pump: alkali metals in mixture e Pump: metastable population

e Transfer: spin exchange ¢ Transfer: metastability exchange
® | ow pumping rate ® High pumping rate

e Walls carefully selected ® | ess sensitive to wall interactions
e Needs oven (473 K) e Temperature above 100K

® 100 W laser typical e 4\ laser typical

e Large pressure range (1 to 13 bar) e Limited pressure (~1 mbar)

e MEOP pumping rate starts 9 orders faster, minus 4 for higher alkali density, and
minus 4 for lower pressure = MEOP about 1 order of magnitude faster

PSTP — Sep 22, 202 J. Maxwell 29
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Polarized Gas Targets

Depolarization Mechanisms

e Wall relaxation on Al: Hy coatings
yield days long relaxation at 4K

(Lefevre-Seguin, Low Temp. P. 1988.) 1000

T (min.)

3He on H,
standard "HD" cells

T T

T

[ RET

Lol

ol

|

19111

|
030 035 040 045
/T (K

o
oF
[}




Extra Slides Polarized Gas Targets

Depolarization Mechanisms

e Wall relaxation on Al: Hy coatings

Relaxation Time in CLAS12 Solenoid at 300 K, 100 mbar

yield days long relaxation at 4 K 50 100000
(Lefevre-Seguin, Low Temp. P. 1988.) o
40

e Depolarization from transverse £ o0 &

magnetic field gradients, P z

% 25 I

dependent on pressure, 5, H

temperature 2 s o0 g
10
5

100

50 100 150 200 250 300 350 400 450 500
Axial Distance (mm)




Extra Slides Polarized Gas Targets

Depolarization Mechanisms

e Wall relaxation on Al: Hy coatings A N A B A
yield days long relaxation at 4 K
(Lefevre-Seguin, Low Temp. P. 1988.)

o

e Depolarization from transverse
magnetic field gradients,
dependent on pressure,
temperature

® Beam produces 3Hej ions:
increase with density, but R

b=7

TR T T

b=15
0.01F b=3Q 3

0.001

TN YT

Relative Relaxation Parameter Q

. . 0.1 1
decrease with higher field. Relative Number Density d
(Bonin, PRA, 1988)
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