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Optical pumping

Awarded 1966 Nobel prize in physics for his work

A. Kastler. “Some suggestions concerning the production and
detection by optical means of inequalities in the populations of
levels of spatial quantization in atoms. Application to the Stern
and Gerlach and magnetic resonance experiments. J. Phys.
Radium, 11, 255. (1950)
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“The use of circularly polarised light creates an asymmetry of population between
negative m levels and positive m levels, the direction of this asymmetry being able to be
reversed by reversing the direction of circular polarisation of the incident light”



Optical pumping with alkali metals

 Ainvisible and near-IR (590-865 nm) — compatible with inexpensive and powerful laser sources

*  High volatility — highly dense vapours at relatively low temperatures [MP = 27°C (Fr) to 181°C (Li)]

* Single valence electron in s subshell —facilities comparison between theory and experiment

Li Na K Rb Cs Fr
Z 3 11 19 37 55 87
Configuration [He]2s [Ne]3s [Ar])4s [Kr]5s [Xe]6s [Rn]7s
IP (eV) 5.3917 5.1391 4.3407 41771 3.8939 4.073
A(S-P12) (A) 6709.77 5897.56 7701.08 7949.78 8945.93 8171.66
A(S-P3p2) (A) 6709.62 5891.58 7667.01 7802.41 8523.47 7181.85
A Egg {CT1'1_1} 0.34 17.20 57.71 237.60 554.04 1687
t(nP1j2) (ns) 27.10 (8] 16.28 9] 26.69 [10] 27.75 1] 34.88 [12] 29.45[13]
ﬁp 0.249 0.320 0.333 0.341 0.344 0.339
t(nPys2) (ns) 27.10 (8] 16.23 [9] 26.34 [10] 26.25[11] 30,462 [12] 21.0[14]
ﬁ;;z 0.497 0.641 0.669 0.695 0.715 0.734
Has 0.399 — 0.061E 1.348 — 0.132E 2.180 — 0.314E 3130 —0.419E 4048 — 0.573E 5.07 — 0.556E
Hup 0.047 + 0.050E 0.854 — 0.258E 1.711 — 0.542E 2.645 — 0.681E 3.568 — 0.889E
Und 0.002 + 0.009E 0.015 + 0.081E 0.278 + 2.137E 1.353 + 1.760E 2476 + 0.372E 341 —0.095E




Energy states of rubidium

 Abundance: 3/Rb (27.8%), 3Rb (82.2%)
* Nuclearspin:Ig; =3/2,Ig35 = 5/2
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Optical pumping with rubidium
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Mixing polarised rubidium vapour with noble gases:
SEQOP

Circularly
polarised light

H=A1-s+yN-s+---

Spin exchange

Bouchiat et al., PRL(5), 1960; Grover PRL(40) 1978



Spin-exchange optical pumping with noble gases
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129Xe readily destroys Rb electronic polarisation

2.4 % 10°/s Xe
[Rp (1 amagat) = { 45/ / e

H=Al-S+YN-S+aK-S+---"

Spin-rotation interaction at xenon core

Challenge: need to use lean mixtures of Xe or low Rb
vapour densities



Two methods to polarise '22Xe with spin-exchange
optical pumping

Continuous-flow: 129%e polarised with cryogenic Xe accumulation

Norquay et al., PRL(121), 2018

Other continuous-flow polarisers
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Polarean 9820 Xemed, XeBox-E10, Ruset et al., PRL(96), 2006

Driehuys et al, APL(69), 1996; Haake et al., JACS(119),
1997; Rosen et al., RSI(70), 1999; Zook et al., JMR(159),
2002; Mortuza et al., JCP(118), 2003; Knagge et al,
CPL(397), 2004; Schrank et al., PRA(80), 2009; Norquay et
al., JAP(113), 2013. Korchak et al., AMR(44), 2013.



Two methods to polarise 22Xe with spin-exchange
optical pumping
Stopped-flow: 129Xe polarised without cryogenic Xe accumulation

Electromagnet

Birchall et al., AC(92), 2020.

Nikolaou et al., JPC(118), 2014. _
Birchall et al., Molecules(27), 2022; Raftery et al., PRL(66),

1991; Whiting et al., IMR(208), 2011; Six et al., PloS one(7),
2012; Hughes-Riley et al.,JMR(237), 2013; Nikolaou et al.,
AC(86), 2014; Birchall et al., IMR(315), 2020.

Other stopped-flow polarisers 4




Stopped-flow vs continuous-flow

Stopped-flow

Continuous-flow

Cryogenic separation of Xe No Yes
Xe in gas mix >10% 1-3%
Laser powers 50-170 50-170
Typical 12°Xe polarisation 30%—95% 10%—50%
Xe production rates 100s ml/h 1000s ml/h

Low cell temp

[Rb] <102 cm3

[Rb] 101%-10%* cm3

Stopped-flow: Higher *2°Xe polarisations, lower Xe production rates

Continuous-flow: Lower 1%Xe polarisations, higher Xe production rates




— —  Continuous-flow '2°Xe-Rb SEOP

a* Rb optical pumping 1-3% Xe Need to purify — cryogenic separation...
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Freeze/thaw process

Vacuum line
for N, and He

\

Cryogenic
«— (glassware

Xenon collection bag

I

100% Xe

B, ~ 25 kG

Accumulate
frozen xenon
In static By, field

Liquid N, Dewar



crutarty polarised ight - SEQP dynamics: leaky bucket model

R optical pumping
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P:, and P, time dependence

dP Leaky bucket model
Rb — (1 = Prp)R — Tepy P y
d t _ Rb S D Rb Circularly polarised light
dPxe
—_— R optical pumping
dt N yse(PRb B Pxe) N erpxe 100% — <
P b E — 100%
Rb £
0% % P,
Pryp(t) = R (1 — e—(R'l'FSD)t) ; I h
Rb R _I_ FSD SD Rb e spin destruction .
l_‘Xe 129X nuclear spin destruction
yse —
Py.(t) = Prp (t)(l — e (Vse+FXe)t)
Vse l_‘Xe




P, and P,, steady-state and build up

80
Rb polarisation e
( : ) ) R + I'sp 60!
Pryp () = 1 — e~ Rp*lsp)t A
R + FSD é_o a0l N Tup
R o i
Steady-state: Pgy, = - i
R+ Tsp 50/ !
1
Spin-up time: Ty, = 1/(R, +Isp) = micro seconds E
0 ' |
0 5 10 15 20
Time (us)
— —— A .
129Xe polarisation Yse
— ~ [Rb
y Yse T l—‘Xe 30
PXe(t) — Lpr(t)(l — e‘(Vse"'FXe)t) -
Yse T Ixe X T
y p20) i
Steady-state: Py, = ———— Pgy, Q :
Yse T Ixe i
10 ]
Spin-up time: Typ = 1/(¥se + Ixe) = 10s of seconds i
0 |

0 100 200 300 400 500
Time (s)



Light propagation: spatial dependence

Photon flux @ . 7

dD (v,
;Z Z) _ _‘/1—1('1/, Z)'CD(v, Z)

ﬁ 1 = absorption length
Rb pool per photon

A, z) = [RTb]a(v)[l — Prp(2)]
\ . .
Rb vapour denm Rb polarisation
Rb D1 line absorption profile

0P (v,
CD;Z z) _ —[Rb]o(v)[1 — Prp(2)]P(V, 2)




Absorption profile over cell length

A .
Photon flux & Incident flux
d(v,0) = djyexp [—41n2%‘ Gaussian
l
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s(V) = Ave/2m Lorentzian
%107 0(1/—1/)2—(%)2
n'lg 104 ‘ Z
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Role of buffer gases N, and He

Pressure broadening of D, line

Natural linewidth (5.75 MHz)

Non-radiative decay (quenching)

- = = Broadened linewidth (24 GHz)

17 x
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*1 amagat = gas number density at STP (T=0°C and P = 1 atm)
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CM = collisional mixing



Light propagation and optical pumping

R(z) = CD(V z)o(v)dv
- Optical pumping rate

Photon flux @

aq)g; ) _ —[Rb]o(v)[1 — Prp(2)]P (v, 2)
d 0
CSEZ) _ f CD;? , V) = —[Rb][1 — Py (2)] fCID(v, z)o(v)dv
dq)(z) Relates photon attenuation

dz ~[Rb][1 = Prp(2)|R(2) with pumping rate




Optical pumping rate vs cell length

Photon flux @ . 7
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Optimisation tools: Light propagation, R, and Py,

R, R, R(z)
R(z) =TcpW | —exp| — — a|Rb|z P =
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E = 06F Il|
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Solid white line necessary for high average P, over the cell volume



129Xe-Rb spin exchange

Two-body collisional exchange

A
|

I
Rb
\

 Simple two-body cross section
* Independent of Py, and gas
composition

Three-body vdW molecular exchange

 Complicated cross section
* Depends on Pg, and gas
composition



129Xe-Rb spin exchange

Two-body collisional exchange Three-body vdW molecular exchange

1 (wSTT)Z Z ni 1+ qi(wh'ir)z/[li]z = V{;dW[Rb]

bc _
yse I (JV) [Rb] vdw _
yse - 2T X Y/
'\ K : 1+ (wp,T)
Binary spin-exchange cross section T = molecular lifetime <+— Gas composition dependent
Ball et al, Molecules(8), 2023 . q; =1+ €(l,Pgp) <+——  Nuclear slowing down factor
10211 ' i i j P 6 '
<19,1020
>
:‘%
o
©
210"
[—Taown = Y[ROFT' ||
1-[Rb]p, /[Rb]p, 20% ; !
. ‘ % 1-{Rb{oﬁRb}D, §20% _ = <7(’7:V?,be + Yyaw
181 ) I | | | " L L I T T 4
979 115 135 185 175 195 0 o5 1 15 2 25 3 35 I measured
Oven temperature (°C) [Rb]p, (m~) x10'8
Factor-2 lower [Rb] than , ,
. = (ov) + =1.2%x10"%* cm3s™?
standard saturation curves 14 (oV) + Yoaw
0 ! L 1 L
0 0.2 0.4 0.6 0.8 1

Pry,

Ball et al, Molecules(8), 2023

Literature: (ov)=0.1x10"21t01x 10721 ¢m3s~!

Factor-10 range in values...



Measuring Rb vapour density
Atomic Absorption spectroscopy

Beer-Lambert law

I(v) = I,e —[Rb]o (V)1

;

Experimental Set up

Thermocouples

Oven _t/\

Optical
spectrometer i .
| T/ T A Absorption cross
] e _’_\.(:’.’__, B ~ 6 section
y _#(\~‘3""‘ —-:('II\\\\ /zﬁ
t B . 4 I Energy 8
i I Lenses | Heat
® sink &
Aperture
> X
Halogen bulb Transition Wavelength | Oscillator strength,
(nm) f
8.2 Py 422 3.87 x 1073
525/, > 62Py, 420 9.46 x 1073
795 3.422 x 1071
52S,,, > 52P;,, (D,) |780 6.957 x 1071




Measuring Rb vapour density

Atomic Absorption spectroscopy
x10° . | , _— IO (COld CE”)

14 —
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— - o\v 10} f \“\. ,./f-
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= | | |«
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IO / ot | - strength
S)=In|—]=AL(v) v | 1 | |V
| ~_ S.78 Frez‘fenc (éfé) S.84 . To: electron radius
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A | |
11 2.5 )
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Optimisation tools: '22Xe polarisation

mean Rb polarisation Xe cell residency time
over cell volume ‘
Xe( res) — +T Rb [ e ]
Vse Xe
Vse = Vsbec + ys})edW /
129X e spin-exchange rate 129Xe spin-destruction rate 129X e spin-up time
Yse < [Rb] I[xe = 1/T4 Tup = 1/(¥Vse + Ixe)
For high P, :

Yse > 1/T; High (Prp) tres = Tup




Continuous-flow polariser optimisation

Rationale for a large cell

* Long cell maximises absorption of
incident photons at lower [Rb]

* Laser heating/Rb runaway less likely

* At high gas flow rate Q and lower [Rb]
t... > T, fOr large volume cell 1%
res up g [ ] cell Tup 0 ¢ 1/[Rb]

tres B Q

High P, at rapid Xe production rates



Polariser design: large-volume optical cell

Cell dimensions:

Length = 80cm
Diameter = 7.5 cm
Volume = 3530 mL
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0.5

04F

129%e polarization

01F

129X e polariser optimisation

03F

0.2F

—Fit
A Measured

Oxe = 3.6 L/h

500

1000

1500 2000

Q (sccm)

Py.(Q) = Py(1 — elGlVeen/Qtupy = 7y, = 71s > P(Q = 2000) ~ 0.75P,

Optimised parameters:

e T.,,=398K

* P_,=1.25bar
* 3% Xe gas mix
* [G]=0.85amg

* V_,=3530mL

cell

Q =2000sccm ) tres = 90s



129X e production map
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Frozen Xe, T{ = 90 min * ,
Xenon production rate (L/hour)

Pl(Q,ta) = Pxe(Q)[1 — e™e/T|T5/t, 300 mL, Py, ~30% in 5 min

*Norquay et al., J Appl Phys(13), 2013 Norquay et al., Phys Rev Lett(121), 2018



3D 22Xe human lung imaging with enriched Xe

P A A AT A A

AW AR AV AV AV AN AT
3,3 20 8 43 43 AR A3
w ﬁm ARARAR AR AR AG
E L N NN N
A A e % 6T

sagittal 4.2 mm? axial

Enriched Xe:
1L dose generated
~20 min

coronal




3D 29Xe human lung imaging with NA Xe
PR AEE AT AT A
AV AT AYAYAYAY S
FRAAAARANARAR AR
RO A8 40

S25/scan
1/8 cost of enriched Xe
Stewart., et al. MRM (74), 2015

1L natural abundance Xe in 20 min



Low-dose paediatric clinical '4?Xe lung imaging

SHe (120 mL) 129Xe (250 ml)

£ £%

250 mL 12°Xe dose generated < 5 min




Dissolved '2°Xe applications beyond the lungs

15T 3.0T
. Bottom
| - of lungs
' . Kidneys
129%e in the brain 129X e in the kidneys

Rao et al., Radiology(286), 2018 Chacon-Caldera et al., MRM(83) 2019



Imaging '%°Xe straight from the cell

3% xenon on tap, no cryogenic accumulation

Emboli pigno 1 Emboli pig no 2 Healthy pig no 1 Healthy pig no 2

2& %& A PORCINE LUNGS

SNR = 34.44, vol = 1L SNR =41.54, vol = 1L SNR =28.56,vol =0.8L | SNR=24.46,vol =0.8L

HUMAN LUNGS

Vaeggemose et al., Proc ISMRM, p4506, 2023



Summary
Optimising a polariser system is a complex, multi-parameter problem

[Rb] density critical parameter for process efficiency — generally lower in
practice compared with theory

Currently wide range of published exchange rate constants — more work
needed

Current unknowns

Cause of SEOP cell deterioration over time

Mechanism driving cell T, variations — orientation to B, field? Cell T,
temperature dependence?



Thanks for your attention

Questions?
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