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Optical pumping

— History, from 1960

— SEOP (Spin Exchange Optical Pumping)

— MEOP (Metastasis Exchange Optical
Pumping)
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| think | can safely say that nobody
understands quantum mechanics.

Richard Feynmann
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(Quantized energy)



Schrodinger Equation
W(r,6,¢) = R(r)P(e)F* (9)

/
principal orbital magnetic
quantum  quantum quantum

number number number




Quantum number

Principal quantum number
-n=1,2,3...

Orbital quantum number
-1=0,1,2,...,n-1
Magnetic quantum number
-m,=-L-[+1,...,1



Total Angular Momentum

Spin quantum number

— electron: s=+ 1%

Total momentum quantum number

—J=1+s=11" (for electron)

/N

Orbital Spin
Momentum Momentum



Nucleus spin number
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—spin number: i



Nucleus spin number

/A Z_nucleus spin number
—FH(m)+ 7 () Di=0
—FH(w)+PF(F)2i=12...

—[F3 +¢ 3)(#) 2i=1/23,...



state | n / m, s #e
1s 1 0 0 +1/2 2
2s 210 0 +1/2 2
2p 2 | 1 -1,0,1 +1/2 6
3s 3|10 0 +1/2 2
3p 3 | 1 -1,0,1 +1/2 6
3d 3| 2 |-2-10,12 ] +1/2 10
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Rubidium (Rb)

Atomic Data
Atomic number 37 Melting point 312.04 K
Atomic mass 85.4678 u Boiling point 961 K
Atomic radius 2.98 A Electron (Kr)5s

Nuclear Data

Z A Atomic Mass (u) Natural Half-life Spin
Abund.

37 | 83 82.915143 86.2d 5/2

37 | 85 84.911794 0.72165 stable 5/2

37 | 87 86.909187 0.27835 stable 5/2




Helium (He)

Atomic Data
Atomic number 2 Melting point 0.95 K
Atomic mass 4.0026 u Boiling point 4215 K
Atomic radius 0.49 A Electron 152
Nuclear Data
Z A Atomic Mass (u) Natural Half-life Spin
Abund.
2 3 3.01603 1.38x106 stable 1/2
2 4 4.00260 999999 stable 0
2 6 6.018886 0.807s 0
2 8 8.03392 0.119s 0




Xenon (Xe)

Atomic Data
Atomic number o4 Melting point 161.36 K
Atomic mass 131.3 u Boiling point 165.03 K
Atomic radius 1.24 A Electron (Kr)4d105s25p6




Xenon (Xe)

Z A Atomic Mass (u) Natural Half-life Spin
Abund.
54 | 124 123.905894 0.001 stable 0
94 | 126 125.904281 0.0009 stable 0
o4 | 127 126.905182 36.2d 1/2
o4 | 128 127.903531 0.0191 stable 0
94 | 129 128.904780 0.264 stable 1/2
54 | 130 129.903509 0.041 stable 0
94 | 131 130.905072 0.212 stable 3/2
94 | 132 131.904144 0.269 stable 0
54 | 133 132.905889 .. 5.25d 3/2
o4 | 134 133.905395 0.104 stable 0
54 | 136 135.907213 0.089 stable 0




Zeeman effect

PRpES ARG R
237 , spin energy split
—nucleus (2i + 1)

—electron (2s + 1)



Zeeman effect

spin down

spin down
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Optical pumping (SEOP)

S_2 D4 transition to P,
Collisional mixing of P_,,, P,

Quencing collision to ground
state

S_,, D, transition again



Optical Pumping (SEOP)

collisional
mixing of Rb

e - ﬂﬂ 9412

quenching :‘sf
collision -
. guenching
with N, collision

794.7 nm

(50%) -
/§D1 transition V{ggo/[:l)z
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Optical pumping (SEOP)

Buffer gas (quencing gas)

—increase the tolerance of laser
wavelength

—avoid radiation trapping



Spin Exchange (SEOP)

Rb electron spin exchange with
noble gas nucleus spin



Collisional Spin Exchange -+ Z. B
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MEOP

Metastability Exchange Optical
Pumping
Directly pumping of 3He electron

Similar to SEOP, but much faster
(for *He: #ic* #) vs. | FF)



Spin Exchange (MEOP)

Electron pumped from 1s to 1p
Depopulation (polarization) of 1s
Collisional exchange of electron spin

Self exchange of electron and
nucleus spin



MEOP

MEOP can occur only in low
pressure (about 10 Torr)

Need compression after
pumping, technical difficulty

(ps: 1atm = 760 Torr)



Wall Relaxation

Wall Relaxation (Surface
Relaxation)

—T1 relaxation near cell wall

—Affects more on SEOP than
MEOP



SHe vs. 19Xe

(SEOP) 3He 129Xe
Pumping time hrs mins
Temperature 170-200 °C 95 °C
Cell Pressure 8-10 atm 2-3 atm

Wall Relaxation tens of hrs hrs
Gas Cost 100 USD/L 20 USD/L
700 USD/L
Gyromagnetic Ratio 32.43 11.78

(MHZzT-)

Biological Effect Safe Anesthetic




3He vs. 129Xe

3He 129Xe
T1 (Pure Gas) 744 hrs 955 hrs
O, relaxavity time k 3.85x10° 3.73 x 10°
(S "Pa)
Self-diffusion 2.05 0.061
coefficient (cm?s1)
Blood Solubility (L) 0.0085 0.17
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Brute force!
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Hardware Requirement

Broadband RF RX/TX

Special tuned RX/TX coil
—3He : v=32.43 MHz/T
—129Xe: +=11.78 MHz/T

(11.78) (42.58)

129Xe 1H
+&> 7
15C “He (MHZT-1)

(10.71) (32.43)



Nonequlibrium Imaging
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Nonequlibrium Imaging

% € 7 1 "9, T1 recovery
—TR ¥ 11 %;-E_ |

—steady depletion of M,

i t 90° RF sequence ;-7 87 i * |

Ly 2 N2> A4 s 20 -
— BRI 5, - X ¢ %Tfup‘i J



Compare with '"H MRI

RF AOOO—OOMt




Nonequlibrium Imaging

Low flip angle
—— S H - BLEAE
Fast acquisition

— EPI, Projection Reconstruction (PR),
RARE



In-vivo T1 relaxation

O, (paramagnetic) induced
relaxation

—1/T, = kpgy, ~ sec
in-vivo wall relaxation

—T, 102 sec order



O, Sensitive T,

T, largely reduced (to sec)
T, in-vivo is time dependent
Potential in regional py, map

—directly observe O, exchange!



T2 Relaxation

Susceptibility dominate T,*
SHe in human lung
—-T,=8.9 sec (0.1T)
-T,*=9.4 ms (1.5T)



Diffusion Characteristic

Much larger diffusion coefficient
(10° larger than water)

Gas interaction
Airspace size
— of clinical potential



Ventilation & Perfusion

V/Q imaging possible
—3He density image
* Supine or prone

—perfusion bolus



Other application

Intravascular delivery of HP gas
— 133Xe in nuclear medicine

— 129X e/saline, lipid emulsion,
SHemicrobubbles



Image Development

Resolve

1995 / 280x560x10* . m 2002 / 98x98x468 1 m




Dynamic Image




Cystic Fibrosis

FEV,=91% FEV,=41%




Asthma

€3 63

FEV, =100% Broncodilator inhaled




Conclusion

HP noble gas is a matured
Research going on

—large quantity production
—Clinical pulmonary application
—In-vivo wall, T,, T, relaxation
—Intravascular delivery ...
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