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The Spherical Cow Model of SEOP

From Wikipedia:
Spherical cow is a metaphor for 
highly simplified scientific models 
of reality.

T.W. and W. Happer, Rev. Mod. Phys. 69, 629 
(1997).  Note: assumptions clearly stated.
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http://en.wikipedia.org/wiki/Model_(abstract)
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Hyperpolarized Nuclei
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Efficiency-2 photons/2 atoms=100%

Optical Pumping

Light absorption rate = !PRb
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Cons. of Angular Momentum
 maximize  entropy   
  spin-temperature

Rb-Rb Spin-Exchange

Weak spin-axis coupling
important relaxation 

mechanism
PRL 80, 5512 (1998)
PRL 85, 4237 (2000)
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Quality of “dark” state essential to pumping 
 optically thick vapors (~100 O.D.)

Wave-front velocity R/nσ=2.4 m/s Happer/Tam ‘77 

Light Propagation
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Molecular Formation

Binary Collisions

Spin-Exchange: α I . S
Spin-Relaxation: γ N . S

Spin-Exchange w/ Noble Gases
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Alkali-Noble Gas Molecules

s-wave: α I . S (Fermi contact hyperfine)
p-wave: γ N . S    (Spin-orbit+Coriolis)

Thursday, May 28, 2009



Spin-Exchange Efficiency

1/50 for RbHe, 1/3 for KHe
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Rb-He pumping is SLOW

39 hours
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Hybrid Spin-Exchange

Idea:  use Rb as spin-transfer agent to K

Laser

Rb

K

He

>90% efficient

>90% (theory)

~30%

<3%

[Rb]<<[K]
suppresses this

channel
PRL 91,123003 (2003)
PRA 75, 013416(2007)
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Hybrid Spin-Exchange Efficiency
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Showing Off

Very fast (2.5 hrs), high polarization (76%)
w/ only 12 W pumping power
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Summary

Spin-exchange rate

100’s hours @ room temp
T. Gentile & others

Spent photons to get
This ~100%

PHe = PRb
kse[Rb]

kse[Rb]+ !He

dPHe[He]
dt

= !"
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A More Realistic Cow

Artists:
Helen Croft
Sally Behncke

X-factor
Is there a fundamental limit?  

Or should we find better 
walls?

Excess photon demand
Imperfect Circular Dichroism

Excited-state nuclear spin 
non-conservation

Hybrid polarization puzzle
Neutron-induced relaxation
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http://wisconsin.cowparade.com/artist/detail/3562
http://wisconsin.cowparade.com/artist/detail/3562
http://wisconsin.cowparade.com/artist/detail/3699
http://wisconsin.cowparade.com/artist/detail/3699


The X-factor

Relaxation rate method 
 spin-up & spin-down
Slope 9.1X10-20 cm3/s 

Repolarization and 
       rate balance

average 6.8X10-20 cm3/s 
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X-Factor S/V Dependence

PRb ! 1 and !r ! 0, the predicted 3He polarization limit
PHe ! 1="1# X$ is independent of %Rb&.

To further study this excess relaxation, we conducted
measurements using optical pumping apparatus at the
University of Wisconsin and the National Institute of
Standards and Technology (NIST) that have been de-
scribed earlier [12]. At Wisconsin, we have employed
two methods to measure X. In the ‘‘hot relaxation method’’
we simply measure !He as a function of %Rb&, usually by
measuring the variation in the time constant for optical
pumping, !p, with %Rb&, as !p ! 1=!He. Since kse is known
to be "6:8' 0:1$ ( 10)20 cm3 s)1 from independent meth-
ods that make no assumptions about the nature of !He
[13,14], the value of X is determined from the slope of
!He vs %Rb&. %Rb& is determined from measurements of the
Faraday rotation of a probe laser tuned near the 5s1=2 !
5p3=2 Rb resonance [13]. Figure 1 shows the results of the
hot relaxation method for four cells.

In the ‘‘polarization method,’’ we determine X by mea-
suring PHe as a function of %Rb&. X is determined from
Eq. (1), where PRb is known to be unity, and all other
quantities are measured or known. We estimate that the
volume-averaged PRb in the experiments at Wisconsin is
within 3% of unity by methods described earlier [13]. PHe
was determined with a relative standard uncertainty of 3%
from the shift of the Rb electron paramagnetic resonance
transition [15]. For some cells we did not have PHe data for
different Rb densities; hence for these cells we simply
determined X from Eq. (1).

At NIST, measurements of %Rb& and PRb were not avail-
able. X was determined from the polarization method, with
the assumption of PRb ! 1. kse%Rb& was determined from
measurements of PHe and !p using PHe ! kse%Rb&!p. PHe

was determined with a typical relative standard uncertainty
of 4% from nuclear magnetic resonance measurements that
were calibrated against neutron transmission [12]. !r was
typically small; hence measurements of PHe vs %Rb& were
not required. The assumption of unity Rb polarization was
based on observing a plateau in achievable 3He polariza-
tion as the temperature (and thus %Rb&) was decreased and/

or when the laser power was increased. In addition, we
relied on experience with the laser power required to
produce unity Rb polarization in a given cell volume. For
the NIST data, we estimate that PRb is within 5% of unity.

Figure 2 shows the variation of X with S=V, and Tables I
and II list information on the cells tested at Wisconsin
and NIST, respectively. All cells were constructed and
filled at NIST using procedures described elsewhere [10],
except for the cells denoted by MITI, Amersham1.8 and
Amersham 3.1, Michcell, NewHampRb, and Utah. Values
of X from the polarization method were obtained at tem-
peratures of 430 to 460 K.

The results in Fig. 2 indicate that X reaches * 0:25 for
S=V less than * 1 cm)1. At higher S=V, X tends to
increase, but is more variable. Both sets of results show
the same overall behavior with S=V. The hot relaxation and
polarization methods are generally in good agreement, but
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FIG. 1 (color online). !He-!r as a function of %Rb& for four
cells: Oscar (green upward triangles), NHRb (red downward
triangles), Felix (blue diamonds), and Bonnie (yellow squares).
The Rb density increases from 5( 1013 to 5( 1014 cm)3 in the
temperature range between 410 and 460 K.
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FIG. 2 (color online). The variation of X with S=V for cells
tested at (a) Wisconsin and (b) NIST. For the Wisconsin data,
upward pointing triangles show data obtained with the relaxation
method, and downward pointing triangles show data obtained
with the polarization method. For the NIST data, all measure-
ments were performed by the polarization method, with the
assumption of PRb ! 1. Closed symbols are used for blown cells
and open symbols for flat-windowed cells. The cells are labeled
by the numbers in (a) Table I and (b) Table II.

PRL 96, 083003 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
3 MARCH 2006

083003-2

PHe =
PRb
1+ X

PRL 96, 083003 (2006) 

X = X0 + ! S
V

!  random
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Is the “X-Factor” limited by 
fundamentals?

Anisotropic Spin-Exchange 

 Independent of cell
  Polarizes opposite to α

 Walter et al. estimates    small 
 PRA 48, 3642 (1998)

 

H = !S "K + #(3S "RR "K $ S "K)

! X = 3k! / 2kSE
!
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New Theory Input

Tscherbul (ITAMP)
new ab-initio calculations

of KHe

 

! = 2.5
old estimates 6.5

Need method to measure anistropic spin-exchange
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Efficiency of Spin-Exchange

Polarization Rate

Photon absorption rate

Photon efficiency
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Hybrid Efficiency Measurements
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5% photon efficiency
great, but still less than

expected 

Spin-Exchange eff.

Photon eff.
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Leaky Dark State

If fully polarized atoms still absorb light at a small rate,
equilibrium Rb polarization<1 

Light absorption rate increases by factor

Optically thick vapor requires

Small optical pumping imperfections are expensive!

! = 1+ R
"
1# P$

2( )

 

R
!
! 1

R
!
= 100  P∞=0.95  "=11
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Why is Pinf<1?

Fine-structure mixing in Rb-He collisions?
300

200

100

0

-100

-200
108642

R (Å)

mJ=1/2 (P3/2- P1/2 mixture)

mJ=3/2 (pure P3/2)

λ=795 nm

λ=790 nm

Pascale (PRA 28, 632 (1983)) potential curves modified to account for spin-orbit splitting
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Landau-Zener estimate of Pinf

 

R2 = [He]
8!R2!" 2

d#V
dR

exp $Vg (R)
kT

%
&'

(
)*
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P1!R1 + P2!R2
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Dichroism Measurements

Brian Lancor, Bob Wyllie  B4.9
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Broad-band pumping

Spectral hole quickly reduces optical pumping rate
at front of cell, thus reducing Rb polarization.

Light in the line wings contributes weakly to 
pumping rate but strongly to imperfect dichroism

Thursday, May 28, 2009



Excited-state Nuclear Spin 
Relaxation

t(ns)

Fz

t=1.2 ns @ 75 Torr N2
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Effects on SEOP 
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Impure pumping problem

Rb pumping only 90%
w/ broadband laser

Fit assumes Rb laser 
directly pumps K at

0.3% rate 

Increases for narrow
band pumping
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Neutron-induced Rb relaxation

Stable species:  

 Rb+,Rb
2
+,N

 

N+Rb+X ! NRb+X
NRb+N

2
+ X ! RbN

3
+ X

E. Babcock et al B4.6
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Summary

To make our SEOP cow as productive as a good 
Wisconsin dairy cow, we’ve got some work ahead of us!
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