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Polarized 3He neutron spin 
filters for neutron polarization 
analysis

Earl Babcock Erice School „Neutron Precession Techniques“ 1-
8/07/2017, Erice Italy

Jülich Center for Neutron Science at Heinz Maier-Leibnitz Zentrum (MLZ)
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24.07.2017 Earl Babcock Erice School „Neutron Precession Techniques“ 
1-8/07/2017, Erice Italy

2

Outline of an introduction to 3He spin filters
§ How they polarize neutrons 
§ SEOP spin-exchange optical pumping
§ MEOP metastable-exchange optical pumping
§ Central polarization service
§ In-situ devices
§ Magnetic systems / polarization relaxation

§ Transporters
§ On-beam cavities / complete magnetic designs

§ The non-ideal effects
§ Time-decay
§ Geometry
§ Cell transmission

§ AFP spin flipping of the spin-filter
§ Deterministic polarization data corrections

§ Instrument calibration
§ Matrix method for FULL correction

§ Examples of worldwide capabilities from ILL, ISIS, ANSTO, NIST, FRM2, JERRI/JPARC
§ When to use a 3He NSF why the above applications chose them 

§ notes on comparisons to SM
§ A few real world examples 

§ Discussion
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It’s spelled POLARIZATION



M
itg

lie
d 

de
r H

el
m

ho
ltz

-G
em

ei
ns

ch
af

t
M

itg
lie

d 
de

r H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t

24.07.2017 4

Neutron polarization from polarized 3He
the most ideal neutron polarizer in the ideal case

Neutron beam

[3He] ~ 1 - 4 bar

[Rb]

[N2] = 0.1 bar (SEOP only)

50%T

P
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24.07.2017 5

Typical performance Pn Tn and P2T

Pn=tanh(ΟλPHeσ)

Tn=T0e(Ολσ)cosh(ΟλPHeσ)

Follows from the spin 
dependent neuron absorption 

cross section of 3He

Tn±=T0exp(-Oλσ(1   PHe)
where

σ=0.0732 bar-1cm-1Å-1

σ=5333 barn

±
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Two polarization methods

FNDAB
LASER

MEOP
Metastable Exchange Optical Pumping

SEOP
Spin Exchange Optical Pumping 

concept

B0

OPC

3He bottle Purifier

Capillary

Optical pumping Cells

Yb fiber laser

OPC

Buffer 2,5l

compressor

Hydraulic 
piston

Polarised 
3He Cells

Mirrors

Discharge

Hot oven ~200C

C
ell

B0

τ ≃2 min
Pressure 1 mbar

Compress 1 hour→1 bar liter

τ≃2-10hours
Pressure 1 to 4bars+

Pump to ~3τ
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24.07.2017 7

SEOP

Spin-exchange
(to helium)

Optical pumping
(on Rubidium)
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24.07.2017 8

SEOP 3He in-situ neutron spin filter
Spin Exchange Optical Pumping

Neutron beam

[He]≈1-3 bar

T

P

N2 buffer≈0.07bar Rb vapor≈1x1014 cm-1

σ+ laser light
795nm

Bo~10G

Heat~200 °C

Polarized beam

GE180 glass SEOP cell
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MEOP, 
metastable-exchange optical pumping
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24.07.2017 10

A recent summary of 3He optical pumping
In submission to Reviews of Modern Physics
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MEOP offline polarized spin filter cells

TREX polarizer at ILL

Magnetic transporter box

Valved spin filter cell

B0 field for instrument
“magic box”

3He recovery
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24.07.2017 12

SEOP offline polarized spin filter cells, NIST

One of three polarizers at NIST

Battery powered transporter solenoid

sealed spin filter cell

B0 field for instrument
“magic box”

B0 field for instrument
shielded solenoid
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In-situ polarized cells as instrument components

MARIA analyzer Idafix cell D=12.5 cm 
1.2 bar liters
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24.07.2017 14

Cell preparation
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Central facility polarized 3He production

NIST SEOP central polarization cervice
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24.07.2017 16

In-situ polarized cells as instrument components

MARIA analyzer • Sealed SEOP cell
• D=12.5 x L=8 cm 
• 1.2 bar

• V=0.98 liter about 1.2 bar liters
• FRM2 reactor has 4x60 days per year
• 288 bar liter days of polarized 3He
• Last cycle 28 days (34 bar liter days)
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24.07.2017 17

Central service vs. in-situ polarization

supply
users

MEOP polarization filling station ILL

SEOP polarization station NIST

Online 3He polarizers JCNS

supply
users

Instrument components
Design / building
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Magnetic field gradient relaxation of 3He

wall

XY

T
P

B
BB

P
C

T
1

800
)(1

2

22

1
++

∇+∇
=

• for most neutron applications the 
3He lifetime would be saturated 
at 2x10-4 levels of field gradients 
for any cell pressure

• Obtaining multi-hundred hour 
lifetimes is very important for 
long term use because of reduced 
labor and maintenance / better 
polarization

• One can use a 3He cell for about 1 
day per 100 hours of on-beam 
lifetime

0.5 bar
1 bar

3 bar
5 bar

Li
fe

tim
e 

(h
ou

rs
)

Field gradient (1/cm) 3He pressure (bar)   

Li
fe

tim
e 

(h
ou

rs
)

Field gradient
(1/cm) 
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“Magic Box” an on-beam B0 Field

19
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B0

•Use µ-metal to generate a uniform field
•relies on geometric symmetry and mirror 

planes
•“shielding” because µ-metal is below 

saturation (i.e. µ is still large)

• top and bottom pole plates are mirrors 
therefore field B0 follows Ampere’s law:

µ0=4π10-7   (Tm/A),
n=turns per meter

I=current

For example 1 turn per 1 mm and 1 A=12.546 G

nI0µ=0B
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B0

Shielded solenoid on-beam B0 Field
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24.07.2017 20

Box magnetic fields

•76 cm long
•Shielding comes from length

•Field in middle 10 cm is the field of 
an Infinite solenoid, 

•the cell doesn’t see the outside  
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24.07.2017 21

Magnetic holding fields
l MARIA L=50cm Φ=12.5 cm qmax≤±0.17 Å-1 (0.12 Å-1) T1≈400 hours (mag>1300 hours)

l KWS1 L=32cm Φ=7 cm qmax≤±0.20 Å-1 (mag lifetime expected 150-250 hours)
l KWS2 (compact solenoid) L=9cm Φ=6cm qmax≤±0.85 Å-1 (mag lifetime 400 hours 

measured)

High sample field50cm 17cm

MARIA magic box, 70 cm x 40 cm x 30 cm  5 pairs of 14.5 cm yokes 
Near full decoupling from sample magnet

Field of box is orthogonal to sample field to prevent low field 
points along the neutron path 

B scale is -0.02 G

30cm

KWS1 magic box, 50% scale of MARIA box, minus one pair of yokes 
28 cm x 20 cm x 15 cm

KWS2 solenoid, little magnetic shielding, minimum length the priority 
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24.07.2017 22

Beware of coupling between components
original MARIA configuration
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• Simple mu-metal rectangular cavity
• two strips of permanent magnets in the yokes

• Saturation of magnets 0.25 T

Permanent Magnetic transporters
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Coefficient values ± one standard deviation
T1=690.23 ± 5.47, Tcell=900hours
Tmag~5900 hours at 1 bar
∆B/B ~ 1.6e-4
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24.07.2017
TOPAS and guide field config in; 
J. Voigt et al, European Physical 

J. Conf. 83:03016 (2015)
24

PASTIS modeled with the guide fields

Guide field must not influence 
PASTIS homogeneity

Field must bridge gaps caused 
by instrumentation, i.e. vacuum 

vessel and choppers and exist in 
available space

Adiabaticity is high over the 
whole neutron path
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Photos on V20 at HZB
ESS simulator 
test-beamline
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PASTIS, with a 3He cell and sample 
installed on V20 at HZB Berlin
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Time decay of the 3He 
a performance difference between offline and in-situ polarization

3He polarization vs. time 

One can measure about 1 day per 
100 hours of cell lifetime and 

maintain reasonable performance

online polarization improves quality such 
that lower maximum polarization can out 
perform higher offline polarization when 
integrated over time
Example

PHe=80%, Pn=95%, Tn=29%, 
“Quality factor”=Pn

2Tn=0.26
But for the same cell when PHe=63%, 
Pn=90%, Tn=20%, Pn

2Tn=0.16
§ This is the cell’s 

performance after one day 
with a 100 hour lifetime 

§ PHe=71% but constant, will 
have same time integrated 
performance as a PHe=80% 
offline polaized cell
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28

Time decay problem vs. in-situ polarization
(origin of the bar liter day)

online polarization improves quality such that lower maximum polarization can out 
perform higher offline polarization when integrated over time

Example PHe=80%, Pn=95%, Tn=29%, “Quality factor”=Pn
2Tn=0.26

§ But for the same cell when PHe=63%, Pn=90%, Tn=20%, Pn
2Tn=0.16

§ This is the cell’s performance after one day with a 100 hour lifetime 
§ PHe=71% but constant, will have same time integrated performance

100 hour decay

3He polarization vs. time Integrated quality vs. 3He polarization 
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Cells, cells cells

Puck

Homer

Astrix

name
D x L 
(cmxcm)

[He] 
(bar)

K/Rb
D

T1
(h)

T1 dipole

(h)
Maja 5 x 5 0.93 0 80 860
Puck 6 x 5 1.0 1.24 500 800
Kurt 6 x 5 2.3 350 350
Willy 6 x 5 2.3 2.79 370 350
Homer 22 x 8 0.5 0 680 1600
Obelix 12 x 5 2.1 0.69 340 380
Asterix 12 x 5 2.7 280 295
Spider 6 x 5 2.7 280 280
Gremilda 6 x 5 2.7 2.52 300 280
Jimmy 6 x 5 1.9 6.45 210 420
Ulasen 6 x 5 0.5 560 1600

J of Phys: Conference Series 528 (2014) 012015 doi 10.1088/1742-6596/528/1/012015, Z Salhi, E 
Babcock, P Pistel and A Ioffe
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Geometric corrections
W.C. Chen et al. / Physics Procedia 42 ( 2013 ) 163 – 170
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Cell transmission effects
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86420
Q (Å-1)

measurements on TOF TOF with G. Simeoni
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SANS scattering from GE180

24. Juli 2017 32

• For Q > 1x10-2 blown GE180 cells are weak scatterers
• i.e below the level of 1 mm of D20

• single cystal silicon has essentially 0 scattering, 
• however Si windowed cells have not been polarized dirrectly to date

• a „double cell“ or offline polarization would be required
• GE180 has some structure above 9 Å whereas Si has absorption

0.05

0.04

0.03

0.02

0.01

0.00

I/I
0

4 5 6 7 8 9
0.01

2 3 4 5

Q (A-1)

 4 mm pollished Si window
 GE180 cell
 1 mm D20
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Does GE180 affect (energy) resolution

Spectrum measurements on TOFTOF with G. Simeoni

0.01

0.1

1

10

100

-30 -20 -10 0 10
Energy (meV)

 1.6 Å incident λ
FWHM = 3.13 ± 0.02 meV

Vanadium GE180

GE180

10-1

100

101

102

103

104

-0.8 -0.4 0.0 0.4
Energy (meV)

 10 Å incident λ
 FWHM = 15.25 ± 0.01 µeV 
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How about silicon crystal cells?

measurements on TOF TOF with G. Simeoni

Data taken with 1.6 Å incident beam
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AFP flipping

iBkBeff
ˆˆB 10 +








+=

γ
ω

In rotating frame the field experienced by the spins will be

vv

3He n

G
KHz24.3=γ G

KHz91.2=γ

B1

ω

When one sweeps through the Larmor frequency, ωL=-γB0 , using either field
or frequency, Beff and thus PHe or Pn is reversed

B0 or ω
Beff
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The Adiabatic Condition
The sweep must be slow with respect to ωL

but fast with respect to the transverse relaxation time for the 3He,

iBkBeff
ˆˆB 10 +








+=

γ
ω
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The Adiabatic Condition
The sweep must be slow with respect to ωL

but fast with respect to the transverse relaxation time for the 3He,

iBkBeff
ˆˆB 10 +








+=

γ
ω
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AFP in practice

24.07.2017 38

80

75

70

65

60

55

50

35302520151050

 0-9: test1; 14:28; (10FID*5s)+2flip (mean=72.15)
10-20: test2; 14:30; 20FID*5s)+(500flip*10s) (mean=71.78)
21-30: test3 ;16:00; 30FID*5s (mean=66.62)
 
tes1;FID Losses y=a +bt : b=-0.0038; a=72.25 (loss=0.019per FID)
LOSSE after 15 FID ;0.285
LOSSE BY T1=500H;AFTER 1.38 h=0.197
9.310-3 losses per 500flip
1.8710-5 lossesperflip



M
itg

lie
d 

de
r H

el
m

ho
ltz

-G
em

ei
ns

ch
af

t
M

itg
lie

d 
de

r H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t

24.07.2017 39
SM, Ap flipper, εfp

3He NSF
AHe↑=AHe↓

detectorsample
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R
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1

Without 3He NSF + AFP
2 polarizers, 2 flippers, 
only 2 measurements...

With 3He + AFP
2 polarizers, one flipper, 

“3” measurements

Problem is under determined......

flipper, εfa SM, Aa

Deterministic instrument calibration
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Neutron transmission unpolarized cell 
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Neutron Transmission Polarized cell 

1.4

1.3

1.2

1.1

1.0

0.9

0.8

543210

-0.10
-0.05
0.00
0.05
0.10

Wavelength Å

po
la

riz
ed

/u
np

ol
ar

iz
ed

)/cosh(
)/0cosh(
)/cosh(

0
0

/
0

/

0

0

λλσ
λλσ

λλσ
λλσ

λλσ

Het
empty

He
t

empty

dunpolarize

polarized tP
teT
tPeT

T
T

=
⋅⋅

= −

−

PHe=57.0(0.4)%



M
itg

lie
d 

de
r H

el
m

ho
ltz

-G
em

ei
ns

ch
af

t
M

itg
lie

d 
de

r H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t

24.07.2017 42

Fully correctable data
E. Babcock et. Al., J. of Phys. Conf. Series 862(1):012001 (2017)
DOI: 10.1088/1742-6596/862/1/012001
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Reflectometry example
FeFe58 supertalice (10 nm, 10x) with a 10 µm grating

0.7 T

Remanent
(10G)
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SM, Ap flipper, εfp

3He NSF
AHe↑=AHe↓

detectorsample
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Without 3He NSF + AFP
2 polarizers, 2 flippers, 
only 2 measurements...

With 3He + AFP
2 polarizers, one flipper, 

“3” measurements

Problem is under determined......

flipper, εfa SM, Aa

Deterministic instrument calibration
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A comparison to SM its all about the sample

β=tan-1(dsamp/D)

imax<mλΘcritical

•assume radial collimation focused at sample 
position
•Source (isotropic scatter) of size dsamp

•maximum divergence on analyzer β, is 
determined by dsamp and sample to analyzer 
distance D

•mirror must be curved, say ∆i is approximately 
uniform regardless of location of incidence along 
mirror
•imax will be smaller than β for some λ (hot 
wavelengths) for a given dsamp

dsamp

D
β

Θmin=mminλMAXΘcritical

Θmin<i<β or mλΘcritical

Θmin

dsamp

D dmirror

β Θ =Θmin+tan-1(dmirror/D)=Θmin+β
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Why 3He Polarization or Analysis

E. Babcock et al, submitted to Journal of Physical Society of Japan S.E., 
proceedings of QENS/WINS 2012, Nikko Japan 
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3He at 6.7 bar cm and 70% PHe

CoTi SM fan 
analyzer array

FeSi solid state SM 
fan analyzer array
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TOPAS, thermal TOF with full PA
Guide changer
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For spectroscopy with thermal incident
energy

P2T of wide angle SM and 3He at different pressure-lengths

• Quality factor P2T for various opacities of 3He with 
SM curves for comparison. The 100 meV line has 30 bar 
cm of polarized 3He at 75%

• Neutron polarization and transmission for 
various 3He opacities at 75% polarization, light line 85% 
polarization and 30 bar cm
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TOPAS / PASTIS
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Wide angle cells
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KWS2

T=500˚C, α=50; 
W=516Watt

Final details, soon under construction

Thermal calculations
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MARIA

• ~12° coverage with 12.5 cm cell
• Updated “angled” magnetic cavity

• Cell about 50 cm from magnet
• qmax≤±0.35 Å-1 (0.25 Å-1)
• 70cm x 40cm x 30cm

• Uses 2 VBG narrowed 100W lasers
• LC waveplates

• Integrated NMR
• Monitor via FID
• Flip via AFP (frequency sweep)

• All electric heating using cartridge 
heaters

• 300+ hour 3He lifetime
• 3He polarization >70%

50cm
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KWS1, Hard matter SANS

Small in-situ analyzer
L=34 W=20 H=15 cm 

system for KWS1
12° coverage

To provide magnetic shielding with 
good Q-range in the shortest space
D=32cm Φ=7.5 cm qmax≤±0.35 Å-1
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Neutron Methods, PA SANS

In this data the strong coherent 
scattering of the silica matrix 

was contrast-matched out, 
leaving the protein and a large 
incoherent “background” from 

the solvent 
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3He Group, KWS1&2, MARIA, TOPAS-PASTIS team, 
V20 (ESS) and NEAT (HZB) 
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