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Outline of an introduction to *He 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
= Whento use a3He NSF why the above applications chose them
notes on comparisons to SM
= Afew real world examples
= Discussion

24.07 2017 Earl Babcock Erice School ,,Neutro_n Precession Techniques® 9
1-8/07/2017, Erice Italy
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It's spelled POLARIZATION
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Neutron polarization from polarized 3He
the most ideal neutron polarizer in the ideal case

O
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Typical performance P, T, and P2T
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Pnztanh(OxPHeG)
Tn=Toe(O}VG)COSh(OKPHeo)

Follows from the spin
dependent neuron absorption
cross section of He

T,X£=Texp(-Oro(1FPy,)
where

5=0.0732 bar'cm-1A-
c=5333 barn
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Two polarization methods

MEOP SEOP
Metastable Exchange Optical Pumping | Spin Exchange Optical Pumping
concept

A

[\ = )

FNDAB
LASER P
|

T ~2 min t=~2-10hours
Pressure 1 mbar Pressure 1 to 4bars+
Compress 1 hour—1 bar liter Pump to ~3t
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SEOP

Collisional
Mixing

50% 2R,

mg =-1/2
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Optical pumping
(on Rubidium)

mJ=-1/%!E \j mJ=1/2 2P

172

Quenching
by N
S0%

2
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mg =1/2
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Spin-exchange
(to helium)
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SEOP °He in-situ neutron spin filter
Spin Exchange Optical Pumping

T B,~10G o+ laser light
795nm

Heat~200 ° C

\\’\’\’,\/GE%QL%S SEOP cell

4
ieutron‘beam‘ oP ¢ ® Polariz.ed beam
o ® o ®

N, buffer=0.07bar  Rb vapog1x1014 cm-? [He[=1-3 bar
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metastable-exchange optical pumping
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A recent summary of *He optical pumping ~ ™
In submission to Reviews of Modern Physics

arXiv:1612.04178v1 [physics.atom-ph] 13 Dec 2016
Optically polarized *He
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MEOP offline polarized spin filter cells

Valved spin filter cell

B, field for instrument
“magic box”

3He recovery

TREX polarizer at ILL

Mitglied der Helmholtz-Gemeinschaft
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SEOP offline polarized spin filter cells, NIST

sealed spin filter cell

B, field for instrument
shielded solenoid

Mitglied der Helmholtz-Gemeinschaft
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In-situ polarized cells as instrument components

MARIA analyzer |dafix cell D=.12.5 cm
1.2 bar liters

Mitglied der Helmholtz-Gemeinschaft
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Cell preparation
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Central facility polarized *He production <) JULICH

NISTYSEOF coeniralfpolanzationesarvice

200 - & NSF tests 40
“ NIOF & MACS
i user expts 35
150 | 30 “ SANS
. a5 “TAS
100 - 20
: : 15
50 - . 10
v : 5
0 £ - . - -t & 0

FY2008 FY2009 FY2010 FY2011 FY2012 FY2008 FY2009 FY2010 FY2011 FY2012
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In-situ polarized cells as instrument components

Sealed SEOP cell
« D=12.5xL=8cm
« 1.2bar
« V=0.98 liter about 1.2 bar liters
«  FRMZ2 reactor has 4x60 days per year
« 288 bar liter days of polarized 3He
« Last cycle 28 days (34 bar liter days)

MARIA analyzer

Mitglied der Helmholtz-Gemeinschaft
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Central service vs. in-situ polarization

MEOP polarization filling station |LL

Online 3He polarizers JCNS

aft
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Magnetic field gradient relaxation of 3He

2 2
1 _C(VB +VBS) P ]
P2 B* 800 7, .,
1000 Field gradient |— 210
5 (1/cm) | o for most neutron applications the
w5 — 10 *He lifetime would be saturated
5 at 2x10- levels of field gradients
_8 N for any cell pressure
O Obtaining multi-hundred hour
c 2+ lifetimes is very important for
'6 long term use because of reduced
-"_|= labor and maintenance / better
100 o
= polarization
by One can use a 3He cell for about 1
P —~—— ™ day per 100 hours of on-beam
$ 6 7 89 1 2 3 4 s | 6 7 8 9 I|fet|me
3He pressure (bar)
24.07.2017 18
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‘Use p-metal to generate a uniform field
relies on geometric symmetry and mirror
planes

*“shielding” because p-metal is below
saturation (i.e. u is still large)

» top and bottom pole plates are mirrors
N A therefore field B, follows Ampere’s law:

l l l By = uonl
B, 1,=4m10°7 (Tm/A),
n=turns per meter
[=current

Forexample 1 turn per 1 mm and 1 A=12.546 G

24. 19
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Box magnetic fields

018 014 01 0.06 002 -002 -0.08 01 <014 -018

Shaded Plot
|B| smoothed
1

0.001255
0.0012542
0.0012534
= 00012526
== 00012513
0.001251

*/6 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
24 07 .2017 20
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Magnetic holding fields
e MARIA L=50cm ®=12.5¢cm q,.,,<*+0.17 A1(0.12 A-") T,=400 hours (mag>1300 hours)

e KWS1L=32cm ®=7 cm q,,,,s+0.20 A-1 (mag lifetime expected 150-250 hours)

e KWS2 (compact solenoid) L=9cm ®=6cm q,,,,,<£0.85 A1 (mag lifetime 400 hours

KIVES4 Aeigk s Mo erelieahidhiRIdosimuRs SR @HBRERSE Y
Near28| ageoudidgcimnx sEnplgmagnet

j—

| Yi7ems| Ple Tl
30cm ~ e
— A

Shaded Plot

B scaleis -0.02 G

|B| smoothed (§
1

0.001257
0.0012562
0.0012554
0.0012546
0.0012538
0.001253

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

Mitglied der Helmholtz-Gemei
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Beware of coupling between components
original MARIA configuration
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infolytil
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Permanent Magnetic transporters

Y » Y
Daily field drifts

- L] o' C g T
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' = L 0.000 =
I O{B — Coefficient values + one standard deviation g
% T,=690.23 + 547, T _,;~900hours
=04 — T pae~3900 hours at 1 bar 5
o V- 2 -
oD " AB/B ~ 1.6e-4 L -0.005
0.2 -
0.0 = - -0.010
I ]l Il 1 Il L
26 “o 660  80gp 100190 120120
)

. Simple mu-metal rectangular cavity
« two strips of permanent magnets in the yokes
« Saturation of magnets 0.25 T

40750577 -
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PASTIS modeled with the guide fields

£ f Guide field must not influence
PASTIS homogeneity

PECETTEIT BT

Field must bridge gaps caused
by instrumentation, i.e. vacuum
vessel and choppers and exist in
available space

0 02 04 06 08 1 12 14 1.6
distance to sample (m)

Adiabaticity is high over the
whole neutron path
TOPAS and guide field config in;

J. Voigt et al, European Physical 24
J. Conf. 83:03016 (2015)



FORSCHUNGSZENTRUM

#) J0LICH

-

S —l

_,___..I_..J \

ESS simulator
test-beamline

=
<
<=
[}
)
£
[}
£
©
Q@
8
<}
£
£
[}
T
pul
[}
o
o
Q2
°
=
=

24.07.2017



#) J0LICH

FORSCHUNGSZENTRUM

PASTIS, with a *He cell and sample

Mitglied der Helmholtz-Gemeinschaft
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Time decay of the *He
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a performance difference between offline and in-situ polarization

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

Example
PL.=80%, P,=95%, T,=29%,
“Quality factor”’=P, 2T, =0.26
But for the same cell when P, .=63%,
P.,=90%, T,=20%, P,*T,=0.16
= Thisisthecell's

performance after one day
with a 100 hour lifetime

= PL.=71% but constant, will
have same time integrated
performance as a P,,.=80%
offline polaized cell

24.07.2017

He Polarization

0.9 F I T T | I o

0_8 — T T — - —

0.7 I | ~ | ~

10 20 30 40 50 60 70
time (h)
3He polarization vs. time

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

27
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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 P,.=80%, P,=95%, T,=29%, “Quality factor”’=P 2T, =0.26
= But for the same cell when P, .=63%, P,=90%, T,=20%, P 2T, =0.16

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

09 I ! I ! | i 140 ™ = steady polarization |\ e e B

. == 100 hour daily refil ‘ ‘

Ol i o —— o — 120 .= 100hourcell \ ........ | A _

' [ I~ -\ = 200 hour daily refil \

N ~ N ~ < N 200 hqurcell .

U < | S 100 PNt M ]

g u, ~ I ~ T ‘ : : i i |
g - | 4 |
g 06~ TR | | 100 hour decay 5 8of
= 05 | =~ — 3 60 i
! 2 i
II II ~ -
| ~_ i
04 I I 40

03l . [ | 4 i | | | | | | |

10 20 30 40 50 60 70 050 055 060 065 070 075 08¢ 085
time (h) *He Polarization

24.07.2017°He polarization vs. time Integrated quality vs. *He polarization
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Cells, cells cells

D x L [He] |KRb|T, |T

name | (emxem) |(an) (D |() |y
Maja Bx5 093 |0 80 860
Puck BX5 1.0 1.24 | 500 | 800
Kurt B X5 2.3 350 | 350
Willy 6x5 2.3 2.79 | 370 | 350

Homer 22x8 0.5 0 680 | 1600
Obelix 12x5 2.1 0.69 | 340 | 380
Asterix 12 x5 2.7 280 | 295
Spider 6x5 2.7 280 | 280
Gremilda |6 x5 2.7 2.52 | 300 | 280
Jimmy 6x5 1.9 6.45 | 210 | 420

Ulasen 6x5 0.5 560 | 1600

J of Phys: Conference Series 528 (2014) 012015 doi 10.1088/1742-6596/528/1/012015, Z Salhi, E
24.07.2017 Babcock, P Pistel and A loffe 29
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Geometric corrections
W.C. Chen et al. / Physics Procedia 42 ( 2013 ) 163 — 170

0.23

sample ! I; 0.21-
l c

@/ 0 —_—
(—
D 0.20-

® Burgundy measurement
— model for Burgundy

\
\ 0.19-
0.18- T T T T T T T 1

§ 002 004 0068 008 010 0.12 0.14 0.18
QA"
I 1 b\ D? I L) D41 Ag
—x14+|=(1-=]|-==|tan? (20) + | = |1 - =5 | - =&
lo 2( 2R) R, |2 2( 2R) Rly | 27D?,
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Cell transmission effects

measurements on TOF TOF with G. Simeoni

GElBU JUUK. 1 bh 1EUUU R annlealed (U4JHSH}

19

14—

GO B~ HOoOMmo SR <SusosSE

=30 1 1 1

0.0 219 4.4 6.6 8.8
Wavevector Transfer (a-1)
toftof #43858 no(/m, ce=648.99) -rs(2,4,6,7,8,10,12,14, 18, 20, 35, 36, 39, 40,42, 43,45, 47,49, 51,53, 55,57, 5
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SANS scattering from GE180

24.C

0.05F—

0.04

0.03 |-

1,

0.2 ||
001~ |

0.00 4

4 4 mm pollished Si window
B GE180 cell

s s ® 1mmDy o]

Q™
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« For Q > 1x102 blown GE180 cells are weak scatterers

I.e below the level of 1 mm of D,0

« 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 A whereas Si has absorption
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Does GE180 affect (energy) resolution

Spectrum measurements on TOFTOF with G. Simeoni

100

F| 1.6 A incident A

[[FWHM =3.13 £ 0.02 meV

10 |

Vanadium
0.01 ke | | : | ‘ !
-30 20 -10 0 10
Energy (meV)
24.07.2017

10" E
F1 10 A incident A
(| FWHM =15.25 £ 0.01 peV

10

4

3

-0.8 -0.4 0.0 0.4
Energy (meV)

33



. #) J0LICH
How about silicon crystal cells?

measurements on TOF TOF with G. Simeoni

B ma
— quartz

—— s1licon

aft

lllllll

| delak
-40 -3 -20

Data taken with 1.6 A incident beam

Mitglied der Helmholtz-Gemeinsch
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3He A N

; ¢
V

KHz KHz

=3.24— =2.91—

4 G — V G
a

In rotating frame the field experienced by the spins will be

B, = [50 + %Jk +BF

hen one sweeps through the Larmor frequency, o, =-yB, , using either field
or frequency, B, and thus P, or P, is reversed

Mitglied der Helmholtz-Gemeinschaft
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Field (G)
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The Adiabatic Condition

The sweep must be slow with respect to w;
but fast with respect to the transverse relaxation time for the 2He,

2
O\ s @  D|AB
7/ eff B 82
VD, 1
10 — - 1.0 1.0 o —— Polarization — 30x10°
— { | armor
o — doy/dt — 25
5 — 0.5 5 —
-8— m:?:) — 20 =
S < e
N o 'E
0 - — 0.0 = & 0.0 —15 @
5 N 3
B f mn = E L<
— Brf "y 3 — 10
-5 -] — Bx eff L _0.5 ® -0.5 —
m— Btot — 5
polarization
-10 — I -1.0 — — 0
0 | | I T | | 1.0 ' ! ' ! !
0 10 20 30 40 50 gox10° 0.0 0.5 1.0 15 2.0x10°
frequency (kHz) time (s)

24.07.2017 36
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Filed (G)

The Adiabatic Condition

The sweep must be slow with respect to w;
but fast with respect to the transverse relaxation time for the 2He,

B, = (30 + %Jk + B

— Bguide
— Brf "z"
25 _ - polarization| _ 1.0
— BX rot
20 —
— 0.5
15 4
10 — — 0.0
5 —
0 — -0.5
_5 — s
[ [ [ | 1.0
0 200 400 600

24.07.2017

distance (mm)

uoneziiejod uoJinau
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w
vB, . >> —
eff B
YD,
1.0 —
< — 20x10°
= 0.5 -
N o
E — 15 %
@]
2 0.0 — 5
§ = polarization — 10
2 — f Larmor g
2-0.5 - | = dw/dt | .
1.0+ I I | I r O
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80 —
75 4
n x I | i ¥ &

w 0 w 8 = W o om TR

70 - 2
u
] B | il BN O e

65 —

0-9:test1; 14:28; (10FID*5s)+2flip (mean=72.15)

10-20: test2; 14:30; 20FID*5s)+(500flip* 10s) (mean=71.78)

60 T |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

05 LOSSE BY T1=500HAFTER 1.38 h=0.197
9.310-3 losses per 5001lip
1.8710-5 lossesperflip
50 —
I I I I I I I |
0 5 10 15 20 25 30

M —

llillll

,_!

1---
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Deterministic instrument calibration

With 3He + AFP
2 polarizers, one flipper,
“3” measurements

Without 3He NSF + AFP
2 polarizers, 2 flippers,

only 2 measurements... o _
measure 2 flipping ratios and 4,,,

|
|
|
|
|
|
|
: (without sample)
|
|
|
|
|
I
|
|

B 1+ 4,4, . I+e,4,€,4,
" 1-Ae,4, Yo l-e,A4,
A, = tanh(OF,,)
. . T, =1, cosh(®P
Problem is under determined...... ,

|

I

: T—p = cosh(®F, )
[ T He

0

sample

SM, 4, flipper, Epp

24.07.2017

flipper, 5fa 7‘? N8R, 4,  detector
= Hc
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Neutron transmission unpolarized cell

1
e **'* cosh(atP., A/ ,)

=y

empty

=gth |4,
W nang
C 0.8 / empty
o
g 0.6
g 0.4
= 0.528(2) bar at
g + 0.2 250 C
8 00T I I I I |
£ 0 1 2 3 4 5
g Wavelength A

24.07.2017 40
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Neutron Transmission Polarized cell

—otd/ A
7-po/arrized - 7-emptye COS h(O-[P He/l / /10) .
= ey = cosh(otP, 1/ 4,)
7-m'/polanr'zed 7-emptye COS h(O-[ ) O A / 2’0)

3 - :1.4

g 1.2 JM ,lrlN['

é . | e "|"1“
5 % 10 '
g o P,.=57.0(0.4)%
% 0.8 T I | I
% 0 1 2 3 4 5
% Wavelength A

24.07.2017 41
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Fully correctable data

E. Babcock et. Al., J. of Phys. Conf. Series 862(1):012001 (2017)
DOI: 10.1088/1742-6596/862/1/012001

[ (1—-p1) 0 P (1-p2) m 0 0
m| 0 (1-py) 0 rp (1-m) 0 0
ol P 0 (1-p) 0 0 (1-p2) m
o 0 0 (l—m) 0 r  (1-m)

1. 0 0 0 n++

0 1 0 f2 (l-fz) 0 E*'
X1n o a-p 1

L0 N 0 (l-fl) 0 fa (l-fz) E"

s+ I((1 + pip2 —p1 — p2)(1 — f1) — fi(p1P2 — 1))
(1=2p1)(1 - 2pg)(1 - f1)

I%((p1p2 — p2)(1 — f1) — p1p2f1) + I'%(p1p2 — p1) + IV pypo
(1-2p1)(1—2p2)(1 - f1)

s+ _ 10 +pm—p—p)
(1=2p)(1 = 2p2)(1 - f1)

' (pypa — p2) + I((p1p2 — p1)(1 — f1) — fi(p1p2 — p1)) + I (p1p2(1 — f1) + p2f1)
(1-2p1)(1-2p)(1 - f1)

Wildes A 1999 Review of Scientific Instruments 70 (11):4241-4245. [DOI: 10.1063/1.1150060]
Wildes A R 2006 Scientific Reviews: Neutron Polarization Analysis Corrections Made Easy, Neutron News
2¢ 17:2 17-25 [DOI: 10.1080/10448630600668738)

Mitglied der Helmholtz-Gemeinschaft
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Reflectometry example
FeFe58 supertalice (10 nm, 10x) with a 10 um grating
07T
Remanent
(10G)
24.07.2017 .
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Deterministic instrument calibration

With 3He + AFP
2 polarizers, one flipper,
“3” measurements

Without 3He NSF + AFP
2 polarizers, 2 flippers,

only 2 measurements... o _
measure 2 flipping ratios and 4,,,

|
|
|
|
|
|
|
: (without sample)
|
|
|
|
|
I
|
|

B 1+ 4,4, . I+e,4,€,4,
" 1-Ae,4, Yo l-e,A4,
A, = tanh(OF,,)
. . T, =1, cosh(®P
Problem is under determined...... ,

|

I

: T—p = cosh(®F, )
[ T He

0

sample

SM, 4, flipper, Epp

24.07.2017

flipper, 5fa 7‘? N8R, 4,  detector
= Hc

44
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A comparison to SM its all abaout the sample #) J0LICH
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) min IB
«assume radial collimation focused at sample 1
pOSition ﬂ_tan ( wmp )
~Source (_|sotrop|_c scatter) of size d,,,, _ O =i dniax O
*‘maximum divergence on analyzer f, is e -
determined by d,.,,, and sample to analyzer
distance D Imax <mA0G), critical

emirror must be curved, say Ai Is approximately

uniform regardless of location of incidence along  Cnin</<P OF MAO,jjicq
mirror

i ax Will be smaller than g for some A (hot

wavelengths) for a given d.,

samp
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Why 3He Polarization or Analysis

0.6 7=

0.5
et LA - o
B I KW S e FeSi solid state SM
g 03— el e fan analyzer array
g 02 SN B CoTi SM fan

VAN \ analyzer array

. 4 \ N —

0 AN J .

2 4 6 8 10 12 14
wavelength (A)

SH 7 70% P
3He at 15 bar cm and 70% Py, e at 6.7 bar cm and 70% Py,

Mitglied der Helmholtz-Gemeinschaft

E. Babcock et al, submitted to Journal of Physical Society of Japan S.E.,
24.07.2017 proceedings of QENS/WINS 2012, Nikko Japan 46
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TOPAS, thermal TOF with full PA

Guide changer

Mitglied der Helmholtz-Gemeinschaft
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For spectroscopy with thermal incident < JuLicH

energy

P->T of wide angle SM and °He at different pressure-lengths

0.5 TP | ................................ | ................................ | .............................. .'. 10

' —66barcm |
o —15pbarem
| ——30barcm
L ‘

04F 7 1 o

(R A

'ff
‘ s A | : | | | |
50 100 150 200 0 25 50 75 100 125 150 175 200

incident energy (meV) energy (meV)
*  Quality factor P?T for various opacities of 3He with *  Neutron polarization and transmission for

SM curves for comparison. The 100 meV line has 30 bar various *He opacities at 75% polarization, light line 85%
cm of polarized 3He at 75% polarization and 30 bar cm

e
~
!

<
L3

O
)

quality factor, T

o
i

Transmission= - = = Polarization
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TOPAS / PASTIS

aft
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]
Wide angle cells F & & ® = i
) H L] L T T .
0,24 + ‘ - <4024
C-Shape cell- about 2bars
0.22 1 | 500mbar under LN2( Rb/K) 4022
_ T1=240h
S 0,20 - <4020
=
& 0161 {o.
& 0.18 018
14
=
Z 0,164 4 0.16
-4 0,14
' ’ r ' 0,12
60 80 100
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Thermal calculations
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~12° coverage with 12.5 cm cell
Updated “angled” magnetic cavity
» Cell about 50 cm from magnet
* 0y SE0.35 A1(0.25 A
« 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%
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KWS1, Hard matter SANS

Shaded Plot
|B| smoothed

0.00126
0.001258
0.001256
0.001254
0.001252
000125

Small in-situ analyzer
=34 W=20 H=15 cm ‘ " L2 1243
system for KWS1 Ll .l R 2%

0.001237

12° coverage- N 000123

To provide magnetic shielding with
good Q-range in the shortest space
D=32cm ®=7.5 cm ¢, S+ 0.35 A

Mitglied der Helmholtz-Gemeinschaft
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Neutron Methods, PA SANS

1o°E
g )
0k coherent
v ‘ Sa matrix
5 1w ched out,
O, 107 |
G ¥d a large
A “ind” from
N 2
° e solvent
10™ -
10
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SHe Group, KWS1&2, MARIA, TOPAS-PASTIS team,
V20 (ESS) and NEAT (HZB)

JCNS @ MLZ

= Zahir SALHI, Earl BABCOCK, Denis STAROSTIN, Johann
SCHMEISSNER, Tobias THEISSELMANN, Artem FEOKTYSTOV, Stefan
MATTAUCH, Aurel RADULESCU, Kendal BINGOL, Vladimir OSSOVY]I,
Simon STARINGER, Jérg VOIGT, Emmanuel KENTZINGER, Alexander
|IOFFE, Thomas Briickel

FZ-Julich ZEA-1

Helmut SOLTNER, Patrick PISTEL, Klaus BUSSMANN, Achim HEYNEM,
Hans KAMMERLING, Fabian BEULE, Frank SUXDORF, Ramil GAINOV

ESS

= Robin WORACEK
HZ-Berlin

= Margarita RUSSINA
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