Magnetic Field R&D for nEDM @TRIUMF
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Magnetic shielding |EDM cell
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TRIUMF UCN source

W~ Russia ICELAND
Canada {b GREENLAND
S F m uItra cold neutrons are:

ALssA _ EC? ’ .. totally reflected*
= long observation time T
.. enough from our new source
— sufficient statistics VN
. polarizable to 100%
= good visibility a

Expect in one year of data taking
h

T 2aETVN "™ 04~10"" e

*by suitable materials under all angles of incidence
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Neutron EDM experiment

Ramsey Sequence

1 [ sp"n up”
) neutron...

§ Systematic Errors related to Magnetic

2, oo Fields are key (GPE, stability, etc. )
flip pulse...

Requirements for 10?7 eecm
3. k(b g::fession I-i::':2:"-'“::.?::‘:,', o BO ~ 1 |,,|,T

 Homogeneity < nT/m

4 Second /2 —< 100 pT across the cell
| o ulse * Stability controlled to ~10 pT

look at energy (frequency) shift under
electric field inversion:
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h

AEdy,
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Magnetic Field Shielding and Generation Strategy

Four major subsystems:

o Active magnetic shielding | g Py
Magnetically Shielded Room

o Passive magnetic shielding
 Magnetically shielded room
3 (4) layer shield inside

al Passiv .
\o‘em € sh’@/o'

o Magnetic field generation
 BO, B1, Bshim coils

o Magnetometers
* Xe/Hg co-magnetometer
* Flux gates
* Giant magnetoresistance & magnetometers L
sensors
e Squids
* Optical (NMOR)
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~100 nT drifts, ‘transients’,
noisier during day
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E. Pierre, P. Sarte
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Active Shieldin

Aim for Shielding Factor of >100 for <10Hz

R&D Active Compensation

e 3-axis fluxgate magnetometer
Three coil-pairs for uniform field

Servo (PID) based software

Able to obtain shielding factors ~100

Need to demonstrate active compensation with
a passive shield

Coil Geometries Optimization

“ s || A ‘: T S ‘
Square Helmholtz Saddle coil Nested saddle coils | | | ‘ | ‘I ‘ K ‘ ]
{118 fHl
A |\ ’
"‘.r'-l,_r_
A | AR ‘
[sgitta liles
| Lk -~ H = N -+
‘ ~ : e T~
Contours at 0.1%, 1%, 2%, 5%, 10% | | | ‘ ‘ ‘
L]

I

C. Loftson, C. Bidinosti
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Passive shielding development
o Analytic Theory i

* For example Bidinosti & Martin — Passive |
magnetic shielding in static gradient fields é 5

AIP Advances 4, 047135 (2014) n 1t
* Gubser’s/Sumner’s approximation R, 14 N
Tl—l i
T T ;
st = 1—[51251' [1—(Ri/Ri+1)°1,S; = witi/2R; g
i=1 L
o Finite Element Simulations
*  OPERA/TOSCA help with holes fuo 1=+ TN § o et TN
o Prototypes e F
e ~1/3 and 1/10 scale 1 P ST
Guided by 4 layer . : by sof- : ‘ e
prototype cylinder at - & -
LBNL (Fr. EDMgroup) °?ﬁf\ T T I °?T'Tf\ T T I

1.6 1.7 1 ‘ ‘1.1‘ - ‘1.2I - I1.3‘ N ‘14‘ - ‘1.5‘ ‘ 1.6 1.7
Radius Ratio Radius Ratio
Investigation into optimal Radius Ratio/Shield spacing

for inner radius =12.7 cm

N N N N
1 11 1.2 1.3 1.4 1.5
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Investigations into Stove Pipes

Use OPERA, finite element analysis software, to investigate stove pipes

Do we need stove pipes on each shield

Four shields/ Two Four shields/ Three with Stove Pipes on all
with Stove Pipes Stove Pipes Four Shields

1
]
1
.
]
1
]

Zz

Magnetic Field Range over a Disc with Radius = 10cm at
Different Locations using 0.5 G Axial Field

5.00E-08
mz=0cm

400808 mz--10 Having stove pipes
g 3.00E-08 on all four shields
S 2.006-08 improves the field

1 00E.08 uniformity

0.00E+00

1stove pipe  two stove pipes three stove pipes four stove pipes All closed R. Mammei
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1/3"9 Scale Passive shield Prototype

Contracted Fabrication to Amuneal Inc. (USA)

Radius 1 =18.5 cm, Lengthl =37 cm
R4 =38 cm, L4= 90 cm IEx
Stove pipe radius = 3.7 cm
Stove pipe length = 5.5 cm R I I I B

Using 1/16” thick Amumetal

40

Opera Axial Shielding factor at center ~ 7x10°

W

Wire Frame Image in OPERA

R. Mammei
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Passive shielding prototype performance

o Shielding factor measurements (w/ caps)
e axial and transverse magnetic field
e 3.5 uT and 35 uT excitation field
e 0.1,1,10,30and60Hz

o Gubser’s calculation method
* Relative magnetic permeability p,

Shield Relative p Relative p
Configuration (Transverse) (Axial)
(1000*p,) (1000*p,)
S — —
LI(E — ®  Transverse .'
35 uT 3.5uT 35 uT 3.5uT gm? i one X
. cg - 53 20 : _-_—————— e
16000 — ‘.'
2 56 36 34 28 o Tonsversgy 't
12000 — .' R +
3 39 28 31 21 o000 — L0 S e
F Transvergg it
3000? .............................................................................. ..I ................. e
4 scm:— '.. ] '
= 3BUT 007 Lat
1+2 45 37 26 19 4000 — 3.5uT ,-‘“‘i“'A‘ it
mo_ gt
1+2+3 35 N/A 20 17 RSN L | | |
10000 20000 30000 40000 50000 60000

Relative Magnetic Permeablility (u)

T. Andalib, R. Mammei, J. Martin
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The “baby” Shield

Opera used to optimize design given

the constraints under an axial field:
R1=5cm, L1=20cm
R4 = 15cm, Stove pipe radius = 2.8 cm
Rit1 =cR; Liyyy=Li+2l+gap

Radius ratio, ¢, and stove pipe length, |, varied

Photo from Ad-vance Magnetics
12X—mﬁ
= Short stove pipe gives
= L L 10 highest shielding factor
s o g .E
§ ©3.175 LE =
o o
‘ 01065 g 8%
‘ ©14.94 =
= -
\ ©21.08 E 6
2.54 E -
A Mosl
=5 020.87 < 5;
25.02 4:_
30.63 33_
: 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 |
77 I 2 3 4 5 6
Optimum shield design schematic stovepipe length (em) o ) e

@ THE UNIVERSITY OF WINNIPEG DISCOVER - ACHIEVE - BELONG

",\._ 7
2 P 57




Internal Coil R&D

Shield-Coupled Coils

Solenoidal current sheet in closed

cylinder (Bidinosti, Sumner, Lambert, and
Uphoff)

Use Opera to see effects of various p, and holes/stove pipes

(a) (b) (a)
s
asd
LENE
0.7 -
07 =
0.
E - E 0.6
= E LR = & &
o 4 - . o . .
0 @ - L] ™ e
s+
0s - & L] * *
* M . .
L ] L 04
o I -
o o
&0 T asd— . : : . . . . . 03 4— . . . . T T T T
0 a0 .15 .10 .5 o 5 w 15 a0 -2 -15 -10 -5 o 5 1 15 20

Position along z-axis (cm) for \[Rho]=0 cm
Paosition along z-axis at \[Rho] = 0 cm

P. Sarte, C. Bidinosti, R. Mammei

Position along z-axis (cm) at Y\[Rho] = 0 cm
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Internal Coil R&D Cont.

Now use discreet turns/coils

Benchmarked shield-coupled Internal Coil with
Opera for closed and open shield with stove pipes

Bz vs Position

Built a 14 turn 12.5” diameter Coil 5 OPERA
Simulation
(Sewer plpe COII) ° @ Experimental
) p— ‘0:.li=. -..i..

N ¢ = m

2] | o |

g N .

= n n

2 . ° .

| . ]

Position (cm)

C. Bidinosti, R. Mammei, A Harrison
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3-Axis Robot Control Panel ‘

Magnetic Field Mapper

Mg

Channel Parameters

fhysical channels

L

& o
% Devijai0, Devijail Devifaiz v - -
Measurement 3 Devifai0 ERNE

H

'
6:00:00,09 PM

~ 'VD:\eY Time (£}

Hardware

* Three stepper motor controlled PBC Linear
SIMO lead screw drives.

* Simple Step Motor Controller/Driver

Software

Labview based Software

| * Box and Cylindrical field maps

* Read in text file of points
Summer undergrad: Andrew Harrison . nManual move
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Measuring W vs. Temperature of the Shield

For Shield coupled BO coil there is a p, dependent reaction factor that
amplifies the field of the coil inside the shield.

Literature shows that p,. changes ~1%/K for Ni/Fe/Mo = 80/15/5 alloys
(Couderchon J. Mag. & Mag. Mat. 26 (1982))

A00000 — |
T
350000 515 °C —
500 °C
0000 H 495 °C
< 90°C | | Take out 1 du, (%)
=z 475 °C oy —— —
T i Temperature (°C) p. dT \°C
460 °C
| J— 495 3
000 490 .5
20000 475 7
; ||
i 20 10 a 10 0 i a0 50 i Ta ] an 100

Service temperatune [°C)

W, vs. temperature dependent for different “take out”
temperatures for Magnifer 7904 (research samples only)
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Measuring W vs. Temperature of the Shield

Temperature[*C]

0 10000 20000 30000 40000 50000 60000 70000
Time[Sec]

0.0534 | -

0.0533 |

0.0532 | 1

0.0531

Bz-Magnitude[uT)]

0.0530 .

0.0529

0.0528

0 10000 20000 30000 40000 50000 60000 70000
Time[Sec)
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Magnetic Field Sensors

Use baby shield to check
noise of “external sensors”

Flux gate magnetometer

g a ) 5']: T
L Conclusion: ¢ Conclusion:
& i & 40 . .
: : Pretty much meets noise spec. < Noise ~2x higher than spec.
2 T al :
2 £ = DCdrifts large
I i
] w20
2 s g |
2 10,
1 |
Dﬂ - 4 B B _ 1 u 1 2z 3 4 5 & T &8 9
Frequency (Hz) Frequency [Hz)
Spec sheet ~6pt/rtHz, W. Klassen, J. Martin Spec sheet ~10pt/rtHz,
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NMOR Apparatus

ﬂuorescence
monitor

b

LP

Rb Vapor Cell from Rb Vapor Cell from
Precision Glass Blowing B. Patton/D. = P——Srpimef————— ]

e i i V?E_EJ
=

PBS

Beam modulation setup

NMOR

C. Cersani, W. Klassen, J. Martin
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Shielding at TRIUMF

[Magnetic shielding] ~ [EDM cell]

Still in Design Phase

1/8” thick 4 layer shield
Inside a temperature/seismically
stabilized room with p metal walls

Field mapping
robot actuator

IR |

#  Non-magnetic inner
¥l -~ part of the robot
with magnetometer

EDM vacuum
chamber

U W W

B —————
7 15 [——

Image from P. Fierlinger
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Summary

o Magnetic Field R&D progressing
* Active, Passive Shielding, Internal Coils

e Utilizing analytical and numerical methods

* Building prototypes/test systems, developing relationships
with vendors

* Precision magnetometry
 Benchmarking off-shelf sensors

* Developing expertise in precision all optical methods
(NMOR)

o Aim for new precision on nEDM of ~1x107%/ e-cm in the next few
years (or by the end of this century ©)
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Back up slides
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0.0534 |
0.0533
0.0532
0.0531}
= 0.0530}
0.0520
0.0528 |

agnitude[uT]

Bz

agnitude[LT]

Bz

T2[°C]

nitude[uT]

Bz
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T3[°C]

Ldm_q 3y,
mdT / C

0.0534f ¢
0.0533
0.0532f
0.0531F
= 0.0530F
0.0529
0.0528F

0.0534 <X
0.0533 |
0.0532
S 0.0531}
= 0.0530f
0.0529 |
0.0528 |

22 23 24 25 26
TIC]

T4[°C]
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Using a local coil instead of the sewer pipe coil

* |tis mechanically fixed to the cylinder and fluxgate. Hence, it eliminates any relative
motion.

* Itis less coupled to the outer shields

* |tisclose to the cylinder. We can model the cylinder as being infinitely-long for
Analytical calculation.
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Applied field=1.8 uT
F=1Hz

Heating up the test cylinder by heater

255"

25.0

24.5

24.0

235§

Temperature[*C]

23.0

0.00930/

— 0.00925/

Bz-Magnitude[/

0.00910

30000

Time[Sec]

40000

0.00920}

0.00915/

10000

20000

30000
Time[Sec]

40000

50000

— T
— T2
— T3
— T4



0.00030} 0.00930
0.00925] 0.00025 |
5 5
3 3
€ 0.00920f E, 0.00020f
> =
&
& 0.00015 0.00915
0.00910( 8 0.00010
22,5 23.0 235 24.0 245 25.0 225 23.0 235 24.0 245
T1[Sec] T2[Sec]
0.00930 - 0.009301
- 0.00925F . 0.00025
5 3
3 g
E, 0.00920 1 £ 0.00020
i 2
0.00910 A 0.00910F
225 23.0 235 24.0 245 25.0 22.5 23.0 23.5 24.0 24.5 25.0
T3[°C] T4[°C)
0 1dm 40
0-4 /0°C<__ <1A)°C
mdT
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Passive Shielding-Finite Element Simulations

Analytic solutions not able to
optimize design of end caps with

holes for cylinder or spherical shields a0
R1=18.5cm,L1=37cm
Employ Finite Element . R4 =38 cm, L4= 90 cm
Software: OPERA ] Stove pipe radius = 3.7 cm
Stove pipe length =5.5 cm
Axial H Field at (0,0,0) S I a— M — e
5.00E-03 - J
4.00£-03 1 Cyllnder I_> s
3.00E-03 - .
oseos D f1/3 scale prototype wire
1.00E-03 rame
0.00E+00 - 17

en Cylinder Clv de rwftvaI d rw,'l tl.rCI ed Cylinder
pip holes

Stove Pipes help approach field of a
closed cylinder

Stove Pipe length study performed for table top 4 layer magnetic shield
Design criteria will be part of NMOR Magnetometer Paper
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Passive Shleldlng Prototypes
~1/3 Scale Prototype

35.5in >
A

4-layer shield using 0.0625 inch
material 30.1in
Cost ~$30k, Amuneal Corp.

e .“%.Eg.“. e
OPERA Simulated DC shielding i :IL i
Factor Axial 7x10° |ur=a0k ; / A

Delivered to Winnipeg in Aug. 2013
~1/10 scale prototype

[ 15.915" O.A.L.

I* 14.79” Cyl 0.A. —-I
] 5 ]

4-layer shield using 0.0625 inch
material

Cost ~S6k, Ad-Vance Magnetics

4T g B
1

OPERA Simulated Axial DC

shielding factor ~1x10’
mur=20k

Delivered to Winnipeg in Early 2014
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Site Visit to Amuneal Corp.

Assisted in assembly and testing of
our shield components at
Amuneal Corp. July 2013

Several Furnace Environment
“witness” cylinders out of our
material will be used to investigate
mu vs Temperature effect

1111

Transverse Shielding Factor
Measurements on site showed (at
0.1 Hz, 1 Gauss field) mu ~44k p,

Developed good relationship
with magnetic shielding
team (especially head tech)
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Passive Shielding-Prototype Performance

Extraction of the relative permeability for our shields using our measured
shielding factors and Gubser’s shielding factor calculation method

_ _ Calculated Shielding Factors for UW 2+1 Shields N Calculated Shielding Factors for UW 3+2+1 Shields
St [T el
14000 g 35uT .
200 E Transvers®® S ‘ - . St
o000 asuT ettt ot ’
oo i Transvgﬁ . a E ..... 35uT Axial ] ...I .............................................
5{)00; ot '.....“‘ 3.5‘uT i e e
<000 ;7 _— - Nfal AAAAAA : ........ Ax|a|. - ‘A‘ .........................................................................................................
2000 AxalsAlat " I
0:1030:',"")?4.250000‘ ) | '30000‘ L qu[l)oo i Is(m‘on‘ . 600\00 S ||| I T
Relative Magnetic Permeabilility (u) Relative Magnetic Permeablility (u)
Shield Relative p based on Transverse Relative p based on Axial
Configuration Shielding Factors (1000*p,) Shielding Factors (1000*p,) Why
35 uT 3.5uT 35 uT 3.5uT discrepancy?
1 53 42 73 20 --not a uniform
applied field?
2 56 36 34 28
3 39 28 31 21 _
This should be
4

simulated in
1+2 45 37 26 19 OPERA




We will develop a prototype shield that serves two functions:
* Provide a “lab size” magnetic shield for experiments at the University of Winnipeg
* Be an ~% scale model of the shield required for the nedm experiment at TRIUMF

We are basing our design of magnetic shields (pictures shown below) on those developed
at LBLN in Berkeley, CA, USA. Here they used thick 0.125” HyMu 80 material and obtained
shields with an experimentally determined mu=40k.

They used slip fit stove pipes to increase the axial shielding factor, but still have access to
the center of the shield.
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Outline:

Physics motivation — precise nEDM
Experiment overview

A. TRIUMF

B. Spallation neutron source
C. nEDM experiment
Magnetic controls

A. Previous experience

B. Active and passive shielding
C. Field generation

D. Precision magnetometry
Summary

A. New precision on nEDM

Abstract:

The neutron EDM experiment at TRIUMF aims to
constrain the EDM with a precision of 1x10-27~e-cm
by 2018. The experiment will use a spallation
ultracold neutron (UCN) source employing superfluid
helium coupled to a room-temperature EDM
apparatus. In the previous best experiment,
conducted at ILL, effects related to magnetic field
homogeneity and instability were found to dominate
the systematic error. This presentation will cover our
R\&D efforts on passive and active magnetic
shielding, magnetic field generation within shielded
volumes, and precision magnetometry.

B. Precise magnetic controls necessary
C. Ongoing R&D effort to meet challenges
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Background field at TRIUMF - Sarte &
Pierre

Between 'scheduled’ events: ~100nT drifts, 'transients’, noisier during day

dB, (nT)

dB (nT)

1
15:00 June 18 19:00 June 18

= dBx|
- dBy)|
- dBz

dB (nT)

Night : \\\

T T
June 20 06:00

dB, (nT)

T T T T
June 19 22:00 Time
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June 18 22:00 Time une 19 06:00
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Analytic solutions of shielding and reaction factors

Bidinosti, Sakamoto & Asahi— General solution of the hollow cylinder and
concentric dc surface current, IEEE Magnetics Letters 5, 0800304 (2014)

Solution for any cylindrically bound o aTbTCI
surface current inside or outside a very TS
long permeable cylinder Rt

Tokyo Tech: design B, coil inside long, open
ferrite shield for Xe-129 EDM experiment

http://ieeexplore.ieee.org/xpls/icp.jsp?arnumber=6832517

THE UNIVERSITY OF WINNIPEG DISCOVER - ACHIEVE - BELONG



