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Content

* Motivation: systematics in electric dipole moment experiments,
example: neutron EDM - from 1026 ecm -> 1028 ecm

« Status in magnetic shielding & applications

+ Xenon EDM and neutron EDM update
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Different EDM measurements
are needed

d(n) < 2.9 E-26 ecm E @
Neutron, > -} — quark EDM I_
Proton d(p) < 7.9 E-25 ecm @ \
|2
v r
Nuclei: > 9 2 > quark chromo-EDM }_)
24, 3H,He £ £ \
d(Hg) < 3.1 E-29 ecm H (=)
Diamagnetic % 8 [
. 3 gluon chromo-EDM &
atoms: c L L
Hg, Xe, Ra < 2
- 8 J E
Paramagnetic £ [ ] 3
atoms: 2 | d(T) <9.4E-35 ecm - four-quark operators %
T, Cs E 5
r (=]
Molecules: | \ 4 ‘L ! ]_) z
YhF, ThO, HfF* d(ThO) < 1 E-21 ecm L lepton quark operstors E
l d(e) < 8.7 E-29 ecm
Leptons: > lepton EDM —>
muen d(mu) < 1.8 E-19 ecm . ’

(adapted from Jordy de Vries, Jilich, March 14, 2013)
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Different EDM measurements
are needed

uig [ jjosny-Aaswey W Id ‘ddny "L :aa1a2i Iapup))

4

('sAug ‘poN AY Y

e and u EDM

Nuclear-spin-dependent
e-N coupling C;,

Nuclear-spin independent
couplings C¢°

Intrinsic quark EDMs
and chromo EDMs

Meson-nucleon couplings
q 0,1,(2)

N

Paramagnetic atoms
dpm'u = Thi,,_d«f - ka’,n; (_“b'
- Polar molecules

- —d. E, -
AwPT = ——eeld | pu G

para }L

- Diamagnetic atoms

dgia ht-.S(F];i]) + kj(_tr(—.-‘T + ...
- Nucleons

lr r=0,1 38T 17
d‘“-»l* = 17:,;:(.(]11" ) t (";:,j’)(d'!l‘fi‘d'fh”!)

- Fundamental fermions
de,d,,, (dr)
...Higher order effects (e.g.199-Hg) :
d, =(k,C+kCy) +1.d. + K¢S + h.o. (MQM)
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Neutron EDM projects

RAL PSI (villigen, cH) |TUM LANCSE SNS EDM PNPI TRIUMF
SUSSEX ILL (Grenoble, [EDM (Los |(Oakridge, US) ILL (Vancouver, CA)
ILL (Grenoble, Munich) Alamos, Us) (Grenoble, FR =

FR) Gatchina, RU)

temperature  [i4) RT RT 0.7K RT 0.7K RT RT
Hg Hg none Hg 3He none Xe+Hg

source reactor, spall., sD, reactor, cold D2 spall, internal *He  reactor, turbine, spall., He
turbine neutrons, ‘He iHe

nrof cells  }} 1 2 2 1 >2 1

[UCN/ec] 2 3 5 10 1000 ~50 125 700

goal [e.cm] ERUERY 1-10-2¢ 11027 3:1027 < 10?7 few 1027  2-10-28 1-10-27
2006 2017 2019 2018 2021+ 2018 2021 2017 2019

done! using new Modifications for  Source ready Critical Component Component
RAL exp. Munich = ILL, Demonstration development phase
D, => He
comment Best limit so  Source delivery UCN source In Will be great concept, high
far! behind Munich delayed  faster than  risk

expectations since a decade = expected
go to ILL for now

Taken from R. Picker (2016), adapted
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3-10%
2006

done!

Best limit so
far!
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~ Measuring the neutron‘s EDM:
Ramsey‘s method

(Particle beam or trapped particles)

External clock

Polarized
particles [ ®,~
BU

fﬁ B,
/. - —

Polarization

vl ) N
1 [ jworking \3f [
3 [ point
LY N

LI
h
102 s

-0, (,,detuning”)

h
O-, =
“  2aETN
hw, ~uB+dE
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Ultra-cold neutrons (UCN)

T~mK, E,, <200 NANO-eV,v<7m/s, A >50nm

Strong Interaction:

: > Electromagnetism:
,Fermi potential’

U, « N-b_ ~100 neV agniic momert
{:; ... magnetic traps
... perfect polarization
Vi
Weak Interaction:
Vori n—>pt+e +v,
Optical properties: t1~881s

- Neutron traps (UCN: v,y < Vgit) -
- Neutron guides (CN: V< Vi) Gravity:

V=mgh 100 neV/m

ne
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Neutron EDM

(RAL/SUSSEX/ILL experiment)

Four-layer n-metal shield

Ultra-cold neutrons (UCN)

i High voltage lead
trapped at 300 K in vacuum Igh voltage lea

Quartz insulating

3 i _~ Magnetic field
~4 UCN/cm cylinder S coil
material box Storage cell /N IR, \_—~  Upper
' : electrode
Hg u.v.

;, lamp *-.\k. ll
s : PMT for
> | e Hg light

ST Vacuum wall ~
' Mercury
prepolarizing
cell

RF coil to flip spins ———— .
~ Hgu.v. lamp

\\ w f § |‘ :,
\J | |
J TESSESSSRRY
7 | (N
4 Py

Magnet - UCN guide

s _~~ changeover

UCN polarizing foil -~ | g
P 9 1N~ Ultracold
neutrons

| R (UCN)

UCN detector ——— | = Approx scale 1 m
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Two species comparison

Neutrons +'9°Hg vapor measured simultaneously
UCN center of mass is affected by gravity
No cross talk

G (nTim)

Applied Gradient

@
S

-20

[
A

. . 'PHg .Ia, .UCN = =
N\ T S -
] . z ; e | e
U—' o

lustration (2008 data)

B, down

Bo up

po— fa
R = fiig

P WIS ST S S T S 0 WV 0 O S e
3.84235 3.8424 384245 3.8425 3.84255 3.8426 3.84265

Frequency ratio R

Best limit:
d,<3x10% ecm*

Energy resolution:
AE ~ 1022 eV

Baker et al., Phys. Rev. Lett, 97 (2006) 131801, + re-analysis (2015)
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Spin offs: CPT, Lorentz invariance

Earthrotationadi Background field which couples to spin: _
Vziﬂ}’n@"B-l-O'-b %
... Would be visible as sidereal or daily %
modulations _ o
N il
More : Ml + + —— é
V= l)i(I.,; — Hij (T.Iij — dij (T.,;EJ' é
a4

che

dya < 16 x 1072 cem (95 % C.L.) : . [:: 1010
doy < 10 % 107%% cem (95 % C.L.) dlj ™ f"LV ELV > 10 G(V

(Dis)advantage: low density of cohabitating species,

[. Altarev et al., EPL, 92 (2010) 51001 Discontinued after 2010...
I. Altarev et al., PRL 103, 081602 (2009)
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Where do UCN come from?

Neutron source at Institute
Laue-Langevin (Grenoble):

W P —— y T
o @\‘1 10 Cold neutrons:
L Q J UCN/cm? 30 K, few meV, <1 km/s

Thermal neutrons
o, 10" cm=?s’!

~
hermal ]

300 K, 25 meV, 2.2 km/s

\ v
ullrd cold)
Dihe Hml[rm s1lem

p(ultra-cold) ~
70x10 3 D,y [cm?st] cm3

deerator Cold moderators
(300K) (30K)
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Required to make progress:
superthermal UCN production

Previously: reactor, lower end of Maxwell spectrum:
inefficient, ~1 UCN / cm?3

;,ouperthermal source‘: conversion instead of
moderation: goal: 1000 UCN / cm?

“d PIOs : S6(€861)15GdZ “Sutuog pue qnjon

oM pmpradns :£€€(LL61)VTYTd "AIngajpuad pue qnjon

CN B ]
Puen = Pey 2 Tyen
Main options:
Phonon pump R TUCN
[cm™] [s]
D, 108 0.03...0.1
He 1.3x10° 10...1000
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Next generation neutron
experiments: ~ 1027 - 10-28 ecm

UCN, room temperature: 1000 UCN / cm?
- Sites: (sD2) FRM, LANL (new!), PSI; (IHe-Il) ILL, PNPI, TRIUMF, KEK
- Ramsey, (double chamber)
- Magnetometers: SQUIDs, Cs, *He, ®°Hg, ?9Xe, 9Xe __4
- (co-)magnetometers

UCN, Cryogenic: few 100 UCN/cm?3

- Site: SNS Ug_:;t zsgl,zu,e Ground

- UCN source = EDM chamber, double chamber .

- Co-magnetometer: spin dependent
SHe absorption and scintillation

Beam stop/
window

Other ideas: EDM chamber ~Deuterated
Pulse structure and strong peak flux: B LiCalcms SREESHREES
- Cold-beam-EDM at long-pulse-neutron source (ESS)? (Piegsa,

PRC 2014)
- Large-scale space-like (not time-like) interferometer?
Proton EDM ...
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“Understood” systematic effects

Most critical: Ramsey-Bloch-Siegert shift or ,geometric phase‘:

>

A' R Wy
W, —

2(wo=—wr)

2 B - 2 (Exv\2 o JBn- Exv
2 2 2 yodBo: . .
w = 90) (53 )" 4|2 9; X" T2

Magnetic field requirements for
1022 ecm - level accuracy: 6, x10%

+ ~<0.3nT/maverage gradientat ~1 uT... 4
d; ~ 41027 ecm (19°Hg geom. phase) Jd TR A i
d,~ 1-2102® ecm (UCN geom. phase) \T\m ' i
+ Dipoles on trap surface (dirt or sparks): %' PN Crenin oy
« max 1 dipole with 5 pT in 2 cm distance N Y i\\| kot Aasni
* < 10 fT drift stability o \

-400-300-200-100 0 100 200 300 400
Pendlebury et al., Phys. Rev. A 70, 032102 (2004) Gradient [nT/m]
Further: P. G. Harris et al., Phys. Rev. A 73, 014101 (2006), also: G. Pignol,
arXiv:1201.0699 (2012), A. Steyerl et al. Phys. Rev. A 89, 052129 (2014) etc. ..
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The next generation...

What does *really* happen in next-generation experiments?

M. Bales, PF, R. Golub, EPL 2017

New class of systematics: Non-gaussian distributions
Skewness -> would lead to yet unexplored frequency shift shifts

Affects all previously known systematics

Could appear also in other measurements: g-2? pEDM?

104

Simulated counts

101

Small B-figiagi ey mere’important.

103

102}

—— Gaussian, ¢=1.0
[ nl MV v
D%QQ; ® !‘,u'— |—,—,7-| 1= 1.6 O:_E
Fo ¥ cwe OB/dz=12 ¢=1.3 X
kAl T T *.

-4

T
-2 0

2

Non-gaussianity build-up with time:

¢ Ey=1M v aBfdz=11
@  Fy =100 A OBfoz=111
[ | [ I I 1
1.7|
1.6} &
15 ¢
o 1.4 ¢
1.3} ] A A
12 % o v v
11g
1.0} | 1 | | | ]
0 20 40 60 80 100

Precession time (s)
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The next generation...

What does *really* happen in next-generation experiments?

M. Bales, PF, R. Golub, EPL 2017

New class of systematics: Non-gaussian distributions
Skewness -> would lead to yet unexplored frequency shift shifts

Affects all previously known systematics

Could appear also in other measurements: g-2? pEDM?

104

Simulated counts

101

Small B-figiagi ey mere’important.

103

102}

—— Gaussian, ¢=1.0
[ nl MV v
D%QQ; ® !‘,u'— |—,—,7-| 1= 1.6 O:_E
Fo ¥ cwe OB/dz=12 ¢=1.3 X
kAl T T *.

-4

T
-2 0

2

Non-gaussianity build-up with time:

¢ Ey=1M v aBfdz=11
@  Fy =100 A OBfoz=111
[ | [ I I 1
1.7|
1.6} &
15 ¢
o 1.4 ¢
1.3} ] A A
12 % o v v
11g
1.0} | 1 | | | ]
0 20 40 60 80 100

Precession time (s)
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yomall“ fields are easy to achieve

Example: 1 layer, 2 mm thick shell, Magnifer (magnetizable alloy),
~2Xx 2 x 2.7 m, 80 feed-throughs with > 40 mm diameter

Shielding factor (1 uT external sine-excitation)
@ 10 mHz: 40
@ 1 Hz: 200

Residual field after equilibration: (outside: earth field with 50 uT)

Center plane, centered in room 14 cm above center
Pl p—

\ iKY

b 936

ann

£ o

> /ﬁ D
T /——

Field in nT
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State of the art for

Shielding factors (SF)
TUM EDM shield —» g

MSR’ = Magnetically Shielded Room ﬁ aslg%pzaconn;ﬁ'z';?;g%jt::?;'num
Best shielded room available for . 9 ~ |
users: BMSR-II Berlin, 7+1 layer sl @ __---7 ,,’ o /&
(~ 1.5 nT residual field) —ily =" g /g gF

] 7 -
BMSR, Berlin ~ a

ielding factor
—
F-S
A4 s sasaal i i
T T
I
|
]
]
\ ]
\ i
\
\
\
\
\
~
~
LY
pE O
| o
s
. pa o
~
LY
\
AN
~

Boston, 3 layers

elding
\
\

-
-
-—— -

Garching, 2 layers = 10°4 ’
(Best ‘performing’MSR)\w)i 8 i ,," 3 ;
| & & 7 o Z
o
10 10" 10° 10’
Frequencx [Hz]

'AK3b’ (1.5 x shielding
material of Garching MSR)
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SF of cuboid EDM shields

MEASURED: (no active compensation, no
innermost shield)

Pirsa: 17080032

SF (0.001 Hz, longitudinal) = ~ 1-108
SF (1 Hz, transversal) = > 15108

Issue: drifts and bandwidth of magnetic
field probes... (an important topic!)

Example: response of 199-Hg magnetometers (12 fT resolution in

100 s) and SQUID to external distortion with 16.25 Microtesla

external amplitude:

Mercury (100s samples) SQUID
le—11+8 168807
1.3 i T ¥ T T T T 010 T T
\ ~ Nt
/*) A * { )

e v *". | T f ITUM £ 0.08 (PTB)
& ‘.* [ [ * '* 2
® 4 [ [ w ¥

25 \ | \ \
E \ f \ t | | \ T o.0m
2000 Y S T B $

2.0 \ Il i
i AU A Y B B " g
- 4 ( | ‘ \ | ¥ i ® 0,07
§ Lsp | | | | | 2

\ Yot \ / w
R | L | 0081 -
" § ,’I "_v / "\_‘ ,‘ * Meas. fleld Raw SQUID signal
. \‘-"‘ J \‘l L. , fit Sinusoldal fit
0 500 1000 1500 2000 2500 3000 3500 40 008, 1000 2000 3000 4000 s00¢

Time in s

Amplitude: 12.98240.026pT
Corrected for averaging:
Amplitude=13.2+0.026pT

Time (s)
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199Hg magnetometers

_Hg light shift

Frequency shift [Hz]

Pirsa: 17080032

254 nm
laser

A bit “similar” to "°Hg EDM experiment
DDAVLL lock with UV light

Lock quality: djyse g < 1:10%” €Cm
Several minutes T, times demonstrated
Zero light-shift operation

few fT resolution in 100 s (finally limited by cell size)

Low-drift magnetometer

Basis for lock: many different

Hg isotope transitions

channel ]afa: units)
1

Detuning [MHz]

ADC

6000y

To spectroscopy

Magnetic shield

Cells

{—He

! Hg+n

L Hg+h

TTTT

g

—

i) 0 JUTII“[‘ {ﬂnu N.
Free-precession signal

2Lpumping
chambers

ﬂI—J-




Main problems: drifts, stability and noise

Passive SF of full shield > 6 Millions @ 1 mHz (no active compensation)

Measured residual field

” 0.4m s
< >
Bxin pT
Xend-18 Xmitte Xend+18 _
%= if
- o
£ | 29 80 85 a o
18 a8 91 =
— i) 51 91 E g
12 43 97 =S
-2 30 91 -
DA
By in pT (/3 qc;‘
Xend-18 XmitteQ Xend+18 a :
23 22 26 x =
-35 -39 -32 ~ =
[ -28 -26 -22 % %
= =k T ~
18 28 22 T8
-28 -31 -23 = —
-56 -26 4 -2
) Ll
-79 -33 15 b= -
T .2
Bz in pT = -
Xend-18 XmitteD Xend+18 >< E
-106 66 67 s
116 B2 63 0
SianatAe. -87 -53 -54 =«
- 3 -81 -3 -27 oo
— 77 -34 42 -
— roi S -
0 P~ | -a7 -a7 66 L B
M~ f’.- =]
o 93 55 75 a s
= I ST E—— < <
o e e & norm in p P, R |
@ 10 \\« Xend-18 Xmitte0 Xend+18
— 108 86 113
—awadh™ = — 121 108 107
o 4.._-______,-‘
3 — ™~ 96 100 103
T 8s 64 97
R 84 69 103
2 5 10 20 50 100 200 500 104 69 117
122 71 119
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Residual fields inside shields

Imperfections in the shielding Currently preferred connections of
material cause gradients (SF is magnetizable materials: ,clamping’
almost irrelevant) Crucial: large sheets

Example: Distortions due to Mu-metal (a) I et L. N

connections, modeled by |

D. Dubbers et al. for nnbar (1979) ""“'"l_— _E

(a) Permanent connection
(b) Door, access hole etc.
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Residual fields inside shields

Flexible
joint

Inner shield

Outer -
shield

Door
assembly

[©f g [Of connection

@)
B ﬁ\ Al shell

Simple modeling using scalar potentials works
very well for qualitative estimates of gradients

X [cm]

T
E

IB| [nT]

45

40

35 ¢

30 +

25

20

151

10

___________________________________

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Y [em]

60
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Magnetic equilibration

lllustration of degaussing coils in one

: Optimal alignt:nentfofgagnztic direction in space:
omains in ambient field conditions.
-> We call it ‘equilibration’, not A al e Degaussin
‘degaussing’ v o I[ "\ cols
N Pt
[ —— | |
"' H H \ \ \“\\ w |~ “|“||III|| [ \: | T~ lﬂnudxuced
= ol | H H HH Mh H“ H” ”M HM |I|| |I]I||11 U I v
R HH\HHHHI i 1% |
| H “I“I“I‘llllnl"' 5 S UA Shielding
2 }‘Hm ) || material
il

i) m 60 30
ths]

* Wiring can be optimized for each

_ shielding scenario
Parameters: skin depth, frequency, DC «  Coil positions are NOT bound to

offset, symmetry — shape of sine-waves,
noise, sufficient current for saturation,
increasing slope if not everything can be
saturation, envelope functions

edges
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Improvements of equilibration

Solves most

* Different coils used for equilibration in _
yoverlap”issues

same shield ( 2 layer)

a) 3-axes, 100-200 s sequence in each

a) Regular b) New ‘L- /

difEction X3 =300-600:5 coil design  shaped’ coils
//r 9/.."“ . : q
. , 5 .
{ > /1 g 2 y
I
- v N
" g of . 0.8
5
b) New: only 1 set of coils, e 4 loe
30-50 s total duration o 53 E
2 1 —
% " .
I £ 5t B 4 0.2
4
< ol
/ o 0.0
> T
Y - ‘
0
01 2 3 4 5 01 2 3 4 5
X
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Time-dependent simulations of
hysteresis curves

Current status: quantitatively correct time-dependent modeling of real geometries

Schematic current pattern :  Test-geometry: Simulation  Experiment

flux density B (T)

Joint activity of FM, TUM, PTB, HIT,
120 |BS

Z. Sunetal., J. Appl. Phys. 119, 193902 (2016)

-120 -80

measured data

simulated value

-0,8
field strength H (A/m)
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Time-dependent simulations of
hysteresis curves

Current status: quantitatively correct time-dependent modeling of real geometries

Schematic current pattern :  Test-geometry: Simulation  Experiment

flux density B (T)
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-120 -80

measured data
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... Implications (e.g.)

Residual fields in shielded rooms can be lowered and gradients minimized;
Static and time-dependent simulations give quite different results:

B inside the shield before and after equilibration

8,00E-09 |
7,00E-09 Magnetostatic 0.02
6,00E-09 \k w/ . | '
5,00E-09 ‘. |
4,00 E~0% -0.02 f |
3,00E-09 = — - 002 pr= 0.02
&00E:09 Time-dependent -0.020.92
100803 simutation
0,00E+00 . . : . : .

-0,03 -0,02 -0,01 0 0,01 0,02 0,03 | This line

line through the center of the shield (m)
(External field: 1 uT)

Z. Sun (HIT), in collaboration with TUM
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Distributed equilibration coils

__ éb}

i
’..“a
A= *

e

Figures: Z. Sun
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... The smallest fields over extended
volumes

New wall design

2 mm thick, 1 shell

L-shaped, distributed coils
Installed temporarily at TUM

(SF in total ~ 3000 at mHz)
0.5x0.5x05m<25pT
(Measurements: PTB, HIT, TUM)
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SQUID and He+Xe mixture:
129X e EDM measurement

The HeXe experiment:
Julich, U. Michigan, MSU, PTB, TRIUMF, TUM

* Originates from low-drift magnetometer R&D
« SEOP polarized 3He and '2°Xe in cell

« E-fields parallel and antiparallel to B

« Free precession decay, SQUID detection

* Frequency comparison

« 3He is insensitive to EDM

+ Placed inside outer nEDM shields, B~ 2 uT 3 £ v Lex |
1 ‘|| " |l| -g
(f H__/[\_;\ J||U| ll'..w"l l'w,_‘"l I'w,;" I'L." % sg:al?ncT.;ee
Ngble gas Superconducting g flj
spins pickup loop ' L7 Silcon waer g
S Bp=0.imT T— g
o“ﬁf/ \‘ ﬂ EDM cell Q I ‘
4 A /"6(\ 'He By=1.2uT E=4kViem
. . _/-’ High voltage
« Now continued at PTB Berlin... { (
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SQUID and He+Xe mixture:
129Xe EDM measurement

Allan Std. deviation of

lllustration: simultaneous precession of comagnetometer with HV applied:

129X e and 3He amplitude in cylindrical cell

(7 fT/rt(Hz) SQUID noise level)
with 5 kV/cm applied: ‘ , ‘ ' |
(a) . . - -4.5
3 b : Y/ + : -
&4 ** -
% +
g° :
-8 o , . ; 5.5
0 0.05 0.1 015 02 5
Time [s] ;g 6L
© 4 — ‘ 5
. He comagnelometar -
E 4 ‘E"Xu signal 6.5
§ 0
E’ 4 7
< \‘-*XP comag
-8 ” - - + -+ " + —— Xe comag - polynomial fit
0 500 1000 1500 2000 2500 3000 3500 4000 75 ! |
Time [s] 1 1.5 2 2.5 3 3.5
. . . . s log(+) (s)
T2 (transverse spin life-time) are limited

by cylindrical cell shape
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129Xe EDM systematics

from to cell geometry

« Magnetic field of 2°Xe and 3He and self/cross frequency shifts
+ Leakage currents

« SQUID back-action

» Flipping precision

« Cell geometry effects (e.g. stem orientation ...), phase drifts

« HV cycle length vs. drifts

. (no geometric phase!) Example: effect of helium

magnetization on xenon frequency

0.00015,
Example: determination of dipole el

0.00005%

0.00000

Xenon relative frequency

=0.0000%

0.00010

0.00015

i i P i Iz @t P i P @ P

spin configuration parallel and antiparallel ( « and p)
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129Xe EDM analysis

EDM measurement error: /Noise
h €
gd =
' F3/2Q./
2k T / S N*\ Number of
/ 1 repetitions
Duration of one  Signal
measurement

... Current status < 1026 ecm / measurement ( ~ literature limit for Xe)

... Note: Contains ,Cramer-Rao lower bound” for frequency estimation:

ryJRSRRE
Fourier 1 1 1

r X —y
[# data points o T]2 72

x —|x
width T

With: number of data points = sampling rate x time

Page 38/51



Side note: progress with SQUIDs

Our wish is to use such a SQUID (and cryostat!) as upgrade:
instantaneous factor 10-100 sensitivity improvement (replacing is VERY simple)

U B e e e e e L e e e e e L

SQUID-
electronics

Magnetometer
total noise
........ SQUID intrinsic

)

-

o

w

™

=

5

Z, 1] i 1
lJl> 10 F Gradiometer 8.5x10 =
= — total noise s
= " -------- SQUID intrinsic | T

structured I "
I:%J' rl:lln’ﬂlrlllr'lll -1 t E
P miylar foll '-;" 1 DU 3 8.3x1 00 =
— W : E
g d
: 300K
A T (D | [ I Rt et 1
= 10" 8.3x10°
~1  sQUID in 1
g Nb shield k k . . - . .
S / 10" 10° 10" 10° 10° 10 10° 10°
0 Al073 heat shields
f(Hz)

= Finger

(L107)

120 mm ;
‘ AT . . .o el)2 .
e | aluminized FIG. 2. Measured magnetic flux density noise .S,.,{m for the two setups with
2.9 mm 7 agte . . . . .
polyester 45 mm diameter pick-up coils: Magnetometer (solid green curve) and gradi-

FIG. 1. Left: the schematic setup of LINOD2 in gradiometer configuration. ometer (SUlld blue Curvc). The calculated intrinsic SQUID noise levels ‘SHJ
Right: a view of one of the heat shields made from Al;Oy strips together arc given by the dotted curves. For the gradiometer, the noise is referred to
with the copper mesh heat shield at the dewar reservoir. The outer shell has N . P . . .
been removed. the bottom pick-up loop, and the gradient noise is shown on the right.
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Noise

Comparison of SQUID measurements inside magnetic shields

(permalloy and superconducting):

100000000

10000000 4

1000000 4

100000 4=

10000 %

mag. flux noise | fTisqri{Hz)

1000 4

frequency | Hz

TUM shield

speiirale Rauschdichie | pTirtz

XeEDM shield cyclinder (ca. 50 em
g diameter, 80 cm height)
Noise measured with SQUID:
E+01 4
il
i1 Dark blue: 27 mm distance metal-SQUID
£.00 il Red: 59 mm distance
‘-‘ 4| Light-blue: no metal (noise floor)
W J
LE0 ¥ \
Y ?'(

1E-02 N —

1E-03 /
1E01 1,E+00 1.6p01 1402 1,€403 1E408 1,E+08

1/f
Mechanical Johnson
noise
(slope)

(Measured by PTB, baseline limited by instrument noise)
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Drifts

SQUID measurements of Sussex- EDM Thermally induced currents in metals:
electrodes @ PTB Berlin MUCH more critical
Many materials are problematic than Johnson noise
_ )
A 2 ]
5
v

> 200 pTin3cm demagnetized: 20 pT

distance: as used in pp in 3 cm distance Time (fEW 100 S)
Sussex-EDM (Larger than nEDM Rana
experiment error budget!)
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Generating homogeneous
fields

Similar to a ‘magic box’ configuration: coils are coupled to shields,
Approx. cosine-theta coils

1.6 uT Ramsey field coils

hd yrery

Coils wound around
Mu-metal core

< 1 -

% l1 Finite-length

:c: correction

— — |}
. \ [
= |

(o]

o " N
= 2 |
= <

b N

-

2

=

<_ L

Correction coils for
1.5m mechanical imperfection

»
v
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Generating homogeneous
fields - what really happens:

Main issue: the permeability is not uniform in reality, in any shield!

Simulation: permeability varied (strongly) Miasyrec:: rel. ﬁ:Id homoq{gnelty
along cylinder used for NMR BO field coil: I HOHE: DIANS, el COMeCans

wso

!

0,0002-0 =0-0,0002 =0,0002-0,0004

0,0006--0,0004 0,0004--0,0002

Note: measurements are limited
by probe and alignment quality!
< 10 relative tilt resolution

(View into cylinder from front)
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Applications: shields with
applied fields inside

* Again ,Magicbox* Optimum current
* Now used for shielded paths (blue)
rooms and experiments. A
very homogeneous field |\
(compared to Helmholtz L
coils) =R - 0.15
» Reasonably stable in time, if WA N & i |
. \ \ X ‘“--_\_‘. 0.2
equilibrated \ . 102
'ﬂ
Cut through box: i"/“'""“"“f [/W"ES loxs
[l 06 o l ‘l
‘ ‘ li 0.1
| '-.
| | |
‘ | | |
‘ I ‘ || | ||l'}05
Quite homogeneous field... ‘l ‘L N | " L Ll ‘.]
\ b4 ) & _’X | 4 \ ' bbbtttk \
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Applications: long shields

sssssssssss—n Expected B-field
along center:

- Equilibration
simulation:
¢

\
A\
e — —
. Simulated i\

s
errors + ,extra
features” for
testing

Shield ready
by Nov. 2017
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.....
.....

TI.ITI Our EDM L OW EDM nm
apparatus T

- Contributions from Berkeley, ILL, Julich, LANL, Michigan, MSU, NCSU,
PNPI, PTB, RAL, TUM, UIUC, Yale

- Ramsey experiment with UCN trapped at room temperature, ultimately
cryogenic

- Double chamber

- 19Hg, Cs, ?9Xe, 3He, SQUID magnetometers

- Built at TU Munich and waiting for UCN

35C 122(2012)

Hg magnetometer

Il Nuovoe Cimento

UCN storage
chambers

I. Altarev et al.,

Ground
electrodes HV electrode

Pirsa: 17080032 Page 46/51



. Still no UCN at TUM, but: ,.life“ in
the EDM shield

Xengpus 1.Stage 2.Stage 3. Stage >40. Stage
laevis (0 min) (30 min) (120 min)
(frogs) 7
Side view e e i
\__ 7__,--"'. i S
"\
Top view il

Microscope .. .

Control group

' Test group
| (B<500pT) |
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Moving to the ILL research reactor

T08FET (110T) LOT MR Ay "sAYJ “[E 12 Iown’y '

March 2016:

Our EDM was selected as future flagship experiment for the new ILL
Super-SUN source, an ‘upgrade’ of the currently strongest
existing UCN source, after open call for proposals

“Super-SUN” source of UCN:

» Superfluid helium

« Placed at a cold beam

* \Very ‘soft’ spectrum: <74 neV

« =>T >250s, demonstrated!

« Scalable

« Suitable to feed EDM experiment
with o4 < 10?7 ecm

« Designed and built by ~ 1 person*

Most recent measured
UCN density: 220 / cm?
(2016)

N court rate (s7)

0000 4

1000
1

100 o

o

T llll T T 1
200 400 1600 1800 2000
time (s)

0. Zimmer
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He-based UCN source at ILL

Precursor source “SUN-II": « Fixed number of UCN

* Dilution of density in the
chambers and guide system

a = 2-stage GM coldhead
b Ist stage” heat screen
c 2nd stage” heat screen

d = internal cold traps . Build_up Of UCN inside Source

e = heat exchanger with cold head

f = ‘He evaporation stage (1K pot) . Fina”y. magnetic Conﬂnement —

g = superleak

h = *He input Joule-Thompson stage i i

| = 'He evaporation stage (*He pot) p0|arlzed UCN N the Source
) = Copper heat exchanger

k = UCN production volume

| = UCN mechanical flap valve
m = UCN extraction guide

Very low energy spectrum
« Extremely long storage times
* In some cases large losses

Small systematics

=« Geometric phase depends on
UCN velocity

... Consequences for our experiment:

Rebuild all neutron optics ...
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Physics reach with super-SUN

Recently —
reduced to “1“

2018-2020 2019-2022

SuperSun stage |

SuperSun stage Il

UCN density 333 1/cm3 1670 1/cm3
Diluted density B0 1/em3 400,8 1/cm3
Transfer loss factor 3 * 1,5

Source saturation loss factor 2 2
Polarization loss factor 2 1
Density in cells 6,7 1/cm3 1336 1/cm3
2 EDM chamber volume 332 1 332 1
Neutrons per chamber 110556 2217760

EDM sensitivity

E 2,00E+04 V/cm 2,00E+04 V/em
alpha 0,85 0,85

T 250 s 250 s

N after time T (1/e) 39800 794000
Number of EDM cells 2 2
Sensitivity (1 Sigma, 1 cell) 3,9E-25 ecm 8,7E-26 ecm
Sensitivity (1 Sigma, 2 cells) 2,7€-25 ecm 6,1E-26 ecm
Preparation time 150 s 150 s
Measurements per day 216 216
Sensitivity (1 Sigma, 2 cells) per day 1,9E-26 ecm 4,2E-27 ecm
Sensitivity 100 days 1,9E-27 ecm 4,2E-28 ecm
Limit 90% 100 days 3,00E-27 ecm 7,00E-28 ecm

o) =———=
" 2aETN

Compared to
current limit:
3.10%6 ecm
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Summary

« Small fields:

+ Systematics of EDM measurements require very well
controlled fields

* For many applications, small magnetic fields are ,easy”
to ,generate”, special shapes are still risky

« Small magnetic fields are being more important in
future, e.g. for proton EDM, but also industry

 Scientific projects:

+ p-EDM: move to ILL starts in 3 weeks - finally there is a
real perspective to do a measurement!

+ HeXe-EDM: understanding of experiment has
significantly improved, at competitive level
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