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Ultra-low magnetic fields

1 - Inner room size 2,9 x2,9x2,8m’,
- lllumination through glass fibres
1OAOOOOAAAA A ] - Air-conditioned
4 sliding doors driven by pneumatic air

Passive magnetic shielding: 4 - doors are blown up to reduce gap
- 7 layers of MU-Metall \
- i f—

1 eddy current shield | =

L]
Double coil system il [TT]
- for active shielding = 1
- for earth field compensation [
Wooden gallery / \ H
— Silll W&
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RF shield 12x 12 x 12 m®
2 mm galvanized steel sheet

15,6 m

//

Massive concrete foundation

Berlin Magnetically Shielded Room - 2

May 17, 2017 Low-Energy Probes of New Physics page4d/55



Ultra-low magnetic fields

Berlin Magnetically Shielded Room - 2

e Passive magnetic shielding
7-layers of mu-metal

e One eddy-current layer

e Active shielding coil system
(feedback control)

e Shielding performance @ 0.1Hz

Passive shielding: 2-10°
With active shielding: 2-107

2016
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Uiz low magnetc eias | ) M[3

1.000.000.000 [ -—BMSR-2 total shielding
100.000.000 -/// ——BMSR-2 passiv shielding
10.000.000 —] // —BMSR
1,000.000 //
100,000 — //— ~—
10.000
1.000
100
0,01 0,1 1f/Hz 10 100 1000

Upgrade 2018:

Add another mu-metal layer
Upgrade the temperature control
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Uiz low magnetc eias | ) M[3

The ,,Micromagnet”

Superconducting
shield

2018
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Ultra-low magneticfields | /{ed|®

The ,Micromagnet”
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Helmholtz-Coils inside BMSR-2

~1uT <0.5nT
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Ultra-low magnetic fields
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agnericsensors | (I

Optically Pumped Magnetometer (OPM)

OPM (QuSpin)

J/auge22/tech_dev/OPMdata_BMSR2/OPMqSPIN000.0300.fit.hdr
T

10°

S/ (fT/VHz) l R,
' 105 Dk 7 |sauD(PTB)
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isgnericsersors | M3

Superconducting Quantum Interference Device (SQUID)

: liquid He |
Dewar |

Lo~

7 mm

,Cart-wheel” design
by D. Drung

May 17, 2017
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Magnetic sensors

1/f noise < 3 Hz

Mechanical vibrations

. /

10713 , 5 i PPt Power line interferences

/

-

o
LN
AN

Noise floor < 3.5 fT/VHz

2017

—_

S
-
)]

Noise spectral density (

Noise floor < 0.16 fT/VHz

-

S
-
(o]

10° 102 10*
Frequency (Hz)

Storm et al. APL, 2017
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Magnetic sensors

3He precession measured over 7000s

3He @ 546 pT (17,7 mHz)
120
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Magnetic sensors PT

Core Facility ,,Metrology of ultra-low magnetic fields”

D Z Bl Hove DE MPRINT CONTACT SEARCHCONTACT SEARCH  search term %
RESEARCHS&  METROLOGICAL INTERNATIONAL PRESS & ABOUTUS &  STRUCTURE &
DEVELOPMENT ~ SERVICES AFFAIRS WHAT'S NEW ~ CAREERS DIVISIONS

Since May 1st :

GATEWAYS

Core Facility offers access to external users

Divisions g T i m

- ol Core Facility "Metrology of Ultra-Low Magnetic
Institutes at PTB Fields" of PTB Head of Working Group
Institute for Experimental ). 4 Dr. Martin Burghoff
Quantum Metrology (QUEST}) /N Phone: +43 30 3481-7238
Fundamental Physics for Email:
Metrology martin_burghoff{at)ptb.de
Metrology for Functional Welcome to the Core facility "Measurement of Ultra-Low

N i i I b Address
il .ems Magnetic FIEIds Of PTB Physikalisch-Technische
ﬁr[': 'L:::":{l ?‘ﬂgéogégr i Since 1 May 2017, the Physikalisch-Technische Bundesanstalt operates a new Core Facility Bundesanstalt
PTB_ 9 called "Metrology for Ultra-Low Magnetic Fields" on its site in Berlin-Charlottenburg. Funded by Abbestralis 2-12
the Deutsche Forschungsgemeinschaft (DFG), PTB grants external scientists from i Harin
PTB Management universities, from international metrology institutes and from companies access to its
Conformity Assessment Body know-how and to its equipment with instruments for the measurement of ultra-low magnetic ¥ =
- . ¥ A N .
fields — equipment which is unique in the world. & CO-WORKERS

Bduvienre Rnard ("Koratarinm™
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(o

Core Facility ,,Metrology of ultra-low magnetic fields

Scientist 1: Development of magnetic metrology
(Jens Voigt)

Scientist 2:  Scientific support of external users
DFG-funded

Open positions!

Engineer : Management and technical
support of external users
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Polarizing 3He and 1%°Xe
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Co-magnhetometry
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Signal seen by SQUID:
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Co-maghetometry-

Nuclear precession as measured by a SQUID

Freq. He (Hz)

May 17, 2017
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Comagnetomety | {93

Stabilizing the field by using the SQUID

11.4556 | 25
— =
T 114554 1875 o
- == 3He frequency (10s SinCos-fit) Ko
§ == SQUID (BO-direction) o
] 11.4552 | 12.5 §
(0] o
£ o 2
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Q
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Co-magnetometry

NN-Co-magnetometry :
Observing two spin species (3He and %°Xe )in one cell

\ Detektor /\ \ /\ f\ [\f\ : | /ﬁl\‘ﬁ ‘1 ﬂ Fr\ ]
.\J\i i quk_j %;’\) :\[v U\ * Superposition of two frequencies
ﬁ PP VY« Blockwise calculation of v,/ v,

4 | . :
!: AN fea i A A eliminates the drifts
? {1 IARARABARARRANA o
Y xe i ;fl"'-;“%f”% o *:lfiﬂk;w * The faster decay limits frequency
¥ R 1218141800 el G 1T RYRY .
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- woxe T 2.75415
0000 He [N NURVSUOIN, SNV WU | SR AP SRR : SRR - S
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Co-magnetometry | {ed|®

T
3He ¢He(T) - ¢He(0) = YHe f B(t)dt = TE
0

W\/\%ﬁi/l LR CINTI AR
' | | - JII:T~400005

T
¢Xe(T) - ¢Xe(0) = Yxe J B(t)dt =TB
0

IV

Even in the presence of magnetic field drifts,
its average value can be determined by an utmost precision !
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Nuclear magnetic moments

Experimental Setup
Ultra-low magnetic fields
Magnetic sensors
Co-magnetometry

Search for exotic interactions

Nuclear magnetic moments
Axion wind
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Nuclear magnetic moments PTB

Temporal variation of nuclear magnetic moments ?

Flambaum VV, Tedesco AF 2006 Phys Rev C 73, 055501

yHe
—- = 2.75408160(31)
14 Pfeffer M and Lutz O 1994 J. Magn. Reson. 108 106
Flowers J L, Petley B W, and Richards M G 1993 Metrologia 30 75
yHe
¥ = 2.75408135(22)

Makulski W 2015 Magn. Reson. Chem. 53 273

—> up to now no instability observed
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PIB

Nuclear magnetic moments

2,754086

® 2.75408544(07)

2,754085

He  2,754084 4+ PTB

.<

Xe 2,754083 Pfeffer and Lutz 1994
Flowers et al. 1993

$ 2.75408160(31)
2,754081 ¢ 2.75408135(22)

Makulski W 2015

~<

2,754082

2,75408

The PTB value is 1.5 ppm above the literature value

Instability ?
Ultra-low field effect ?
What about systematic errors ?
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Our lab is on a spinning planet

1. The observer is spinning
2. The lab is in a rotating frame
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1. The observer is spinning

We have to add
the observer’s rotation

to the Larmor precession

Viarmor
Avgps= * DEarth
[Viarmor|

cos p sind sin@
= QFcarth (sinpsin 19) . ( 0 )

cos ¥ cos @

= Qgparen(cosp sind sinf + cosd cosh)

QEarth = 1/1day
=11.6057617(4) pHz

Co-latitude of Berlin:

0 = 90°-52.5164°
= 37.4836(30)°

page30/55
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Nuclear magnetic moments

PIB

2. The lab is rotating The daily motion of the lab on the surface
of the spinning Earth along the latitude
line moves the applied magnetic field

z across a curved surface.

This adds a continuously
increasing phase to the Larmor
precession frequency [Berry 1984]

———————
- ~.
- ~

-
aaaaa
Sl

/A Mamor  Within one sidereal day the motion
™ B completes a full circle, which is the
A2 perimeter of a cone forming the solid
angle 2m(1 — cos 8) with its apex

at the center of the Earth.

This adds an offset of Avgerry = (1 — €0560) Qgarth 10 Viamor /

which only depends on the geographical latitude of the lab.
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Nuclear magnetic moments PTB

The precession frequency in the lab is shifted by a constant amount

Viab= Yarmor +4 Vobs +4 VBerry.

= Vearmor —2garth(COS psinvsinf + cosd cosf + 1 — cosh)

Ngarth(cospsing + 1 —cos @), if 9 =90°

= VLarmor —

Weighted phase difference:

He . yHe Xe =0
VLarmor yXe VLarmor -

He rHe  Xe yHe .
VLab ~ Xe Viab = NEarth (F — 1) (cospsinf + 1 —cos )
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Nuclear magnetic moments

PIB

— 1) | QEarthSin 6 cos p + Ngaren (1 — cos 0)]

He
yHe _ Y yXe . VHe
Lab .yXe Lab = yXe

a=12.3882(14) puHz b =4.2033(4) uHz

a

(YXB) = 2.75408135(22)
Y= /ur

~

Oparth = 11.6057617(4) pHz

6 = 37.4836(30)°

\_
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PIB

He
X .
Viab = —xzViab = (];Xe — 1) [ parnSin 0@ cos p + Nparen (1 — cos )]

Nuclear magnetic moments

a=12.3882(14) uHz b =4.2033(4) uHz
Let p vary in steps of 45°:

20

: A
| a=12.35(.11) lHz
; L

1
! 5.10(.15)pHz
0_ —_— | _— — —_— —_— ||
-5 -

-180 0 180 360 540 720 9200 1080 1260 1440 1620 o

n
g
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Nuclear magnetic moments PTB

2,754086
2.75408544(07)
2,754085
y He 2,754084
Yo 2,754083 Pfeffer and Lutz 1994
y Flowers et al. 1993
2,754082 ——— PTB 2.75408160(31)
4 + 2.75408135(22)
2,754081 @
Makulski W 2015 2.75408100(07)
2,75408
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Nuclear magnetic moments

par B
Additional systematics:

Self shift due to non-spherical symmetry

2.75415

X< | ]
\w 2.75410 + T o T T e
>I

2.75400 i : : - " i :
0 1000 20000 30000 40000
t/s

2,754082000

Lit. (k=1) Self shift decreases due to relaxation

VH e/ VXe

2,754081000 & —emm=="T

PTB (mean)

2,754081500 }

2,754080500 -

T T T 1
10000 20000 30000 40000
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Nuclear magnetic moments

PIB

Statistical uncertainties:

» Thermally induced B, drift

» DAQ clock drift ]‘ removed by comagnetometer
» Current source drift

Systematic errors :

» Avg,., Earth rotation
» Avggs(t) self shift
» AVchen Chemical shift
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Cionwng | (sl

Experimental Setup
Ultra-low magnetic fields
Magnetic sensors
Co-magnetometry

Search for exotic interactions

Nuclear magnetic moments
Axion wind
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Axonwind | {dls

Global Network of Optical Magnetometers
for Exotic Physics (GNOME)

wesnsey— Micro-GNOME

Expected time shift:

At = AS/VEarth

=~ 100 m/300 (km/s)
100m . = 300 LS
RFB

AN\
Pustelny et al. Ann Phys 2013
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Axonwind | {dls

Cosmic Axion Spin Precession Experiment (CASPEr)

AN

non-magnetic
interaction by
Axion wind

Axion interaction acts like
a tickle pulse of NMR,
when in resonance with
the Larmor frequency

+ high sensitivity

: finding the resonance frequency

May 17, 2017

Budker et al. PRX (2014)
Graham and Rajendran PRD (2011, 2013))
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Axonwind | {dls

Sidebands in Larmor Frequency Induced by Axions

0 ALP | ||| ALP

+ they are at well defined positions
+ we cannot miss them

SILFIA Concept:
Frequency modulation of @, results in sidebands at @ £ @,
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Axion wind

Axion interaction acts like an oscillating magnetic field

Mpp > 27T/ Opp

Bo} (_)\_\

\ : [N /N [ }24]
non-magnetic . ) S\ Dyp
interactionby |~ =" o | @ +Awp p(1)

v
Axion or ALP SQUIDs T \,

AN a)(t):a)L,+ Aw, p*cos (@, ,*t)
\\
2 =
3He N B, =

B, /pT

30
20
10

0
-10
-20
30

. 0.5
time

0

P. Graham and S. Rajendran, PRD 2011, 2013
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Axonwind | {8

Signal recorded by SQUID: S(t) = Ay, cos ¢(t)

¢(t) = fﬂ)(f)dt Frequency modulation :

w(t) = wy, + Adwayp cos(wappt)

= f[(l)L + AwALP COS(O)ALpt)]dt | |

gdanN My p

Awarp

Sin(O)ALp t)

= (DLt -+ ] )
WALP Modulation index /

A(DAL

S(t) = Agecos [th + 2 sin(wALpt)]

WALP
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Axonwind | {dls

The amplitude of the side bands is given by the Bessel functions

An s AHe]n (I)
m In+2
=A — L
He 12nnl  2n+2(n + 1))
Aw
Modulationindex: = —= « 1

S o WALP
2 N o
-‘_;- o.8 \
E os )
g o.4 ;"’K _:}\:‘:‘\\ AO AwALP
E 0.2 / f,—\ b VAR VN ON DN Al =
g o.a i \ \“i -"'-/ ;'; \; \1“1. - 2 wALP
SN WYLV

A with Ay= A,

Modulation index I
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Axonwind | {dls

Generating a fake axion signal:

Signal recorded by SQUID:  $(t) = Ay, cos ¢(t)

d(t) = fw(t)dt Frequency modulation :

w(t) = wp + [Awarpcos(warpt)

- f [y, { Awarplcos(warpt)]dt PP ———

WALP

S(t) = Agecos [th + sin(wALpt)]
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Axonwind | {dls

Generating a fake axion signal:

Signal recorded by SQUID:  $(t) = Ay, cos ¢(t)

d(t) = fw(t)dt Frequency modulation :

w(t) = wy +[ YHeB"ALP"]COS(wALPt)

= f [wy, +[VHeB"ALP'] cos(warpt)]dt

Ay p b 4 Y Buprpe

B "
Q)Lt +[ VieZraLp ]Sin(O)ALp t)

WALP

[VH e B "ALP" ]
WaLP

S(t) = Agecos [th + Sin((UALpt)]
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Axion wind

Generating a fake axion signal:

Feed a sinusodial current
to a second Helmholz coil
to produce a modulation field

ezzzz==

S
S~
~
~———

prag
-
-
——————

B, =1pT
3He B”ALP” = 1 nT
,.;XT‘ S Vippe = 1.5 Hz

— A, =12.6f1T
By
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Axonwind | {8

By+ By p* sin (wy,* t) Feed a sinusodial curren'F
to a second Helmholz coil
to produce a modulation field

By, =1pT
Bipp«=1nT woessesd Ve = e Bo = 32.4Hz
Vip p« = 1.5 Hz AV 1p = Wye Beatpe = 32.4 mHz £ 3 mHz
A, =126fT
P YreBravp
YueBo
32.4 mHz
= —————=21.6 X 1073
1.5 Hz
Ag
essseesy Al - ‘? I

=136 aT £ 15 aT
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Axion wind

May 17, 2017

Measured amplitude spectrum

B, =1pT
Buype=1nT

Vigpe = 1.5 Hz
A, =12.6fT

Larmor frequency

8 - Side bands

Peak Amplitude | fT

N

s

305 310 315

320 325 330 335 340 345
Frequency [ Hz

Low-Energy Probes of New Physics
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Axion wind

Measured amplitude spectrum

agrees with calculation
A, =136aT+15aT

Larmor frequency

B, =1puT 0]
Bipp«=1nT£0.1nT E os.
Viprpe = 1.5 Hz B |
AO = 126 ﬂ- g 0.6
% ] Side bands
A, =145aT+10aT g 041
v = 1.5 Hz < | / T
X
O 2v,
0.0 bt bttt y " Stadarnsdorcsshind
L

305 31.0 315 320 325 33.0 335 340 345
Frequency | Hz
The side bands are at well defined frequencies !
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Axonwind | {8

Frequency / Hz
1x10* 10 10° 10° 10° 10" 10"

Detection limits
of SILFIA

B”ALP” = 1 nT
Viape = 1.5 Hz

10-21- ' ' I ' ' I ' ' I ' ' I ' ' I ' ' I ' '
10 10" 10" 107 10°° 10° 10° 10°

mass, [ eV

S oemo Jumits

Initial amplitude: 12.6 fT 100 pT
SQUID System noise: 3.5 fT/VHz 160 aT/VHz
Life time of precession T,° 600 s 100 hours
Axion Coherence time t - 108/ vy .p
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Axonwind | {dls

How can we identify a magnetic artefact ?

In a SQUID magnetic artifacts generate a
signal of their own !!

E 40

S |

>

S | |15Hz
E20—

<

x -

®

[}

Q

oLl AL
0 5 10 15 20 25 30

Frequency | Hz
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summary | I8

. SQUIDs reach a system noise level down to 160 aT/vHz
. Larmor frequencies down to a few millihertz are available
. Co-magnetometry at ultra-low fields enables the determination

of nuclear magnetic moments with small statistical errors

. Earth rotation has a significant systematic impact

at ultra-low frequencies
. Axions of ultra-low masses down to 10%'eV are detectable
. Artefacts are identified by the presence of an additional

peak at the modulation frequency , v,
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Thanks to

PIB

Allard Schnabel Hans-Helge Albrecht Wolfgang Kilian
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