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Baryon asymmetry of the Universe

CP violation in the Standard Model

Weak sector: CKM matrix P

dﬂu
Strong sector: QCD-Lagrangian, O S

[+

\_ /
Non-zero EDM direct probe of beyond T

standard model physics

Warning: Classical
representation
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Neutron EDM sensitivity over time

NEDM upper limit 90%CL (ecm)
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Neutron EDM sensitivity over time
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Neutron EDM sensitivity over time
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Neutron EDM sensitivity over time
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Neutron EDM sensitivity over time
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Neutron EDM sensitivity over time
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Ultra cold neutrons (UCN)

~290K

Epithermic slow intermediate fast

300 25 1eV 10 eV 1 MeV
nevV meV
H/_/ |
‘ | Usual
Neutron EDM experiment production
energy
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Ramsey’s method of separated oscillatory fields

f t o f

B B
RF RE
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Polarized RF Spin Flip Free Precession RF Spin Flip Final Spin State
Neutron ~2's ~200 s ~2's
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t
>

University of Bern PSI 2022 10




Ramsey’s method of separated oscillatory fields
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PSI UCN source

Proton beam: 590 MeV, 2.2 mA

on spallation target 7m
. UCN
Pulsed for 8 s every 5 minutes e
vessel
Neutrons moderated to UCN (™ solldD2

| Ra heavy water
. P moderator
Extracted to experiment | Gk
UCN guide ‘ /.&!..m;. —

¥ beam

s 1
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PSI UCN source

Proton beam: 590 MeV, 2.2 mA
on spallation target el

Pulsed for 8 s every 5 minutes Update on the UCN source at PSI
Cornells Doorenbos sl
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Experimental setup —n2EDM o MEDM,

Coil systems

MSR
UCN guides Vacuum vessel
UCN switch Precession chambers

Polarizing magnet —

UCN detectors
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Active magnetic shield (AMS)

Noisy magnetic environment
.

Active compensation coils: 3 |
h fields, 5 fi d @ | o
omogenous fields, 5 first order Y

gradients u‘“""!’””v\\‘*"‘*@f/ﬁ% | ﬁﬂ' ﬂ!
50 km of cables | L™ 4 L.

7 kW (typ. 2 kW) power

Approx. 1 uT homogeneity on MSR
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Active magnetic shield (AMS)

Noisy magnetic environment
vy

-

Active compensation coils: 3 . . — .
homogenous fields, 5 first order | Next Generation Active Magnetic

gradients i Shielding for n2EDM experiment at PSI ;
Vira Bondar

50 km of cables

7 kW (typ. 2 kW) power

Approx. 1 uT homogeneity on MSR
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UCN Switch
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UCN guides
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USSA/UCN detectors .

USSA for each UCN volume

Simultaneous neutron spin discrimination 3
@
|
|

RF coil (ASF)

UCN counters: fast gaseous detector

Spin-analysing foil

Gas mixture of *He and CF,

A
u.l

s

UCN counter

Process: neutron capture produces proton
and triton, creating scintillation of CF,
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Magnetically shielding room (MSR)

’ 52mb/a=——=*‘=—52rﬁ==='=?r

6 layers mu-metal

1 layer aluminium '3

Internal shielded volume ~ 25 m?

Remanent magnetic field < 100 pT @
central 1 m3

87 openings, largest 220 mm diameter

Door clearance2 mx2 m
Shielding factor 100,000 @ 0.01 Hz!2]

[2IN.Ayres, et al., Review of Scientific Instruments 93, 095105 (2022)

University of Bern PSI 2022



Coil system

BO coil

Installed on inner mu-metal layer
A

B, coil + 56 trim coils + 7 gradient coils

Trim coils :
1

8 RF coils on vacuum tank
By =1 uT \

_0 u _ RF coils ‘)\\ V=
Field uniformity < 170 pT

Top-bottom resonance matching
<]0.6] pT/cm

Gradient coil (G10)—
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Coil system
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Coil system

the n2EDM experiment

Kseniia Svirina

f "w UXE -
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Vacuum tank

Non-magnetic aluminium vacuum
tank

Internal volume: 1.6 mxl1.6mx1.2m

Ultimate pressure: ~107° mbar
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Cesium magnetometers

UCN shutter base plate Cs magnetometer

module
UCN guide

Optically pumped magnetometers

114 Cs magnetometers: position optimize
for extraction of gradient components

Goal accuracy < 5 pT
Position placement £ 0.5 mm

Characterise in 4 layer mu-metal shielding . \'

ground electrodes I N\
ground cage HV electrode Hg polarization chamber

University of Bern PSI 2022

26




Mercury magnetometers

Co-magnetometer measures volume
averaged magnetic field

Hg!®® polarized via optical pumping of
the 615, — 63P;

PMT measures intensity modulation of
a horizontal light beam
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Mercury magnetometers

Co-magnetometer measures volume
averaged magnetic field

Hg!®® polarized via optical pumping of
the 615, — 63P;

PMT measures intensity modulation of
a horizontal light beam

PSI 2022
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The mercury co-magnetometer
in the n2EDM experiment
Wenting Chen
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nEL
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Electrode magnetic scanning at
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Magnetic field [pT]
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Conclusions s

Nn2EDM representants next generation experiment

Sensitivity goal improvement of order magnitude

Commissioning of the experiment currently underway

Plan for first UCN’s with Ramsey apparatus in the next year
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The collaboration

‘Sussex

Caen

Villigent ™
Fribourg g4

I8

University of Bern PSI 2022



gy 2
4 p :
P Universsityof Sussex |

B g SuTEN ERG
UNIVERSITAT MAnz

Four-layer Mu-metal shield ' )
\ High voltage lead

Vacuum chamber Cesium magnetometer

Precession cell Electrode (HV)

Mercury lamp
or UV laser

Photomultiplier
or photodiode

4"" Electrode (ground)

Magnetic-field coils

Mercury polarizing cell

Mercury lamp

— Switch
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Spin analyzers
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Ramsey’s method of separated oscillatory fields
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Ramsey’s method of separated oscillatory fields

1

Asymmetry
o

_1 1 1 L 1 1 1 1
30.011 30.012 30.013 30.014 30.015 30.016 30.017 30.018 30.019

radio frequency (Hz)
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nEDM data sequence w 1EDMg

/m.!!iﬂﬁ kPSC
30.2365 1 . ;"II‘ -
1“. 'n #l #."l .
30.2364' ‘ .l- 1= ‘. . ..l .i
~ ‘ \ ] ‘ L] 1
T 30.2363- : % _,,.’ 1
S s ‘#‘
c
*=30.2362 !‘E‘EJ b
30.2361{ ¥
30.2360
Ol= == =0t O| = - - - | O [aunin O == =~ |O |iixiutll 0| - = -~ |0 Kiaigl 0| = = =~ = (0
3.84246 -
)]
W
o=
“I*I- 3.84247 -
R
3.84248 - . : . ’
0 100 200 300 400 500
Cycle number
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Experimental comparison

nEDM 2016 n2EDM
Chamber DLC and dPS DLC and dPS
Diameter D 47 cm 80 cm
N (per cycle) 15,000 121,000
T 180 s 180 s
E 11 kV/cm 15 kV/cm
o 0.75 0.8
o ( fn) per cycle 9.6 wHz 3.2nHz
o (dyp) per day 11 x 10726 ¢ cm 2.6 x 10726 ¢ cm
o (d,) (final) 9.5 x 10727 ¢ cm 1.1 x 107%7 ¢ cm
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n2EDM systematic effects

Systematic effect

Uncompensated gradient drift
Quadraticv x E
Co-magnetometer accuracy
Phantom mode of order 3
Phantom mode of order 5

Dipoles contamination
Total

University of Bern PSI 2022 42




Magnetic field requirements

Related to statistical errors

(B-gen) Top-Bottom resonance matching condition —0.6pT/cm < G < 0.6pT/cm
(B-gen) Field uniformity in the chambers o(B;) < 170pT

(B-gen) Field stability on minutes timescale < 251T

(B-meas) Precision Hg co-magnetometer, per cycle, per chamber < 25fT

University of Bern PSI 2022 43




Experimental setup —n2EDM
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MSR shielding factor

I_ 1 | I ] LI | | 1 J ] L | | | [ |
109 E
i sensor
108 noise
Q 1 N
g i limit -
g 10"k E
° - :
[0) N ]
10° 3 E
- specification -
10° £ E
J: [ ] I N I | | 1 TN I T | ] I T I T I ] .
0.01 0.10 1 10 _ -
frequency (HZ) [2IN.Ayres, et al., Review of Scientific Instruments 93,

095105 (2022)
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Polarizing magnetic
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UCN switch
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UCN detectors
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Typical mercury signal
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UCN Switch
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Finished ground electrode

o7
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DLC coated electrode
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Magnetic restrictions

*Hg and UCN occupy the same volume
*As the Hg is thermal, it can sample many more gradient fields then the UCN

*This leads to Hg induced false EDM on the neutrons:

hlva¥ugl
e, = AT\ G+ 0
=1

*These gradient fields are characterised, offline and online, but puts limits on induced dipole
fields of nearby components

*Hence the Ramsey chamber requires dipole field < 20 pT @ 5 cm

University of Bern Overview n2EDM



Magnetic scanning @ PTB

After electrode cleaning

Transportation to PTB

Approximate timeline is for March/April
Followed by DLC coating in Dortmund

Electrodes then returned to further scanning

University of Bern PSI 2022




14
12

10
2
4
6

Magnetic field [pT]

HV electrode — front

==—====: i
$====_===.
U

" T {1
e iy “
,.,;_;.:
%%aas%gSssg

W T gy gy
S T g Uty
i i g, g
Mmﬁ%%ﬁﬁégﬁ_iﬁsﬁ%ﬁﬁ&sgiﬁmm% %
) g 0 g
A T ity i %,
S i iy i iy G
i §\s§§§¢$$ G
R
U
A
i

5%
55052
L
sl
.
i

T
597
7%
&@§

e
b,

%
7%
%

7

Z

\\\\
N
N

NN

N
N

N
N
N

\\
N
N
R
R
W

N
N
W

W

Z
Z

N

W W

N

W
N
\\\x\
NN

W
W\
)

Z

_

SN
\

\\\\
AN
W

A

W
\
8

\
'\\
N
A

W
N
A\

W
W

A
N
i N
\\\\\\\\t\}
I
A
‘t\\‘\\\\\\}\\\\\ W

i
\\
i\
B
W
i
il
()

T
L
iy
A
T
i

74
2%
1
i
.\\\\\\\\\\\\.‘\\\\\g
A
245 i L
R Ty i) Wy
s\e\\\@s\s\\s\\\\\ Tl
A A
‘4¢§§§§§s§ T SR
o il i g g g i LTI S e
AT Ui g __.__,.,a,,,.% SR
se\sssss T T s
i it oY i, Sty RO
iy igggpi iy T T, é_zsa %%/
iy i e s
g g T TR
iyt T o
con g SR I S
i _====§_ il
e o

8
ey e

o

N
()
o
N
)
o

Time [s]

90

10 pT

[ ]
[ ]
7
° B 80

University of Bern

65

Dipole degaussed

[1d] pray oneubepy




HV electrode — back
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G2 electrode — back
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G1 electrode — back

Magnetic field [pT]

Dipole: < 26 pT >
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Caesium magnetometers
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A|B|= 10 pT

AG3s,o component of Adf2%5, (10728 e.cm)
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Overall d

@1000

Innerdiameter Insulator @800,00

for Hg-Laser
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Insulator ring

500 mm insulator rings produced

These have co-centricity of inner and outer
surfaces — 0.06 mm

Magnetic scans show one spot ~3 pT, overall
less then 1.5 pT

Soon begin production of 800 mm rings
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HV feedthrough

Prototype constructed
Tested up to +/- 180 kV
Pressure test: <10~ °mbar

Feedthrough -> electrode connection is still in design,
however, prototypes tested

Connector to be made flexible

50
it ”"

University of Bern PSI 2022



