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New search for the neutron EDM

MSR Coil sy

UCN guides Vacuum vessel
Precession chambers

Switch

Polarizing magnet

-

Detectors % n 2 E D M

under construction at the UCN source at the Balierretnstitute (PSI)




NnEDM measurementThemotivation:

To probe the CP violation

Neutron spin precession around
the magnﬁtic ﬁem Non-zero neutron EDM:

spin precession around the electric field

B
e T ' ——— g
/
A spin =
SM:
No sizableCP violation L : :
g The process and its tim@versed version are different!
vanishinglysmaIInEDM G
o ne Universe CPT violation of T symmetry
> _BSM theorem violation of CPsymmetry

(matter - anti-matter symmetry)



NnEDM measurement. The idea:
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Larmor frequency
f=30Hz@B = 1uT
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B+2dE
h _hl l'\

If d=10"%ecm and E = 11kV/cm
one full turn in a time

h
= = 200 days

To detect such a minuscule coupling
 Long interaction time

* High intensity/statistics

+ control the magnetic field

The actual upper limit (2020)
(90% C.L.) «

ld,| <1.8x107%¢ ecm
 —
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The actual upper limit (2020)
P
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NnEDM measurement. The idea:
ld,| <1.8x107*® ecm  (90% C.L.)

Larmor frequency

f=30Hz@B =1uT C.Abel et al. Phys. Rev. Lett. 124, 081803
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Se SEID If d=10"%°ecm and E = 11kV/cm ”
J
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one full turn in a time 0 ' ("QV'“)
. qie)
To detect such a minuscule coupling -5 = 200 days
* Long interaction time
* High intensity/statistics
+ control the magnetic field
t T oo
B| E
UCN
Magnetically Shielded Room
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NnEDM measurement. The idea:

B | E
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P g

~ o spin

To detect such a minuscule coupling
* Long interaction time

* High intensity/statistics

+ control the magnetic field

2
2nf =#B

The actual upper limit (2020)

o ldy|<1.8x102ecm  (90% C.L.) ~

—  —

Larmor frequency

f=30Hz@B =1uT C. Abel etal. Phys. Rev. Lett. 124, 081803
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- et If d=10"%¢ecm and E =11kV/cm
=== one full turn in a time

"QVII/I))
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mh _
i 200 days

UCNc Ultra Cold Neutrons

Thermal neutrons, E=25 meV

o — i
< ) e iy S
‘:\\ l \\ o . ‘ ”
;\\ N N N \
/ Je— _ Cold neutrons, E<25 meVv
=158 = \ \/<’ -
LA B
N Nu

T T
Ultracold neutrons\E< 200 neVv
L —

T UCN

UCN

Magnetically Shielded Room

Neutrons with energy < 200
neV, are totally reflected
by material walls.

They can be stored in
material bottles for Tong
times , up to 15 minutes.

They are significantly
affected by gravity.
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NnEDM measurement. The idea:

The actual upper limit (2020)
g~

ld,| <1.8x107*® ecm  (90% C.L.)
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To detect such a minuscule coupling -5 — 200 days
 Long interaction time
* High intensity/statistics
+ control the magnetic field
t T oo
B| E

The n2EDM experiment

Coil systems

MSR
Vacuum vessel

UCN guides
Precession chambers

Switch

Polarizing magnet

Detectors

UCN

Magnetically Shielded Room
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NnEDM measurement. Themethod:

Ramsey’s method

Q bSdziNRy, aLIAY

B,

ey a Apply oscillatingn.field B,
By +By

Q@ Letprecesdor 180 s
BO

~— g Again apply oscillating.field B,

Obtain neutrons with spin either UP or DOWN,
Count the numberof each whichdependson f,

| TOP chamber |
| BOT chamber |

(a) Polarized UCN:s fill the precession chambers

Polarizing

| TOP chamber |

BOT chamber

| Spin-sensitive

m | detection
|
i
|
|
|
i

(b) UCNSs are guided towards the spin-sensitive detectors.

TOP || o TOP
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NnEDM measurement. Themethod:

B mh
d = g (FCT) =~ £(ID)

A sequence ohEDMdata (2016)

f_is affected by drifts of the magnetic field! 3023651 . ! 5
I LY ]

30.23634

30,2362 !ﬁ;*j ' &

30.23611 ¥

fn (Hz)

30.2360 Jug

3.84246
3.842481
0

100 200 300 400 500
Cycle number
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NnEDM measurement. Themethod:

2, E (f(Tl) fn)

A sequence orhEDMdAta (201.6)

f_is affected by drifts of the magnetic field! 3023651 .. 5
: y g dN g " \* i
£y, L8y

30.23634

Solution: —
Mercury comagnetometer 30.2361] #

30.2360 O==-=0krer o
3.842464

fn (Hz)

Polarized'®®*Hg atom9recessn the same chambers

v
folfrig

T A%he L til By .A"‘“' ¥
3.84247 {0 'l'"'"..' A T

Precession volumes

T Cs Cells R
8424
BE . 38 80 100 200 300 400 500
HV electrode Cycle number
1 T Simultaneous measurement qgfdnd {,
Ground electrode
7 R S _| 0| Il
- n
ng )’Hg Ethg
Ethg

TOP TOP BOT BOT
dn = (RIPP — RIPP + RETT — RECT).

fugmeasurement principle:

a UV probe beam transverses the chambers

b recordthe absorbtionof the light (an oscillating signal),
extractfy,,

4E|
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n2EDMexperiment overview

[

The design of the n2EDM experiment

Ayres et al, EPJC (2021)
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https://hal-insep.archives-ouvertes.fr/GRIFON/hal-03129457v1

n2EDMexperiment overview

The design of the n2EDM experiment

MSR

Ayres et al, EPJC (2021)

UCN guides

UCN switch

Polarizing magnet

UCN detectors

Cs magnetometer

Hg polarization cell

'L i._.Groundlng shell

Insulator

Sl " LV electrode

Ground electrode
UCN shutter

/

Coil systems

Vacuum vessel

r

\of the PSI UCN source established in 2016

n2EDM: A large (@ 80 cm) double-
chamber UCN apparatus,

design sensitivity 1 X 10727 e cm
with 500 data days, based on the performance
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https://hal-insep.archives-ouvertes.fr/GRIFON/hal-03129457v1

n2EDMexperiment overview

PulsedUCNsource:

Very intensgoroton beam 590 MeV 2.2 mA
on spallationtarget, to produceneutrons

The PSI UCN source

- one 8s kick everg min

Neutrons are moderated to UCN and guided
to the experiment

7m
UCN

storage
vessel

solid D2
converter

heavy water
South Y moderator

w operationalsince 2011
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n2EDMexperiment overview

5Tsuperconductingnagnet
for UCNpolarization
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n2EDMexperiment overview

The switch

UCN switch

UCN guides

Detector D5

Detector Dy,

MSR Coil systems

UCN guides Vacuum vessel

Precession chambers
Switch

Polarizing magnet ‘

Detectors %
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Coil systems

Vacuum vessel

Precession chambers

! |nstallation
April 2023
@PSI

K.Svirina/ Then2EDMexperiment / FFK2023, May 23, 2023 10



n2EDMexperiment overview

Internal shielded volume ~ 25 m3

| . 5.2 My
. 11

L

52m

- 6 mu-metal layers

- Inner dimensions 2.93m x 2.93m x 2.93m MsR
- Quasi-static shielding factor 100’000 UCN guides
- Residual fields < 150 pT (in central volume) ...

Coil systems

Vacuum vessel

Precession chambers

The very large n2EDM magnetically shielded room 1=y
with an exceptional performance for fundamental i
physics measurements, Review of Scientific i %

Instruments 93, 095105 (2022)
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https://pubs.aip.org/aip/rsi/article/93/9/095105/2849432/The-very-large-n2EDM-magnetically-shielded-room

n2EDMexperiment overview TheThermohouse

The AMS

10°}

108

s
- 8 actively-controlled coils é
. 7 L
- Spanning a volume of ~1000m"3 £
3 . o
- Compensates field disturbances from outside 5 g
- Stablc and uniform magnctic ficld around MSR
10°
AAarge O6Active Magnmdacsian Shi e T T T %0
experi mendomngsgmaper frequency (Hz)
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n2EDMexperiment overview

Coil systems

» Produce a very uniform BO field (1uT)
» Produce specific gradients
» Hold the UCN polarisation
» Neutron spin manipulation

BO coil

Trim coils

RF coils

Gradient coil(G10)

MSR

UCN guides

Switch ——

\\ AR\

| g 7
g N & ‘\ o
W
Polarizing magnet ‘ I
o

!
Detectors %

Madeat LPC Caen, FR

Coil systems

Vacuum vessel

Precession chambers

13



n2EDMexperiment overview
The Vacuum vessel

il MSR Coil systems

Vacuum vessel

UCN guides

i Precession chambers
— Switch

v
Polarizing magnet !

-
Non-magneticaluminium vacuum tank

Detectors%
Internalvolume: 1.6 mx1.6 mx1.2m

Ultimate pressure: ~18 ‘mbar 14




n2EDMexperiment overview

Production & the precessiorchambers

Groundelectrodes

High Voltageslectrode

Madeat Universityof Bern, CH

Insulatorring
Madeat Institut fur Physik, Mainz, DE
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n2EDMexperiment overview

The four UCN detectors

RF coil (ASF)

Spin-analysing foil

UCN counter

1 Spin-sensitive

i | detection
N'TI‘OP N'll‘OP | :
| . . . .
! : Simultaneous spin analyzer. Each arm is equipj
|| NBOT|| \/BOT} . . . . . .
l[ ____ ] _____ | with an adiabatic sphflipper (RF coil), a spin
(b) UCNSs are guided towards the spin-sensitive detectors. anaIyZing f0|| and a UCN counter.

Madeat LPC Caen, FR .



n2EDMexperiment overview The magnetic field mapper

A coil system cartography
A offline control of highorder gradients
A searches for magnetic contamination

TS MR Ca—

B, (pT) 180° rotation % B
possible
—939800

—940000 Fixed under the

MSR frame
—940200

—940400

—940600

Madeat LPSC Grenoble, FR

-941000 3 motors




n2EDMexperiment status Characterization of the magnetic
environment
Control of all coils T'h B, field optimization

V  Mapping 63 correction coils.
V  Catalogue of all coil constanijg;
V  Calculated set of currents to produce tberrectionfor v ,q1 7, & 7 F

IR PNV $ad B; (pT) o D L0002 g o
0 co :‘:-""".. [} o) 40 éo RS 00 ?\ o)
PP de —939800 14 Bpoecs o o
Q.Q‘,é 330% _‘ g).:’ , Gc:g@p 1% §s o:’
o ° s ;: 8 o, —940000 o5 0O % : 3 %C? oy
6;;%% X2 8 8.4 Wb
N (80(;@%8 Xk oog ~250200 N ge?@% 29 08 oog
Jo 0.5% 58% ¢ 0° §o °°‘9§ 25 8g%°”
- 0.2 98¢ ; A ~940400 - 09298 280,
@,g@% 3553 £E8E 3533
-20 0950 HOBIRLT . 2&ee —940600 -20 0% , R ele,
LELEEEEDD 555 8 §EEE 3.5 5 3
32384 3RS, 35,888 383,
—940800 A
—40 g’ig‘;g ‘.' 23 %20% 30 . 5 ; ;B;o o°g> 0
0 —941000 40"
40 \C . 40 \C s
Yiem) " 40 60 g 80 Yiem) © 40 60 g5 80

V.IEINB . n O2Aaf |G mM>¢ VhLIIAYAT SR . n (
aly erR  px acl,y cmIAL px

specification specification
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y (cm)

n2EDMexperiment status

80

Characterization of the magnetic
environment

Uniformity of the vertical Bfield

60 1

40+

201

inNEDM vs
: B,(uT
Field map, 2(WT)
BO coil, no trimming Lot
horizontal cut z=0
1.040
1.039
1.038
. . g . . . : 1.037
-80 -60 -40 =20 0 20 40 60 80
x (cm)

nEDM 2017 ¢(B,) = 900 pT

In the precession chamber @ 47 cm

n2EDM

80

60 1

40

-80

|

-80

Yo | L |
a
20 40 60 80

{1\

»
»
-60 -40 -20

n2EDM 2022 o(B,) = 60 pT

In one chamber @ 80 cm

Successful commissioning of the interfiald generation Ready for physics!
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Conclusions

n2EDMis magneticallyoperational(MSR+B)
A Bigvolume 6 fold increased NnEDM
A Orderof magnitudeimprovedshieldingfactor

A Orderof magnitudeimprovedfield uniformity
b Satisfieghe requirements,readyfor physics!

A UCNtransport, storage, detection:
mostof it is ready for installation

Schedule
n2EDMready for physics end a2023




Thanks for your attention!
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Commissioning of the MSR in 2020

« Setup and optimization of the degaussing
* (Characterization of the remanent field
* Measurement of the shielding factors

— n2EDMY
—— n2EDM X
— n2EDM Z
nEDM Z

10° ¢

108 £

107 £

10%

shielding factor

10° ¢
10 - /

ool . Lo . PR B | . P ' 117
0.01 0.05 0.10 0.50 1 5 10
frequency (Hz)

The very large n2EDM magnetically shielded room with an exceptional performance for
fundamental physics measurements, Review of Scientific Instruments 93, 095105 (2022)
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Measurement of the neutron EDM

Asymmetry: 5 G
n o]

On Uy

The asymmetry as a function of the applied frequency

1.0
/’(.\Q o ®
0 . 5 ‘\ ";’/ \'-\\' | / ‘\', /.‘
\\ / “\\' / / \',' /v‘
< \ ® / \. /’
> | e ‘ i .
E 0 . 0 i ,‘\' / ‘\ |
gi X . \ e
% . // .\
\I\ /‘1 yn\yy ”’r'
-0.5} e ) "
-1.0

frr (H2)

30.216 30.218 30.220 30.222 30.224 30.226 30.228 30.230

ExamplenEDMexperimentaldata (2017):

each point is a measurementcycle with a precessiontime of T = 180s

performedwith the nEDMapparatugsinglechamber),
the magneticfield: B0 =10363nT
whichcorrespondgo a

Larmor precession frequency of 30.2235 Hz.

| TOP chamber l

BOT chamber

Top|[ A/ TOP
N:™"|[Ny

(b) UCNs are guided towards the spin-sensitive detectors.

The maximal sensitivity is obtained for

cycles measured a = 0 where the slope

of the resonance curve is highest.
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Measurement of the neutron EDM

Asymmetry: 5 G
n o]

On Uy

The asymmetry as a function of the applied frequency

1.0
o .
0.5 i 2 /’ \
\ ,/ \
< ‘ e
e ® | f
g o
€ ® :
g o« | T 7
-0.5 .4
o ¢
*./ ‘/‘ \.,'

| TOP chamber I

BOT chamber

Top|[ A/ TOP
N:™"|(Ny

(b) UCNs are guided towards the spin-sensitive detectors.

~1{0 516 30218 30.220 30.222 30.224 30.226 30.228 30.230

frr (H2)

ExamplenEDMexperimentaldata (2017):

each point is a measurementcycle with a precessiontime of T = 180s
performedwith the nEDMapparatugsinglechamber),

the magneticfield: B0 =10363nT
whichcorrespondgo a
Larmor precession frequency of 30.2235 Hz.

ATOP N‘}FOP_NEOP
= TOP TOP BOT BOT
NT +Nl AB0T=NT _Ni
BOT BOT
NT —I—N‘L
Nn2EDM:

the applied frequencyis
commonto the 2 chambers

. must be set close to the
optimal points for the2 chambers

simultaneously

¢

Requirement

on field production (B coil):
8 I iFHI <q h 'l AFHI

Ge2BRGG2Y NBaz2ylyoS Y

(maximum permitted vertical gradient of the magnetic field)
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A weak magneticfield B, ¥ 1 uT is appliedin a volume of >1m3. The
field is consideredto be purely static and very uniform, but the
remainingnonuniformitieshaveseriousconsequences

To characterizethem, a polynomial expansionof the magneticfield
componentss made[2] :

'5)
['5)
B

L
8 (D) O |t

L

=
=

0¢
¢

¢
=

where the modest’ p are harmonicpolynomialsin x, y, z of degree
0azand’0; arethe expansiorcoefficients
Thisis convenientandsatisfiesa | E ¢ &duétions

W¢3=0 andn  §=0.

Requirements
A On field productionc BO coil

81 iWHi<q 5  h 1 iH
Ge2RBGG2Y NBazylyoS Yl
i.e. 04 needsto be similarenoughbetweenthe two
chambers

ac)l )=/<T 1A

to prevent neutron depolarization

A On field measurements, mapping

#1 "HIf'Hi ¢ accuracy of cubic mode
#q "HII'H{ ¢ accuracy of ®rder mode

7 ! y{? shouldbe measuredpreciselyenoughto
calculate®{ ' (*}'with a precisionbelow

(*) - FalseEDMis a systematiceffect arisingfrom the
relativistic motional field © @f® experiencedby
the moving particles in combination with the
residual magnetic gradients and leading to a
frequencyshift. Thedominatingcontribution
Wiy Is"the false EDM transferred from the co-

= N T
magnetometeratomsHg°°.




Magnetic commissioning of n2EDM

Field parametrization

A purely staticand very uniform 1 uT magneticfield.
Theremainingnonuniformitiesare characterizedoy
a polynomialexpansion

wherethe modest_ r areharmonicpolynomialsnx,y, z of
degreedzand’Q; arethe expansiorcoefficients

Thisis convenientandsatisfiesa | E ¢ &duétiong
ngd=0 andn §=0.

Reqguirements

A On field productionc B0 coil

8 | Hi <q h 'l jrHI
Ge2BiG2Y NBazylyoOoS Yl

i.e. 0, needsto be similarenoughbetweenthe two
chambers

acl )=y 10

to prevent neutron depolarization

A On field measurementg mapping

#1 "HIf"Hi ¢ accuracy of cubic mode
#7 "HI{Hi ¢ accuracy of ®rder mode

71 y{? ~shquldbe measuredpreciselyenoughto
calculate®"  With a precisionbelowp 1 AA .




Set of Fourier

Ring by ring Fourier decomposition coefficients

I () +RH ) fpide

aseson O Ring (p= 50 cm, z= 39 cm)
A field map: set E s
of rings
.‘eoszncg’h’ ! o 50 100 150 w(,) 200 250 300 350
@ -) For one ring, since the radius” and height & are ; . . .
v { g > .,: fixed,the magneticfield is simplya functionof » . We Fourier coefficients fit
. { ( (;ﬁ) ) ) fit it with a Fourier series with the Fourier with harmonic
e e Ty A coefficientsasparametersof the » . ;
. ( Ty _ _ . olynomials
( GE‘*)) ) / R After havingextracteda setof Fouriercoefficientsfor poly
. Q) 0 s eachring, the next step is to fit these coefficients 3 3
El ol "“ with the harmonicfunctionsof the field expansion 15 ) e w Zh
& S ' .
% (D) .
Sy Set of gradients) &
o)
T o 0 i 1e6 . *
; o5 Ba up @ +11.75 mA I ) ; 5 : : : .
y(c;n) 2 4 @ 60 ;é 0.0 I o—g { ] § )
-0.5 ' " * * .a(c:)ﬂ
The offline magneticfield characterization R - - I t t t
using an automated magnetic field mapper. m I
Here, the mapper was installed inside the 2 7 I
MSRwithout the vacuumvesselin order to & o ! - - .
measurethe remnantfield andto test the coil &
system The measurement volume is a
cylinder of diameter 156 cm and height 82
cm. — 005
E
:E.:_ 0.00 l I I - I I
Q)E 0.05 I




Magnetic commissioning of n2EDM:
the 15t mapping campaign

MSR Coil systems A ﬂ|pf0r [ |i & -_,; ! B
lacuum vesse! the prObe QT [ - N
i ! | calibration \ N is
Precession chambers
P Fluxgatesensor %
The mapping range
p | 0 —780(mm) ‘
@ 0 — 360 (deg.) ‘
‘ z + 410 (mm)
Purposes: - Themotor
_ Fixed under block
V Coil system cartography the MSR frame
V Offline control of higkorder gradients
V Searches for magnetic contamination
Vi
3 motors

Mapper body
Fluxgatesensor

Mapper vertical axis
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