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Motivation, and a sense of scale

The Universe in a pie:

all the matter all the ways it
in the universe could get here
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Agenda

Invariant mass

"unknown"

Weak Scale

(coupling) ™+

@ The PanEDM experiment

@ Comagnetometry (or not)

@ How can we improve statistics?



The PanEDM Experiment

Cold beam

ead shield
*He cryostat
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D. Wurm, PhD 2021



@ Comagnetometry
Hpin = —un-B—-d-E
B only BandE | _ @
E B
— e | !
ZuBI 2uB-2dE | QUB+2dE © O f,éff’ﬁ*’;ﬁ
\< o ., 2y

» External field strength
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...up to drift, gradients, etc.




@ Statistics: our biggest challenge

State of the art: catch/pour|| New approach: catch them
...with 0.1% success all, directly in many bottles
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Note: scattering and absorption losses
will still dominate over UCN production.
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Some Neutron Guides

Neutron guides by
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Neutron Guides
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@ The PanEDM Experiment "EDM
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EPJ Web of Conferences 219, 02006 (2019)



The PanEDM Experiment

4 Bo | ' « Double chamber Ramsey interferometer at
l + H;&H-!)-@- room temperature (but Ty -y ~ SMK)
——— . « 199Hg magnetometers with few-fT resolution
ET | & UN B ® « Cs magnetometers (also at high voltage)
J\ A TR I . i ialdi : 6
HVV{ T = + ] Mlagnetlc shleldlr?g factor.. 6x10° at mHz
pre————C N  Simultaneous spin detection for up/down
| \ 2 .
El/[l| < eb! [\ g)_’ « SuperSUN UCN source at ILL in 2 phases:
o UCN  g» . .
B Phase I: unpolarized UCN with 80 neV peak
= Phase II: polarized UCN, magnetic storage
s A » Ongoing installation of parts, commissioning
Fiber Cs | with UCN production in 2023-2024

EPJ Web of Conferences 219, 02006 (2019)



Much lower statistics!

B, qu) Statistical sensitivity: Frequency measurement:
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Wy e SuperSUN Phase |
D> Cs Saturated source
density [cm™] 330
Diluted density [cm™] 63
Density in cells [cm™] 3.9
PanEDM Sensitivity [1o, ¢ cm]
Per run 55107 « AFEAt > h/2
Per day 3.8 x 10726
Eiber Cs Per 100 days 3.8% 107

EPJ Web of Conferences 219, 02006 (2019)



Much lower statistics!

4 B, | qi'.g Statistical sensitivity: Frequency measurement:
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E \ O UCN O ®
i MILIIIIIIIIIE;IIII;IIICISI ] gutperthN PhaseI
aturated source
density [cm™] 330 ||75_| ~ 222?)\/5/ m
Diluted density [cm™] 63 o ;O gt
Density in cells [cm™] 3.9 '
PanEDM Sensitivity [1o, ¢ cm]
=T Transfer losses
Per run 55x10 Ny including dilution:
Per day 3.8 x 10" 97-99% (for filling)
Eiber Cs Per 100 days 3.8% 107

EPJ Web of Conferences 219, 02006 (2019)



The PanEDM Experiment

HV supply | VAC chamber
/ Iiaejlf,cell -

leak,support
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Current measurement
housing (CMH) HV electrode GND electrodes

D. Wurm, PhD 2021



The PanEDM Experiment

D. Wurm, PhD 2021



The PanEDM Experiment

Three Way
Switches

He

D. Wurm, PhD 2021

Upper Cell

Lower Guide

DIA 50 > 80

Fe Foil Polarizer

Lower Cell

The recipe for an EDM measurement:

preparation Ramsey cycle counting
duration [s] 30 80 80 110 60 30 50
neutron beam | on off on
3-way switch | vac | fill = source 73 getectors detectors §~ €@l
vac. pumping | cells guides
cell valves open closed open
spin flipper 1/2 various stability tests 1¢ 24| 1} 2t
Ramsey pulses o - {
Hg magnet. measure syst. tests
UCN detection background, detector & souce - stability UCN cnt

B, field

measure

E field

HV at setpoint




The PanEDM Experiment
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The PanEDM Experiment

EPJ Web of Conferences 219, 02006 (2019)

1: EDM cells 2: Vac. Chamber
3: HV feed 4: B, & B, colil
5: Inner shield 6: Outer shield

7: Outer shield door




The PanEDM Experiment

PanEDM @ ILL, 2021

EPJ Web of Conferences 219, 02006 (2019)



The PanEDM Experiment

Rev. Sci. Inst. 85(7), 075106 (2014)
J. Appl. Phys. 117(18), 183903 (2015)

EPJ Web of Conferences 219, 02006 (2019)



The SuperSUN-PanEDM Installation

Cold beam

ead shield
*He cryostat
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D. Wurm, PhD 2021



The SuperSUN-PanEDM Installation

D. Wurm, PhD 2021



Reality always looks messier!
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SuperSUN-PanEDM Interface

Upper Cell

Upper Guide

Extr.
Guide

Three Way

Switches

Stimultaneous
spin detection

Lower Cell

Lower Guide

4, m ID 50 guide ’l—j‘

e Foil Polarizer

Spin flipper : off

Spin flipper

Foil
polarizer




Cesium Magnetometry

Shielded environment

F4
Magnetic
field
Y

Sensor head
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Appl. Phys. Lett. 120, 161102 (2022)



Cesium Magnhetometry

7
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Quadrupolar distribution of sublevels:

18305, F =4

opulation of magnetic sublevels m
[llllllll

4 -3 -2 -1 0 1 2 3 4

Twofold-symmetric spin distribution: Preferred axis of magnetization:

1
b

lﬂ_lj

Deviation [pT]

S Em—T

Allan Deviation

—— Sensor PO (Prototype), 09-10 June 2021
Sensor P1, 19-20 Nov. 2021
- Sensor P3, 19-20 Nov. 2021
—— Sensor P1, 20-21 Nov. 2021
Sensor P3, 20-21 Nov. 2021

el 107103
Integration Time [s]

Stable below 50 fT, between
70 - 600 seconds integration

Residual offset < 15 pT

Using a SQUID-stabilized bias
field at BMSR-2, PTB Berlin

For >100 s integration, limited
by field drifts

Compatible with longer holding
times in EDM cycles!

Appl. Phys. Lett. 120, 161102 (2022)



Using the SUN-2 prototype source for R&D

Switch Bottle

Storage measurement timing sequence

| | |
Open i i i
| | |
Closed | I e e “©) UCN from SUN-2
| | | | | | | | m
Filing ==y~ | | \ UCN switch
Emptyin i i i — Filling
ptying i | i | | i | > Time (t,,) -- Emptying
/2 %
/ Detector
10 (650 mm below beamline)
9 mé
5 7 8
- < .
|:T-_'-' - > ;
4 A 6 Open Closed y
Zz
(Gravity into the page)

“Sunino” test vessel: J. Hingerl, MSc. 2019
Storage measurements: T. Neulinger, PhD 2021




CYTOP'™ as a UCN wall coating
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T. Neulinger, PhD 2021

Reflectometry at D17, ILL

) —— Sample 1 fit
10° P 0000000 — Sample 2 fit
J Sample 1 data
HE-' Sample 2 data
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Eur. Phys. J. A58: 141 (2022)



@ Comagnetometry: cf. Noble Gases

A digression on why comagnetometry gets harder with improved P g q
precision, in another very specific case: hyperpolarized noble gases. ressure gepenaence
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Phys. Rev. Lett. 123, 143003 (2019)
Phys. Rev. A 100, 012502 (2019)



Comagnetometry: PanEDM phase |

e Cell dimensions match the ~250s
holding time for UCN

« 12 fT sensitivity in 100s

 Need 4 fT differential across the
stack, for phase |

« Ultimately need global gradients
below ~300 pT/m

 Local dipoles below 2 pT at 3cm

« Challenging to constrain HV-
correlated local dipoles without
long measurements

EPJ Web of Conferences 219, 02006 (2019)



Resources: Screening and Systematics

-5/2  -3/2 -1/2 +1/2 +3/2 +5/2

3 " F"=5/2
. 5 D, (J"=2) -
New magnetically . T
shield room @HD! i 7]
=]
Dedicated facility... -
Y (=) 2=
A
1
's, (J=0) F=1/2

-112 +1/2

Laser spectroscopy
may complement or
eventually replace
SQUIDS... new tools,
also for nEDM!

Next order-of-magnitude
pursued by refining now-
known methods

U. Schmidt, SMD



The SuperSUN UCN Source V[ /4

NEUTRONS
FOR SOCIETY

‘ _ heat/phonons
free neutrons: F = 1mu? USSR < =~ [ e
) Cryostat with 2 UCN accumulation extracted to
. c
superfluid *He superfluid “He ’He refrigerator S 107 , external detector
" E ~ 1 me\ dispersion | converter bath Heat Q
= : refation (T ~ 500mK) exchanger o cold neutron
> ‘He bath a beam "on" \
] L -
c 210 /’ }
w 8 f extraction
ultrEEtt::alg;;u)tron o | valve opens
= |
. > (@] background level
UCN Sqooll . T
Momentum transfer, q "Inot trappable: E~1 meV vs. U,.;~200 neV 0 1000 2000

Time (s)

® Figure of merit for production: 7 - | >k (1 — 6_”“!("")) %{8.%
® Note: partial mean free path A«ycn ~ 10 km, while Aot ~ 10 m
® |oss for a 3m converter: factor 10 (unused CN beam)

® |oss for ex-situ storage: factor 100 (UCN extraction/transport/detection)



SuperSUN Neutron Source: Cutaway  #dd

NEUTRONS
FOR SOCIETY

‘He 1 I 3He

He bath
(200 1)

“1 K pot” U

— He-3 cryostat

SuperSUN
(with multi-pole UCN reflector)

converter cryostat

magnetic trap cryostat

extraction
3He/*He || | —]!

©2019 Laurent Thion <ecliptique.com>

heat exchanger f | I / \
/ ./ \
7 / \
Superfluid He column converter vessel octupole magnet

Demonstrated 100mW cooling power at 0.6 K

E. Chanel, SMD, O. Zimmer, SANE, NPP...



SuperSUN Neutron Source: Cutaway  #ddl

NEUTRONS
FOR SOCIETY

3SHe pumping

Solénoide additionnel
entré sur z = 0.1825

Disque d’analyse fine
<z<0185m

NI= i o
NI/m = 3978874 A .tim sque
B, e = 50 mT 0.180m
SC Octupole ~2.1T
| |

—————— cryogenic CN guide

' 4
UCN out Isotopically pure 4He



Minimizing UCN Storage losses

SuperSUN phase II: magnetic octupole reflector

UCN extraction guide

~

Superfluid *He converter

Current bars of
multipole magnet

UCN valve

Beam window

P e

Ifs

hfs

Ifs

Phys. Rev. C 92: 015501 (2015)

loss probability per wall interaction

loss probability per wall interaction

Material wall potentials

normal incidence
angle-averaged

T mx 107 ]
0 100 200 300 400 500
EUCN in neV
«10™
m
high potential, high loss
low potential, low loss
A
- -
150 200 250




Minimizing UCN Storage losses

Loss probability per wall interaction

109

107"

------- CYTOP only
Ni only
20nm
200nm
I1(50| I‘ I2(I)O‘ II |3(|)0| ‘I I4(|)0

Kinetic energy [neV]

Loss probability per wall interaction

109 - [Q

1071+

~
ZEo¥ < s e s s e s s e i,

1073+ TR

1074+

— 20nm + 2T field

1075+ "
' —— 200nm + 2T field

0 100 200 300 400
Kinetic energy [neV]




ILL Instruments and Beamlines

" Mindustry INSTRUMENTS |

27 M Diffraction group

L g ,| LL22
In SuperSUN’s converter vessel: . £ d Lorge Scale Sructuressroup

° R ~ 15 UCN/(Cm3 S) expected Iow-background M Nuclear & Particle Physics group

. Ml Spectroscopy group
| environment...

M Three-axis & Time-of-flight
M High-resolution

SuperSUN ————— -

= === CRG instruments
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Statistics considerations

Statistics P v
, source ¥ cell
* Flux vs. density Neen ~ pcellvcell ~ :
Vcell+vgu1de
- want to count many UCN, after storage + Viource
~ transport losses and dilution
PO e e | 1 1 1 1 1

* Storage time (including T,/T,) = —+ —+ + —+-

: - T T3 Tup Tcapture Twall
e Total measurement tlme/repetltlons

~ duty factor vs. accumulation time

- long-term stability becomes important Systematics (not exhaustive)
e Polarization (incl. analyzing power)

e Cell size and quality

* Electric field * Field stability, monitor quality

* Cold neutron losses « Magnetic screening

* Environment/backgrounds



Extrapolation from SUN-2 Prototype

0.2mm Al foil

2x 0.2mm Al foil +
(1solation vacuum)

90x90 boral aperture
(2nd stage screen)

2x 0.2mm Al foil + 80x80
borated stycast aperture
(2nd stage screen)

1mm Be back window
(production volume)

80x80 boral aperture
+ 0.2mm Al foil

1mm Be front window (1solation vacuum)

(production volume)

0.5mm Al back window

Se 0 Srinmiy Al fofl (containment vessel)

90x90 boral aperture
(1st stage screen)

0.5mm Al front window "

) Ier 9 :
(containment vessel) 2x 0.2mm Al foil

(1st stage screen)

UCN counted

10000 -
E 882,000
extracted

1 220 UCN/cc at
1000_; SUNZ2 (in-situ)

100 -

—r ¢ T f r ¢ T ¢ & ¢ T & & & [T 0
0 400 800 1200 1600
Time (s)

O. Zimmer



Extrapolation from SUN-2 Prototype

(_0.1211_1111 Al foil ) 920:{ 802}1)11111 lAI foil + 2}} 0.21121111 Al foil + 80x80
1solation vacuum x90 boral aperture orated stycast aperture i :
(2nd stage scI?een) (2nd stage screlen) flgure' D. Wurm
1mm Be back window — 1.0 7 SUN 2
(production volume) > ] —— (30s delayed
80x80 boral aperture [ 0.8 - extraction)
_ + 0.2mm Al foil n ]
Imm Be front window (1solation vacuum) = ] —— PF2 TES
(production volume) S 0.6 -
S .
© 0.4 1
N ]
© |
g'N bea; £ 0-27
- &e("tion © 1 /
= S0 S

, 0.5mm Al back window
S 0 Srvivrs: N Fil (containment vessel)

. |
90x90 boral aperture 0.5mm Al front rwmflow DG Al foil
(1st stage screen) (containment vessel) (1st stage screen)
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v, [m/s]




n
P The next generation*... scaling up! (EDFF’D

’He cooling EDM Cell Detail: Field Directions and Detectors
circuit: _HV Alternating "+--+"
tter t
(T~400 mK) “He cooling +HV  lifs and gradients
commercial @ circuit: ! ‘
cold-head (T~1.2 K) E 0 E
(T~4K) — -
k .

‘He superfluid

UCN capture
products are
detected in
superfiluid, or
by solid-state
readout
structure

4 reserve, and Magnetic field direction, for EDM
He urifier stage | measurement via spin-precession, *He |1 Lsubstrate
tank P 9 is shared across all cells in stack "Ef"""“’r SUPEFCD”d“mr

absmber insulator
(T~4K) gﬁ J

supplementary cooling
(for thermal screens)

i

cold neutron beam:
guides, polarizer,
and spin-flipper

S

I

{ EDM cell stack
(T~500 mK),
remaining cold
neutrons continue
J into next cells

=

3|_'|¢?/“|'|_e heat-exchanger, and *conceptual idea — no promises yet, only a direction to explore!
filling inlet to UCN converter proceed via small/modular R&D steps ...systematics not yet clear




| n
“Quantum Sensing” for Neutrons EIBI

Several possibilities for readout

Ultracold neutron (UCN) detection with polarization-
sensitivity, via applied magnetic fields partially
cancelling the neutron-optical potential for one spin
state. Various readout mechanisms to be explored.

Neutron-optical Magnetic Total potential

potential field* barrier
reflection || B —ji-B<0
absorption S— - B |

: 0
L L " L 1

0 100 200 -50 0 50 0 100 200 300
neV

*magnetic shift exaggerated for clarity




N
E-P| “Quantum Sensing”: Spin and Energy (EEFE]D

115 neV, £50 neV modulation, t=0.3:m
350 - ' — - - 10°

o high edge determined \’ low-field seekers repelled;
g 300 by reflector thickness p— 10 high-field seekers drawn in
= ©
£ ] ! ®
S 250 low edge — | .-
© determined by / v
c f
5 20081 | detector current |/ -
S : 102 &
{7 ®
S 150 ©
L& ] @O
G l 04 5
:z 100 E;
= . detectable =
= 4 -5
2 50 UCN energy [----__1"
- range

0 - : ' 10®

0 20 40 60 80 100

UCN energy (neV)

*magnetic shift exaggerated for clarity
(different zones can have different sensitivity ranges)



N
“Quantum Sensing”: Spin and Energy (m)

reflectivity absorption + transmission
Si detector
0.100
1{09. vf E
d (\B_ - E ﬂ-n1u
ev .-
- g
o
= 0001 detector rate
= {infinite absorber)
100 nm Cu o 10
. =
500 nm SLiF
-5 , .
100 nm Cu 10 loss in reflecting layer
Si substrate
] 100 200 300 400
100 Energy (neV)
140 m
3 o
120 H S
= -
% 100 v
3 ‘
&) [ [
T 80 [}
s “He e
o 60: -
g ‘ <
c 40 \3
= ‘ o
O 20 | M
20 [
\., ,,_J | U adit s el il At st dia L |
0 M ‘ il,.{*‘ﬁ Ly ""le“t‘ml!ri(\l" J ﬂ‘v“w PV ‘ﬁ#\uﬂn‘ " yh‘r WW (Sr!.*.sl M‘f"r"l""j-‘h ™
Energy (ADC channel) 0.35 0.40 0.45 0.50 0.55

Incidence angle, f (degrees)



Recapitulation

Invariant mass

@ PanEDM is moving forward

"unknown"

Weak Scale

(coupling) ~*

@ Comagnetometry is very hard

@ Statistics can be improved!

(systematics not yet clear)



Seeking students and Post-Docs!

'EDM

JAAT

WE WANT TO HIRE YOU TO
WRITE ON OUR COMPUTERS.

\
WE CAN OFFER YOU A
BUNCHOFPI\’VO-ECKS!

xkcd.com

Faddeev-Popov?




Questions?

EXPERIMENT
OUR NEW TEHESCORE |JILL
ANSWER TWO KEY QUESTIONS:

D WHY IS THERE ALL THIS MATTER?
— 2) CAN VE DO ANYTHING ABDUT [T?

what-if.xkcd.com

Special thanks to:

PanEDM collaboration
HeXe collaboration

Institut Laue-Langevin, NPP division
Institut Laue-Langevin, SANE division

S-DH, GmbH
Budapest Neutron Centre, GINA team



