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mswia s Sensitivity goals for the neutron electric
= dipole search at PSI
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- PSI's proton accelerator

RS
e
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Drawing courtesy A. Parfenova waok rumbor

beam availability in 2016 | Total user beam time 4812 h

(2015 and 2017 better) Outages (downtime) UCN source
unscheduled outages + area West S

area
(current < 1 mA, time > 5 min.) 462 h
L

availability 90 %
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27.hug 2017 12:52:55

Last 12 hours

PSI's proton accelerator

‘High Intensity Proton Accel.

|1

WA

2500

19.3MW
25.0°C

20001

Production
: Production
: Production

Inj-2:
Ring
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: 1dle

1P

: 8.0s/300s Flap
- cavity upgrades planned for 2018 and 2019

(new resonators in injector 2 / new flat tops)

UCN

=
T
P

EDM

UCN source

- 2.4 mA operation was approved in 2016

experiment area

— 2020 continuous operation with up to 2.4 mA

+ High power upgrade to 3.0mA ?

UCN rate increases linear with beam current
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[_,'— — UCN Source at PSI

- % mEPB EmEE

UCN guides towards 4 R
experimental areas =
8.6m(S) / 6.9m(W) cryo-pump DLC coated
p i ) UCN storage vessel
) o height 2.5 m, ~ 2 m3
N~
& B cold UCN-converter
N—— ) 5 kg solid D, at 5 K
heavy water moderator ‘

— 3 7
thermal neutrons 3.6m° D,O pulsed

1.3 MW p-beam

590 MeV, 2.2 mA,
spallation target (Pb/Zr) 1% duty cycle

B. Lauss (~ 8 neutrons/proton) nEDM Workshop 2017
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UCN Source at PSI ® e

2016: UCN sou
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139 nEDM data taking days in 2016

B. Lauss

2016: 2 failures of
He cooling plant

continuous source operation May-
Dec (proton beam operation)

D2 leads to
2. I full regain of UCN output loss
&;' LpEe + same gain over long time

Rl NS |
_ m\‘\ ! - daily "conditioning" of the solid

West-1 leakage measurement

200000 foo ﬂ.\‘ \\ k"ld‘*'\‘\ \ S — e
‘~ N

standard data taking
e week - Sept. 2017

50000 ! ! L ! !
16,09 709 20.09 9.09 30,09 0110 0z.10
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2016 ' UCN S t PSI ® nEDM g
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>
o UCN Operation Statistics 10000 - @ benchmark 2s pulses|
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e 25000 ! : ! : ! ! : !
beam po I 107 L s s s s s s : average after 180s
best after 180s
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3x10"
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2 [ € 15000 * L
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Year
1. largest number of beam pulses and produced UCN

2. highest UCN production in a benchmark pulse
3. highest number of UCN delivered to beamport & nEDM

- upgrade possibilities under study

B. Lauss
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LSS Effort to establish a standard for
= comparison of UCN density

PHYSICAL REVIEW C 95, 043503 (2017) UCN density after storage in 20l
Comparison of ultracold neutron sources for fundamental physics measurements external stainless-steel bottle
storage times = 2s storage times = 50s, 100s
T T T T T T 12 T T T T T
28 |- 1
Tl 10 PSI
L 24 PSI @l e
5 T e £
Q PF2 9]
220 - < . > 8 .
%] L O
V6 | 1 2 PF2
— z‘ 6 T
® G
z12 ¢ . . o SUN-2
= | i T 1 ! [ag
5 gl SUN-2 z
) b = ==
S 4. ] 2 TRIGA
S ar TRIGA E ,. ‘ :
L 0 | - —a—
—a—
0 ! I I [ ! ! [ ! ! 0 I L L | I ! !
20 30 40 50 60 70 80 90 100 110 120 20 30 40 50 60 70 80 90 100 110 120
Storage time constant (s) Storage time constant (s)

published joint work of TRIGA Mainz- ILL Grenoble - PSI comparing the source preformances
G.Bison et al., Phys.Rev.C95 (2017) 045503

Definition of "standard" method and device for UCN density measurement:
G.Bison et al., Nucl.Instrum.Meth. A 830 (2016) 449

B. Lauss nEDM Workshop 2017
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16.0ct 2017 10:43:45

Last 12 hours

WA

ing saw the last UCN in the

present nEDM apparatus

IS morn
High Intensity Proton Accel.

thi

News

Now >

0.0MW 2500
0.0°C

2000
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Beam Tests

Inj-2:
Ring

*Beam development from 8am *

: Beam Tests
: Beam Tests

(RS SRS S ESEEEEEEEEEEESEEEEEEE:

SINQ

the n2EDM construction phase starts today !

: 1dle
: 8.0s/300s Flap

IP
UCN

nEDM Workshop 2017
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“”‘[j_”_“‘“f"s”‘"‘ Reminder:the EDM measurement principle <.

— =% EPB fmm"

Measurement of the difference of neutron precession frequencies in
parallel/anti-parallel E and B fields:

i, =60 neV/T

§ =1 MT I E'O‘ A‘B’O &' %F y VI \
vy = 29Hz A
@l‘ﬁg &L P> $7 WM//

E =11 kV/cm VL

/2 /2
ve <160nHz
v, =2 g+ 2% g
h h
1
d, = 5 ( (fTT fTTLL) + L, (BTT _ BN))

High-precision control and measurement of frequency and magnetic field necessary (fT level)
B. Lauss nEDM Workshop 2017
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d new apparatus - n2EDM S

— Room temperature experiment using the Ramsey method of oscillatory fields
new apparatus will be better adapted to the PSI UCN source and have several improved

subsystems
o Visibility of resonance
T Time of free precession
’ N; - N,
G(d ) — N Number of neutrons A - ¥
N E  Electric field strength N ++ N l

2aTENVN

A(frr) = accos [2m(T + 4t[7) (frr = fn)]
asymmetry 4

NEDM results are still 10 F

statistically limited os | MES/\ /\

_) L
design the apparatus to "0 | '
maximize the number of 05 | \/ \/
stored UCN with adequate | av= Yo~ Ko —— + working s
systematics improvement ! | 0 5=v, v

B. Lauss e
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RE Design-Strategy > m ==

Maximize UCN statistics with adequate adaption of systematics.
Goal: Construct a baseline apparatus ready in 2020 and upgrade from there.

Main features of the new apparatus:

 Alarge volume horizontally-positioned double precession chamber for UCN
 Laser-based Hg co-magnetometer

* Arrays of high performance Cs magnetometers

e 3He magnetometer for B-field calibration

e Large magnetically shielded room to provide a large shielded volume for the
experiment

e Large field coils to improve field homogeneity and allow for a sizeable vacuum vessel

* High efficiency spin-sensitive UCN detection system

B. Lauss nEDM Workshop 2017



msaans et Main features of the new apparatus
|_,—— - core setfup

Inspired by the pioneering Gatchina
Hg
el double-chamber setup
R . Altarev et al. JETP Lett.44(1986)460
/ and several years of our own upgrade
and operating experience with the
- present nEDM setup
! ——  chamber - 2 neutron precession chambers

- Hg co-magnetometer in both chambers
with laser read out

- Baseline scenario: UCN chamber with
materials and coatings as present
chamber, but larger diameter of storage
volume - upgrades in development

- Surrounded by calibrated Cs arrays on
ground potential (>50 sensors)

- large NiMo (*8NiMo) coated UCN
guides

B. Lauss nEDM Workshop 2017
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Important design aid: Full simulation of ,
the PSI UCN source and n2EDM setup &

4y 0@

Full detailed model

D benchmarked with previous
35 SN measurements at the UCN
UCN source source and with the present
3 NEDM setup. MC used to
optimize UCN geometry:
25—
B, - guides
2 : o
£ UCN guides - —double-chamber - chamber
N . 2 for UCN storage - position
- height

1_
0] talk by Geza Zsigmond

=] ! UCN production on MCUCN paCkag

vessel lid i ;
o5t i d ~emptying guides tect
-0.5 0 0.5 1 15 3 2 e g e : ;_AI_OW_a_rdS Phy > Instr and D
& detectors ———— The MCUCN simulation code for ultracold neutron
28~ i T " physics
TR o G. Zsigmond
B. Lauss nEDM Workshop 2017
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Example: height positioning of UCN chamber

Improvement factor from simulation

- minimize necessary bends in UCN guides

- optimize chamber position (severe implications for hardware)

- optimize height, chamber size and coating for storable UCN statistics and

mechanical feasibility

Neutron statistics improvement

Simulation (n2EDM)

chamber

104

180

o

sizes 47cm,
80cm,
100cm

eta=3[ 104

 ,V=dPE
Ve=dPS |

T T T T T T T T T
60 80 100 120 140
Height above beamport

UCN counts after 2 s of storage

Measurement (standard bottle)

450000 |

400000 -

350000 -

300000

250000 -

200000 -

150000

»
L]

-
|

-200

L L L
o o o o o
o o o o o
o~ < o [oo] o

—

Height above beam port West-1 (mm

1200

o
o
<
—~

1600 -

=

1800 “

UCN density after 2 s of storage (UCN/cm?)

B. Lauss

nEDM Workshop 2017
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Simulation results:

present nEDM chamber as benchmark,

selected n2EDM chambers and positions,

calculated using the average UCN source performance in 2016

(e.g. 139 nEDM data taking days in 2016)

Current n2EDM n2EDM n2EDM n2EDM n2EDM n2EDM
phase 2016 average COIIN. COIMI. meas. meas. meas. meas.
ID (em) AT 47 47 80 80 100 100
coating dPS dPS iC dPs iC dPS iC
o 0.75 0.8 0.8 0.8 0.8 0.8 0.8
E (kV/em) 11 15 15 15 15 15 15
T (s) 180 180 180 180 180 180 180
N 15000 507000 1007300 121’000 292000 160’000 400000
J(?‘E‘)r (iil-l-l} 11x10726 | 4.1x10720 | 2.8x107%0 | 2.6x10720 | 1.7x1072% | 2.3x10726 | 1.4x1072°
o(dy) (e-cm) | 27 | 1291027 | 1 2x10-27 | 1 9x10-27 | 7 5 10-28 | - 27 | ¢ Ax10-28
i 5.0x10 1.8x10 1.3x10 1.2x10 7.5x10 1.0x10 6.4x10
500 data days

different chamber sizes, improved coatings (presently investigating different options)
E =180 kV (no HV magnetometer)
o ~ 0.85 (depolarization by bouncins and B gradient)

B. Lauss nEDM Workshop 2017
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=1 Prepare experiment area < e

- remove present installation
- change parts of shielding bloc
- new base foundation

- setup platform
under construction

B. Lauss nEDM Workshop 2017
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Fa.
B5 New magnetically shielded room - MSR = "on &

~17 tons of
selected mu-metal
sheets

- ore melted and
material selected
at VAC
production
facility

- several sheets of
y mu-metal glued
together into
installation panels

N

B. Lauss )17
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=

Main features:

- large central chamber

-2.93m [02.93m I 2.93m

- intermediate chamber large enough to
walk and place sensitive components (e.g.
pre-amps etc.)

- MSR provides thermal shielding in both
walls

- 3 doors

- total weight 47 tons (MSR)

Supplier: VAC - Hanau,
Germany

|

B. Lauss

nEDM Workshop 2017
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==

4.8m

setup features:

- (2 + 4) layers mu-metal

- Al eddy current shield

- 78 openings for experiment
use

- largest openings ®=220mm
for 2 UCN guides

for 2 main pumping ports

expected performance:

- quasistatic shielding factor
guaranteed >70'000
(expected >100'000)

- central B-field < 0.5nT

- central gradient < 0.3 nT/m

Installation scheduled to start
in Feb.2018

B. Lauss

nEDM Workshop 2017
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e g 1 Lt
= minimizing the magnetic field o

Degaussing scheme and coils layout based on PTB-Berlin experience (A. Schnabel)
published in J.Voigt et al. Metrol.Meas.Sys. 20,2 (2013) 239

planned minimization from
outside to inside for each
layer and direction possible

- innermost room has
additional 2 coils on all sides
and in all 3 directions to drive
magnetic flux in all walls and
wall centers

configuration

X-coils
y — y-COilS
m— Z-COIlS

w

B. Lauss nEDM Workshop 2017
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BS New apparatus - overall setup & nEDM g
Il | Il
- :|:I Straight position in area South
to optimize UCN statistics
@ ® ® ® at optimal height above
@ I Y T T T beamport
©,
- f
O] b
(O] H e E
Q) @) :
o @

" [ N B DM Workshop 2017
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(= Field coil system - 1puT

- mount colil system
- commission individual coils
- field mapping

adapted box-shape BO
coil which

uses MSR as return
yoke provides
adequate
homogeneity and
stability via current
stabilization

e — goal is uniformity
- S S ] S— | s S a— Y - better than 104

(Z
T ] llIlI T 11

i
T — Talk by
= | [ ' ' Pierrick Flaux

DM Workshop 2017
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== Field coil system - 1uT @ e

-2
10 Calculated B-field uniformity: XY at z=85cm

XZ at z = 0cm
circles: ID=47cm, ID=100cm
mu-metal included

10*  no trim coils

Talk by
10° Pierrick Flaux

- = ' = 10®
-1 -0.8 -06 04 -02 0 0.2 04 06 038 1

X [m]
DAQ
Designing a low-noise current <—W‘nﬂ
source with feedback —

stabilization via a _ Zi

. - current - E v/ | S — = NEDM
magnetometer in a high ~— Hocol
homogeneity field.

I 11 h mu-metal
\, shield
source cnll—!
magnetometers

P.Koss et al, IEEE Magnetics Letters 2017 2701771
demonstrated uniformity better than 103

B. Lauss nEDM Workshop 2017
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Bsi Trim coil system

- mount colil system
- commission individual coils
- field mapping

bird cage
compensation coll
system to produce
higher harmonics
field contributions

see talk by
Guillaume Pignol

targetis a final
field uniformity of
better than 104

DM Workshop 2017
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== Vacuum vessel = e g

large size vacuum vessel
currently under development

® ® ® ® - hon-magnetic parts checked
- welded from plates which can
be individually checked
. - welding methods checked

- will be able to house up to a
1m diameter UCN chamber
stack

- precession chamber stack
under development

- testing of UCN shutter under
way

0 - magnetic materials check to
avoid systematic effects from
local dipoles

ey
4

- 5T magnet polarizer operated
successfully for several years,
) provides ~100% polarization -

iYL YV VI NQNIVEY vy
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= UCN guides and detection & pEDM

large diameter UCN guides, spin flippers : T : .
and analysing foils successfully tested UCN guides - glass tubes with
L] L L ] @ @ L 4 L 4 @ L] ID = 130mm
= : | large facility ready for guide
B ] . . .
I production with metal coatings
- ; ‘od ] L] @ : . E
' . LIl NiMo (>®NiMo) seems to be
-1 .1l appropriate material
. ' 1 ° see
: .+l V.Bondar etal., Phys.Rev.C 96 (2017)
— - 035205
@ L @ ) ® o
@ ARCNICHp s e Seony, ® L] Li;é‘:r:— 3
Hadrons and Nuclei & ® °® o o _ct
; s[[e].,e o = Jollelle[lc <M ':g ; ]
improved gas- T, - ‘ Al - 4
based large P i — = % : 4 T
area detector of g : AF HE e Ay
development U J — >~
at LPC Caen L

.ﬁ_‘ — <
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==

Selected requirements for
the given statistics goal

o [ Bt I_F.&;
© nEDM g
“ EPB MEEE

Table 4 summarizes the requirements on magnetic field stability, uniformity, and measurement,

Related to statistical errors

— Vertical uniformity 0B, /0=
Horizontal uniformity 9B, [0z, y
G stability on hour timescale
B stability on minutes timescale

V¥V Precision mercury co-magnetometer (per chambey)

0.7 pT/cm
— S pT/cm

G fluctuation induce R

0.1 pT/cm
0.03 pT <

> .
“ fluctuations
must not limit neutron

0.03 pT <

v
4 N
Same frequency for the "»"E Y, ax,sz should be small enough not
pi/2 pulses for " 7 to induce intrinsic depolarization of
both chambers: :‘t Y 1 UCNs and decrease the visibility «.
I
Larmor frequency 02 .“ ? .
should be the same 04t “‘\h ; Thar ITv
in both chambers. By _ 2 D%-%(F)Bz/é)a:)?
8,B, mustbe small. . . .
3.8422 3.8424 3'8426r“ﬂ'm
\_ VAN

~\

statistic (2% level)

talks by
Guillaume Pignol
and

by Georg Bison

B. Lauss

nEDM Workshop 2017
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— 1= IS: ' = e pEDM g
[J__ Analysis: Frequency ratio R = f /f,; =
%30.205 | 'm
C ) '
30.2045 !
yilg =~ 8 HZ/U.T Ah 30.204 I M §
2 —————————— ;
‘}/ 30 HZ T 30.203
Z.[ /p’ 30.20280 55555500400 500 800 ?;‘J:CI:{JE":&: M
Vg ~ 160m/s  vs. TUcN = 3m/s single chamber analysis - B and G fluctuations
compensated by comagnetometer but gradient
center of mass difference h fluctuations introduce error term proportional to

gravitational shift

(fueN)  ¥n <
R = = 1
(fug  YHg

TR 5Earth + 5Hg llghtsh1ft>

Analysis: based on R as function of dB/dz extrapolate to O

B. Lauss nEDM Workshop 2017
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WesEEs  LPSC

........

== Analysis: Frequency ratio R = f /f,; = nEph

)

&

Aht

| e
| e

double chamber - linear 6B/oz is almost perfectly

compensated
but due to different h, and h, gradient fluctuations
still cause an error on a lower level though

ﬂ_h’ng THg

[ Analysis: based on (R" - RB) as function of dB/dz extrapolate to O ]

B. Lauss nEDM Workshop 2017
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BE Laser-based Hg magnetometry o nEDM ¢
. * _ Tn Run 6310
Correctlon: wn - wn ng s0.0141 L] wnhchorrec[\lcn
THg " norgcoredion |
Increase of the statistical error due to correction: 0139 a 'y ;“Jﬁ .
AwH /WH > E 300138'_" ‘ \m-?} ¢-.. .ih ._o_. :.“'.":‘:::_1.._ ';;:.
K = 1+ (#) = s00137} . ? - :_W,'
A(-"-'711/0‘-}11 i .
30.0136} )
Systematics: no-lightshift effect due to wotas
stabilization at the 'no-lightshift' frequency S —
20 40 60 80 100 120 140 160

point -> no systematic error contribution

required magnetometer resolution per cycle

f =2.3E-2 :
(for d,=2.3E-26/day) SB = 24 T

tested laser-based Hg readout
system with present apparatus

oB=51T

see talk by Georg Bison

Thesis Work of
M.Fertl 2013 and S.Komposch 2017
publication pending

B. Lauss

nEDM Workshop 2017
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BS Motional false EDM - mitigated by Hg to n = "o

] ] G.Pignol & S.Roccia, Phys.Rev.A 85 (2012) 042105
* Indirect effect, i.e. dﬁi}SHeg = yy;g dFalse

h
* Motional false edm dFEJllse = yHg —=(xB, + VB, )

effect is ~proportional D? of chamber
expressions verified to 3% accuracy
with present apparatus

published in S. Afach et al., EPJ D 69 (2015) 225

demonstrated with laser-based system to

higher gradient orders
see talk by Georg Bison
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Fig. 5. Motional false mercury EDM versus the vertical gradi-
ent g, for B} (red up triangles) and B! (blue down triangles).
The solid lines correspond to a linear fit, and the dashed line

B Lg the theory discussed in Section 2. The horizontal error bars nEDM Workshop 2017
' are smaller than the symbol size.
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=1 Cs magnetometer array <

Cs magnetometer array

ground electrode

precession volume

high voltage electrode

.......................

B e et Atomic, Molecular,

Optical and Plasma
Physics

- homogenisation & control of B field

- (higher) gradient measurement and control in all directions
- measurement of correlations with E-fields

- crucial for systematics control

e develop 3He magnetometry further
talk by Georg Bison for absolute B measurement and sensor
calibration

B. Lauss

nEDM Workshop 2017
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msaans et Stagbilization of surrounding B field gﬁnﬁ
= and temperature b T

prototype
operating at
ETH

Surrounding field compensation system - talk by Michal Rawlik

In addition: air-conditioned environment to control T better than the 0.1K level

B. Lauss nEDM Workshop 2017
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— Timeline and Summary =
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BPB

today started area cleaning and preparation for n2ZEDM apparatus
magnetically shielded room is scheduled to be installed Feb. 2018

all parts of the apparatus are under development and will be tested and
commissioned in parallel in 3 experiment areas at PSI

we plan to have the complete apparatus ready in 2020 (2018 and 2019 will
only have short proton beam operation periods because of scheduled cyclotron and SINQ

upgrades - but UCN testing will be possible)

goal is to be back data taking in 2020 with at least a factor ~10
iImproved sensitivity, leading to an accumulated statistical sensitivity at
or below 1027 ecm after 500 days of data taking

simultaneously we are working on further increasing the UCN source
intensity

B. Lauss
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Thanks to all my collaborators,

specifically Georg and Guillaume for figures,

inputs and many discussions and

Thanks to all of you
for your attention.

B. Lauss

nEDM Workshop 2017
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