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Context

What is needed
for progress?

— larger sensitivity,
much more UCN

— better control
of systematics
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Four-layer p-metal shield High voltage lead

CQuartz insulating

cylinder Magnetic field

coll
Storage cell Upper
electrode

Hg u.v. FrT

lamp . I |
"""" PMT for
Hg light

Yacuum wall
Mercury
prepolarizing
RF coil to fli ' E * !

coil to flip spins g
PSP i \\“-v Ha u.v. lamp
o
Magnet r@ UCN guide
changeover
UCHN polarizing foil

P g \ Ultracold
neutrons
—=+— (LJCN)

UCH detector

—t Approx scale 1 m_

Context

Sussex-RAL-ILL experiment

d, <2.9x102%0ecm

C. A. Baker et al., PRL 97 (2006) 131801
P. G. Harris et al., PRL 82 (1999) 904
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Context

s5x 10T

20,0845
19Hg co-magnetometer -
20,9840 o
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. . PHg .18 « UCN =  E < 209835+
AN | T e | N |
| = - B : >g 20,0830 4
x_/ x v = ]
5 20,9825
| c _ 50 pT
Rl S High vaoltage lead = 2098204 & +  Raw neutron frequency
Quartz insulating Lo | =% Corrected frequency
cylinder Magnetlcff;ﬁ 20085 4r——v+--"rr--—r-——r—"—T"""r"—""—"T""T""T"T"—""7
o 2 4 6 8 10 12 14 16 18 20 22 24 26
Storage cell Upper Time (hours)
electrode
E?.n;'v' K.Gree
e PMT for P.G.H{ hv" =2 (n,B + d,E) D4
s hv- =2 (u,B - d,E)
YVacuum wall
J.M.Pendleb 2102
SK Lamoreal NAY =44, E 005) 032104
Mercury K.Lamorea )
prepolarizing P.G.Harris and J.M.Pendlebury, PR A 73 (2006) 014101
S call C.A.Baker et al., PRL 97 (2006) 131801
RF cail to flip spins Ha u.v. lamp
Magnet ~ UCN quide
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Context

Other projects: cryogenic experiments
with UCN in superfluid “He below 1K

o O Cryogenic Neutron EDM * LANL Experiment: |ay0Ut

S Tower I ; * Tower IT
Experiment

HV electrode
ué round electrodes
& - Light guides Magnetic shield
E Photomultipliers Vacuum enclosure
P 2 Superconducting shield
— | mv l, &
= 4 5 b |
0.5K purifigd He* |- ] 5
\ l SQUID enclosure
- ¥ 5
‘ 7 , iy
LT ; 2 MNeutron beam
£ . ; Ramsey \— =
MUSRER LI, Chonpoy  SCSheld
B Shield hao & Solenoid

PFl Floorlevel 777777 HV variable capacitor
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Our approach

Improve room-temperature, in-vacuum technique

At ILL:

« Work with the RT experiment of Sussex-RAL-ILL
(measure, test, try, learn, repair, recuperate, ....)

* Improve magnetic field measurement
« Improve magnetic field stability and homogeneity

* Improve overall stability and control (+ many other issues)
At PSI:

* Increase statistics
* New systematic control tools
* At some point: new system
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UCN performance at ILL and at PSI

¢ Configurations with different:
¢ materials (Quartz, DLC, Si|N,, diamond)

¢ height of the vertical guide
0 (optimized) filling times

DLC
coated

1m
25m

5m
Ni coated, diffusivity 1%

Y

0.2m
L

Simulations using Geant4 (S. Agostinelli et al., NIM A 506 (2003) 250)
modified and extended for UCN:

P. Fierlinger, PhD thesis, UniZh, 2005; F. Atchison et al., NIM A 552 (2005) 513.
Further developed by M. Kuzniak and others in our collaboration.
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Detected UCNs

MC of the experiment at PSI

=130s

storage

- chamber' electrodes -gain factor
quartz DLC 14

| diamond DLC 29.5

0 50 100 150 200 250 300
Marcin Kuzniak Storage tlme [ S ]
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Sussex-RAL-ILL apparatus @ PSI

 gain factor 3-4 in sensitivity with the present
setup

 gain factor 5-6 in sensitivity with new wall
material

* need improved magnetic field stability,
homogeneity and control
— Improved co-magnetometry
— external magnetometry, outside but close to UCN
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Co-magnetometry |

* Improve sensitivity of HgM
200 fT — 40 T or better
— Initial polarization
— prepolarizer volume
— lamp vs. laser ?

 Activities just starting




External magnetometry with

Self-oscillating laser-pumped Cs magnetometers

beam multiplexer

Laser

DAVLL

laser frequency

stabilization

photodiode

\

N

multimode
fibers

* non-magnetic sensor head
« Larmor frequency: 3.5 kHz @ 1 uT

S.Groeger et al.,

Amplitude

control (I)

EPJ D 38, 239 (2006),
EPJ AP 33, 221 (2006,)

v

frequency
counter

S.Groeger, PhD thesis, UniFr, 2005
J. Res. NIST 110, 179 (2005),
Appl.Phys. B80, 645 (2005),

http://www.unifr.ch/physics/frap/

1 magnetometer (OPM) needs 25 uW—|

1 laser delivers >10 mW

=>1 laser = many sensors

|
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Allan std. dev. AB (fT)

Active field stabilization

Simple field stabilization coils give
103 improvement at 100 s.
Gradient correction of the same

order can be expected. | 250z correction
Ab.ﬁ ]
' .. 110° [io
1000 } e
el ! . .
E?g;% ffs@m_a-a-ﬁmm"ﬂ'”%%»ﬂ.& ﬁgg%/ _ gradient fluctuations
E {\ ‘o.... .,o. E 107
100 : \} ..'i.... OPM 2 . ot o
: \ % 00000see® 1\&
‘ 1 " g
A 4108 field stability for ~10-27 e cm
10 &;ﬂ.. ]
intrinsiq '\ 48 : ] ) o -
sensitivity * *t.. OPM1 1700 Crameér-Rao limit: ~ t-
0.1 1 10 100 1000 10000

Integration time = (s)
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7.635

Hg frequency [Hz, 180s average]
-2 ~2
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Opate Cs and Hg
simultaneously

199He Allan variance

Hg frequency: unstabilized fields

| Hg frequency: Cs OPM stabilized field
Ua[TPZIBUS} = 10 pHz ~1 pT 1h 1

bl ey, e— ]

8] 20 40 €0 80 100 120 140
Sample number [180 s/measure, 223 s/cycle]
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A new dimension in diagnostics ...

“  Time series: ?Hg signal and Cs(L8) values (circles)
o4 T T T T
L .
= oB=100pT IO -
? S T ’ Cs E

y i

« 2 F_ﬂﬂﬂﬂc‘ﬂﬂ?go I I |DDO% ] 199Hg
D.[I | DOJDU?DGGDUOUI |  PodbooRoD0G0 i
asl | | | | | -
R --
C | | |
o © | | W\W
L
OF  Valve | Hg in| Hg rf | N rf |
:hm_g PR TN I ST TSN T ST TN N ST AT NN SN S T TN NSO ST NN NSO SO N

10 12 14 16 18 20 s

Time after cycle start [s]

280 GB of data under analysis at FRAP
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Movement of the UCN shutter
seen at different locations:

Effect of a magnetic impurity

1z
Time after oydle skt [x]

: (see also PRL97(2006)131801)



External Cs magnetometry

Many (vector) CsM desirable for monitoring of
the magnetic field

Stabilize magnetic field and gradients

It appears feasible to stabilize the field to a level
at least as good as was achieved by offline
correction with the HgM before

But: probably not sensitive enough to leakage
currents and magnetic wall impurities




PAUL SCHERRER IHSTITUT

Nl e

Improvements for a new EDM

Double chamber setup, larger volumes

Velocity sensitive UCN detection
(false neutron EDM: d;, ~ <v4 > B,2dB,/dz )

Second co-magnetometer
(go for no atomic false EDM: d; 4o ~ ¥* R2dB,/dz )

Stability, control and logging of the
environmental data
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Co-magnetometry |l

* Potential co-magnetometer candidates:
199Hg (7.7 Hz/uT), 129Xe (-11.8 Hz/uT), 3He (-32.4 Hz/uT)

« Geometrical phase induced false effect:
(Pendlebury et al., PRA70(2004)032102)

Oy o~ P R2dBJdz  d ., ~<v2, > B_2dB,/dz

af,atom af,
« Example: B,=1uT, dB,/dz=1nT/m
d,. ~1027e cm Two null results for atomic
| co-magnetometers could
Aarpg ~ 13 X dye prove the stability of the

daf,Xe ~ 2X daf,Hg

Aarpe ~ 18 X dgt g B-field magnitude and the

absence of gradients
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Present planning

2000 | 2007 | 2008 | 2009 | 2010
UCN source at PSI Commission
Normal operation
Tests at ILL
RAL-Sussex-ILL Upgrades |

Spectrometer

New EDM
spectrometer

Concept and design

Measurement at

PSI

Construction

New EDM
at PSI
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We thank the members of the
RAL-Sussex-ILL collaboration
for allowing us to use their apparatus
and for many interesting discussions.
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Velocity sensitive UCN detection

100 cm

Problem: UCN velocity
dependent EDM systematics

e.g. B=1uT, E=10kV/cm, dB/dz =1 nT/m
—>d (false)* = 3 x 10?2 e cm

*J.M.Pendlebury et al., Phys. Rev. A 70 (2004) 032102
S.K.Lamoreaux and R.Golub, Phys.Rev. A 71 (2005) 032104
P.G.Harris and J.M.Pendlebury, Phys. Rev. A 73 (2006) 014101
|dea: Measure EDM as function of UCN 0 cm
velocity with efficient simultaneous detection
e.g. 8d_ ) V2 &d_ in 2 energy bins with
according ability to test an EDM signal -30 cm

* PhD project at PSI
« study of detector options

-60
» realization of prototype o
» comprehensive study of UCN
velocity related systematics 90 em

G4-UCN™ simulation
of UCN with energies
[0, 250] neV at 100 cm
falling into a 6-fold
segmented detector

** F.Atchison et al., NIM A552(2005)513

1 I|II 1 1111
150 250 neV




PAUL-SCHERRER-INSTITUT

RSl J,
UCN source at PSI

Deliver 600 MeV, 2mA ~ e
at 1% duty cycle to | g (e EN ——
UCN target station

nnnnnnnnn

on
Target - Storage Pit

dicil

TTTTTTTTTTT

NA - Hall Experimental - Hall
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2-3 m3 volume
storage trap

30 liters solid D,

A\

4i| vacuum

2 mA,600 MeV |
proton beam

1% duty cycle ™ [

L]
S

Ultra Cold Neutron Source

UCN guide > 1000 cm-3

p exp

The PSI

UCN source

* high power

* low duty cycle

e starts 2008 with 1 area

* multi-user capability
with 2nd area, year xx?

Papers by the PSI UCN group
concerning related source
and UCN physics at
http://ucn.web.psi.ch
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UCN transport and counting:
Understand Statistics
Storage chamber: “
- n = 3*10
. v_ [m/s]: ) -
1 | Silica 4.15 ",
DLC 6.56
UM Bolarizing]| (M= 210, v_= 6.92 mis Si N, 5.86
Fe foil i
\ Diamond 7.64
3o0enm | o B g
i I §-|- - #gr?s
5“'°—| : n=2%10%v_=7.8m/s thrbine
!
“‘I_i_l
| 5900 mm

Simulations using Geant4 (S. Agostinelli et al., NIM A 506 (2003) 250)

modified and extended for UCN:

P. Fierlinger, PhD thesis, UniZh, 2005; F. Atchison et al., NIM A 552 (2005) 513.
Further developed by M. Kuzniak and others in our collaboration.
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UCNSs per cycle

Comparison of MC and experiment

2
12000 5000

10000 20000 oo e L L
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BOOO i ; é
17170 ] U SR PN SO N SO E S

é 10000 —- -

B0 e ]

e

BOOO — oo S IR I A —
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2000
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UCNSs per cycle

Comparison of MC and experiment

25000

20000

15000

Comparlson of both stdrage curves

rovides absolute normalization of
he simulated beam.

simulation

experiment

500 600
Storage time [s]
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Example calculation: #(Cs)

Use a spherical harmonics expansion formalism in order to calculate the number of
sensors, their optimum locations, optimum (correction) coil configurations, etc.
Caveat: Assume no magnetization and no currents inside the volume surrounded
by the magnetometers.

Number Number of Number of Number of
{max of vectorial ;;,F"IEM, Ay Al ot scalar
Appy Bry || Mmagnetometers .”ﬁl;’w. Bty || Magnetometers
: " m 1 -
2 3 36
3 15 5 120
4 24 g T g
5 35 12 Clearly prefer 605
vector type
L L(L+2) F. [1’_+2J—‘ magnetometers | L+2)(L+ 1)
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Calculations: E-fields

Opera 3D models are used to predict the
electric fields in the experiment and calculate
the influence of external magnetometers.

E-fields from 2D and 3D models serve as input for UCN simulations
in the investigation of systematic effects, due to, e.g. motional magnetic fields
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UCN specific features:

Boundary and bulk material interaction
Particle tracking with gravity

Particle tracking through arbitrary (in general:
inhomogenous, dynamic) magnetic fields

Spin tracking through arbitrary magnetic fields

1.0

Adpted Geant4* for UCN

* S. Agostinelli et al., NIM A 506 (2003) 250

P. Fierlinger, PhD thesis, UniZh, 2005
T. Brys et al., NIM A 550 (2005) 637
F. Atchison et al., PL B 625 (2005) 19

F. Atchison et al., NIM A 551 (2005) 429
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Loss probability i1 ( £)
V_=90 neV ! V_=304 neV

F
6. 00E-04 }
5.00E-04 /
4.00E-04 i
3.00E-04 |
— / /
i GOEd //r, —diamond, eta=0.0004
V —quartz, eta=0.0004
O.00E+00 4 T I. T T T T I
Q 50 100 150 200 250 300 350
energy [NneV]

A(E)=n-f(E,V ) I

n — loss coefficient per wall collision ¢ fast UCNs
M Rt el izl ¢ more slow UCNs

7.00E-04




