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Outline

» The neutron Electric Dipole Moment (nEDM) and the
particles used: the UltraCold Neutrons (UCN)

* The new He-ll superthermal UCN source at RCNP

* Development on the nEDM experiment

* Qutlook
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The neutron EDM group

Spokespeople: Y. Masuda (KEK), J.W. Martin (Winnipeg)

Collaborators: 1. Adachi, M. Barnes, C. Bidinosti, J. Birchall, L. Buchmann, C. Davis,

F. Doresty, W. Falk, M. Gericke, R. Golub, K. Hatanaka, B. Jamieson, S. Jeong, S. Kawasaki,
A. Konaka, E. Korkmaz, E. Korobkina, M. Lang, L. Lee, J. Mammei, R. Mammei, R.
Matsumiya, K. Matsuta, M. Mihara, A. Miller, E. Miller, T. Momose, R. Picker, W.D. Ramsay,
S.A. Page, E. Pierre, Y. Shin, J. Sonier, H. Takahashi, K. Tanaka, |I. Tanihata, W.T.H. van
I Oers, Y. Watanabe

(KEK, U. of Winnipeg, U. of Manitoba, TRIUMF, NCSU,
RCNP, UNBC, UBC, Osaka University)

e S




The neutron Electric Dipole Moment

Baryon asymmetry of the Universe

new—sm ~ 10718 and nexp ~ 6 x 10710 (WwmAP (2003)]

Sakharov’s conditions for baryogenesis [JETP letters 5, 24 (1967)].

@ B-Violation
@ C & CP violation

@ non equilibrium

Known CP violation (B - K°) insufficient
— New CP violations needed
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The EDM of a particle

The neutron Electric Dipole Moment

C, P, T symmetries
@ C: charge conjugation (g — —Qq)
@ P: parity inversion (F — —r
@ T:time reversal(t — —1)

Assuming CPT conservation

H: P-odd and T-odd
= Non zero d violates CP and T




nEDM: status of the art

Neutron EDM upper limit (e.cm)

Brookhaven
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MIT, Brookhaven
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SU$Y predictions
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2010 2020

Measured for 60 years. All values compatible with zero. Year of publication

dp = 0.2+ 1.5 (stat) £ 0.7 (syst)10~%° e cm
[C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006)]
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NEDM: predictions

Neutron EDM upper limit (e.cm)
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Main current limitation: statistics

Year of publication
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NEDM: predictions

Neutron EDM upper limit (e.cm)
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UltraCold Neutrons (UCN)

* ~100 neV energy neutrons
 All the interactions: same order of magnitude
» Can be trapped using physical walls!

Gravity
Strong Electromagnetic Gravity
interaction interaction
Collisions _ l _ l y _l .
on walls Fermi potential V. VvV, = -uB ~m.g
UCN trap l l l
V. ~ 100 to 300 neV V,~60neVv/T V,~100 neV/m




How to produce UCN

Neutrons are moderated by passing through
different materials with different temperatures

)

Reaction Fast neutron Ultracold

neutron

- @

Thermal neutron

— @ l__L »
=

Cold neutron

_>O_

—
l J 20000000 m/s 2200 m/s 200 m/s 4 m/s
eactor
] Heav Cold _
spalation Wate?/ moderator Dependl_ng
(300K) (~20 K) on technics .
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Experiments with UCN

» Long storage time: many applications for
fundamental physics

* n decay, gravity, lifetime, electric charge...

Q-Bounce: -
%3 X The Neutron Mirror Setup u




How to measure the nEDM

Interaction Hamiltonian

—

H=-d E—fi B=—

v Q.

—

—" _E
s-E s

s-B

.

d, extraction

T
= —ggwir—wn)+52(Brr—Bry)

.

+dE ﬁ_
—dE | *

[ﬁwu

ﬁwﬂ

@ parallel B and E fields:
hwpy = 2(uByy + dE)

@ antiparallel B and E fields:
hwry = 2(uBry — dEx))

B+ — By contribution must vanish.
High control on B fluctuations and spin handling needed.

Co-magnetometer needed!
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How to measure the nEDM: the Ramsey's method
N. . Ramsey, Phys.Rev.76 996 (1949) — Nobel Prize 1989

RF RF

1. Initially spin || B, E 1 or | field applied
2. First 7/2 RF pulse to place the spin L. B (2s)

3. Free precessiontime T
4. Second 7/2 RF pulse (2s)
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- How to measure the nEDM: the Ramsey's method

[C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006)]
~ 1/T

4 measurements points: Aw =
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4aTEN
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Expected statistical sensitivity

h
g, =
20.Et_~/'N
0 =0.95 exp(-t/T>) = 0.83
E=10kV/em

t.=130s /10 uA @RCNP

N = (7.5x10° UCN/batch) exp(-t./7)

x 144 batch/day = 7.1 x107 pol. UCN
3600s x 24

| G00s  assuming 10 minutes cycle

1 pA @RCNP Od= 1.1 x 10 ecm/day

10 A @RCNP g4=3.6 x 10*° ecm/day
40 pA @TRIUMF 04= 1.6 x 10** ecm/day
More improvements @TRIUMF g4= 3.0 x 10*’ ecm/day

S —
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Expected statistical sensitivity

Such N not achievable with the UCN sources
used during 2006 experiment.

This was already know for a long time...

Golub and Pandlebury, Contemporary Physics
13, 519 (1972) Review on neutron EDM:

“If no effort were to be spared, an nEDM error
of 2x10“" e cm might ultimately be achieved”

New UCN sources must be developed
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The new way to produce U s eoo

i

Tungsten or Lead
. MNucleus

» Liberate neutrons by

proton-induced s |
spallation. 2
. . experiment neutron temperature
* Moderate (thermalize) in . .. R
cold (20 K) D,0O. °o oo
- Cold neutrons then o oo 000
“downscatter” to near o 0 T e %0 ik
i o o 0‘\00 © oo D,0
zero energy (4 mK) in © 62 % " e,
. . O neutronf:::tnpolatlon few 1019 K
superfluid helium through b spalaion poduct
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phonon production.
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MR.Gibbs et al. (1999)
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He-ll superthermal source concept
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From MC simulations (R. Matsumiya)
P=14 UCN/cm?®/s at 20 K
P=6 UCN/cm?®/s at 50 K

18
P=4 UCN/cm?®/s at 80 K




UCN losses within He-l|

Upscattering: depends on temperature t~T".
For T=0.8K (reached during last November
experiment!), we have 1~600 s.

Absorption with *He (o . =5333 b). Natural

abs

abondance: t~30 ms. Isopure “He needed.
With 10"°°*He impurity, t~300 s.

Neutron lifetime: t~886 s.
Losses during wall collisions: t~250 s.

19

Global storage lifetime reachable: t~150 s.
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UCN losses within He-l|

Upscattering: need low temperature

Absorption with *He: need isopure Helium

Neutron lifetime: intrinsic

Losses during wall collisions: need high
cleaning of the walls
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First prototype source: vertical
extraction

Isotopicaly pure] —
4He system )
I{" -

T UeNpguide | T[] [
!H —— — !
+——3m . ) K
UCN| Heater ¥

f valve o o

I Mass flow 8 § =

R = | 8

'I — 3He m 4 g ‘§
'| - circulator L

|I E

__Ll.r! oﬂ

Pe =

1 m iron + N~

UCN 0.5 m concrete §
detector

Y. Masuda
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First prototype source: vertical
extraction

Radiation shield

i
§ "
1
l

: “4He B '
- UCN guide b | e pump

UCN

detector < ,.‘:sr - H{:_S:_I"I cryostat




Vertical source: UCN production

UCN count 4%

10*

10°

Background
during
beam 10°

D — .....':u..-. T— .....E.... — = ii-.-. e —— ;...... - ...........E.......... .....ri.-. — ..:. ——
. : : R % "a i

L1 11 I Ll 1 1 I
Proton beam 1, 50 100 150 200 250 300 350 400 450 500

[ I[IHIIl |

UCN
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Vertical source issue: energy spectrum

120 :
100 EE
80‘ """""""" E

T
60 ?
40 -

20 4 : ,
o P | | [

0 10 20 30 40 50 60 70 80 90 100
UCN Energy |neV|

—o—
o
—o—H

o

------------------------------

o

UCN counts / neV

Gravity reduces number of UCN which can reach the experimental setup
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New concept: horizontal extraction

= | UCNguide 3m ‘ L
cell rdaL Ex :
= UCN Ec: =90 neV
valve double S
valve N
|® Magnetized T
| Fe foil - UCN
Gravity ] getector
: acceleration Ec =210 neV |
o

Remove the effect of gravi.l::-’

: l l
' SCM
Rotary polarizer

G valve Ec=210neV
: I ﬁ | o
L
UCN UCN Heat 6.5 m
double valve exchanger




Expected UCN number for the new
horizontal source
N=PtsedV
Vertical UCN source: P=4 UCN/cm?/s
26 UCN/cm?® at E =90 neV

] _ _ Phys.. Rev. Lett. 108(2012)134801
Horizontal: dilution factor (V ratio): x6/9.9

cold n flux: x1.2
UCN production volume: x1.4
beam current upgrade: x10

storage lifetime: X2
26
Expected number of UCN at RCNP (10 pA beam current): N=7.5x10°
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New source: a source of polarized UCN

Goal: select and keep the polarization along the experimental setup.
Interaction UCN - material wall:

: : Material
Fermi potential

V = VF @

Vi

Potential spin independent. ~—
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New source: a source of polarized UCN

Magnetic potential |
 Magnetic field
V = Fjig- B |
. . - vi= 1, B
Potential spin dependant. & —
? . Vi=- i B

B=35T— jig- B=210neV. |
Polarizable energy range: |
0-210 neV. |
Only one spin state can pass.

But we have to be careful to do not depolarize UCN during transport
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SC magnet at RCNP




200 A
PS

SC magnet at RCNP




Copper cooling plates

e
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B(T)

Magnetic field check on axis

Magnetic Fields
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Horizontal source

» We got first polarized UCN during last
November!

BT IS
| 0%- C?l bc { 8 . 51 ; } | NovlQ 17:17
| | ! 3 I I J’ I "’ﬂ; 5 5,

ifT:

£ 2 :HOLDOFF
HO: 1.9%

CH1:-1.000mVv

CHZ2:+0.100 V
f=79.8744 H:z

» Analysis currently on going.

N e ~ EE———
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M experimen

T N R

t :
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RAL/ PSI TUM SNS EDM CryoEDM Russian TRIUMF
SUSSEX (Villigen, (Munich, DE) (Oakridge, (Grenoble, {(f-,’.renl:;@l:ulle,h,I (Vancouver,
/ILL CH) us) FR) FR= CA)

(Grenoble, Dubna,
FR) RU)

temp 0.7K RT

comag Hg Hg Hg SHe none none Xe+Hg

source reactor, spall., reactor, spall, reactor, reactor, spall., “He

turbine sD, sD, internal internal turbine,
4He 4He (“He)
nr of cells 1 2 2 2 4 >1 1-2
goal [ecm] 3-10%6 5-10-28 5-1028 3-10%8 1.6-10%7 3-10-%8 102
date 2006 2018 2019 2020 2015 2018 2019

R. Picker
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NEDM systematics

« magnetic field variations }
(co)magnetometry

* leakage currents

« geometric phase effect

- false EDM arising from B-field inhomogeneity and E x v.

y I 150
- Raw neutron frequency .
29.9295- Magnetic field down

— 1 Corrected frequency
N’ 29.9290- %*% . b

=

20

EDM (10* e.cm)
-
(=]

20.8260 T T T T T P ) =150 2B
Universty ) 5 0 15 20 Kg%};; A(ppm) oo
US o Run duratllon (hours) g R1( a:

comagnetometry false EDM (GP) effect




Best nEDM limit so far (LLrausussex): 2.9 -10-26 e.cm

TABLE I. Systematic errors and uncertainties (10~*"¢ c¢cm).

Effect Shift o
Door cavity dipole —5.6 2.0
Other dipole fields 0.0 6.0
Quadrupole difference —1.3 2.0
v X E translational 0.0 (103
v X E rotational 0.0 1.0
Second-order v X E 0.0 0.02
vy, light shift (geo phase) 3.5 0.8
vy light shift (direct) 0.0 0.2
Uncompensated B drift 0.0 2.4
Hg atom EDM —0.4 0.3
“Electric forces 0.0 (0.4
Leakage currents 0.0 (.1
ac fields 0.0 0.01
Total —3.8 7.2

PRL 97, 131801 (2006)

NEDM systematics

Requirements for 1027 ecm
« BgycalpuT
*« Homogeneity <nT/m

— < 100 pT across the cell

« Stability controlled to < pT

active compensation coils
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| Some developments for the nEDM
experiment

» New UCN guides for high polarization

» Non magnetic NiMo coating
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Some developments for the nEDM
experiment

» New UCN guides for high polarization
» Non magnetic NiMo coating

» Successfully coated at TUM (Munich) last
summer s

Magnetron sputtering, T. Lauer

_———
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Some developments for the nEDM
experiment

New UCN guides for high polarization
Non magnetic NiMo coating

Successfully coated at TUM (Munich) last
summer

Should increase polarization from 20% to 99%
compared to stainless steel!
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Some developments for the nEDM

experiment

* New high efficiency UCN detector based on
neutron capture on Lithium 6

UI;ZN

3
Full H Full
energy B energy
peak peak
G510 scintillator a

U[|:N
.'iH
oL '
o

G510 scintillatar

Edge
Event

[1] G. Ban, E. Pierre et al., Nucl. Instr. and Meth. A 611, 280 (2009)
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( Some developments for the nEDM

experiment
First order pile-up calculation (pulse lenght: 250 ns):
3 100
E 80 g 0 WWWW“#W #“*Lj
; 60 E--u.uz_— ________ r_ff_: _______
— pileup ~004 1= | f |
. S L .................... ] -0.06 :_ ________ Wfﬁf - : _______ :
3T SR o S S S S 1 -0.08 - 1f
0 '-': . I 'Il I . I 1I5 I I
15 2 25 3 Time (us)
Counting rate (MHz)

Expected ~ 30 % pile-up at TRIUMF commissioning.

— Segmentation needed.




Some developments for the nEDM
experiment

G4 model

Lightguides

GS30 on G520
scintillators

PMTs
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Some developments for the nEDM

experiment

Background study

Number of Photoelectrons in PMT

IIlIIII

|l|

0

| 1
200 400

600 800 1000 1200 1400 1600 1800
NHit

_———
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The future experiment at TRIUMF

tat I

[Cold moderator cryostat]

[Magnetic shielding] [EDM cell] [SC polarizer]

| Dipole bender
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Outlook

The new horizontal source has been tested
successfully two months ago

Focusing on nEDM developments during 2014
such as UCN detector tests with real UCN,
magnetic fields and high voltage

Expected publishable new nEDM limit for
2016 in Japan, just before moving the
experiment to Canada
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