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OutlookOutlook
1.1.IntroductionIntroduction
2.2.Test experiment (ILLTest experiment (ILL--33--0707--196)196)
3.3.Full scale experimentFull scale experiment
4.4.ConclusionConclusion
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Neutron EDMNeutron EDM

Non zero EDM means the P and T Non zero EDM means the P and T 
violation  violation  

P P – spatial inversion
СС – particle – antiparticle inversion 
ТТ – time inversion

CPTCPT theoremtheorem
(Lüders (1954); Pauli(1955))         
(Our world is (Our world is СРТСРТ invariant)invariant)

Non zero Non zero nEDMnEDM meansmeans
СРСР violationviolation
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Neutron scattering

in-flight magnetic
resonance

UCN magnetic
resonance

History of History of nEDMnEDM experimentexperiment
Standard model

dn~(10-31-10-33) e cm

New physics to explain the New physics to explain the 
baryon asymmetry baryon asymmetry 
(experiment (experiment -- nnbb/n/nγγ~10~10--1111

SMSM -- nnbb/n/nγγ~10~10--2121))

dn~(10-25-10-30) e cm
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Idea Idea nEDMnEDM experimentexperiment

2(E·D)
-E

+EDD

DD

Interaction time
with Е

1 ~ E Nσ τ−

2( ) /Dϕ τ= ⋅E D

Sensitivity to Sensitivity to nEDMnEDM

Neutron size Rn ~ 10-13 cm, 
dn/Rn ~ 3⋅ 10-13. 
Corresponding size from Earth is Corresponding size from Earth is 
~ 2~ 2 μμmm

Current accuracy to Current accuracy to ddnn



15.10.2007 ILL Seminar 6

Sensitivity to neutron EDMSensitivity to neutron EDM

~1Å

E~ grad Ve ~(0.1-1)GV/cm
UCNUCN methodmethod

CrystalCrystal--diffraction methoddiffraction method

E ~ 10 kV/cm
τ ~ 1000s (time of life)
ЕЕττ ~~ 101077(V(V··s)/cm s)/cm 
Now
ЕЕττ ≈ 106 (V·s)/cm

τa ~ 0.01 c 
(absorption)

10107 7 ((VV··ss))/cm/cm

ЕЕττ

1 ~ E Nσ τ−
Electron separation energy ~ a few eV
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+-

Neutron optic of NCS crystalNeutron optic of NCS crystal

M. Forte, J. Phys. G: Nucl. Phys.  (1983) 745-754.
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• V. G. Baryshevskii and S. V. Cherepitsa, Phys. Stat. Sol. B128 (1985) 379-387. 
• V. V. Fedorov, Proc. of XXVI Winter LNPI School, vol. 1, Leningrad (1991) 65.
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Electric fieldElectric field
Deviation from 
Bragg condition

Electric field depends onElectric field depends on
a deviation from Bragg a deviation from Bragg 
conditioncondition EE(Neutron energy)
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π/2

λθ =)sin(2 0 Bd

Idea of the experimentIdea of the experiment

For (110) plane of
quartz crystal

ΔT=10K

Δλ/λ≈ 10-5 =ΔλB/λ
For π/2 reflection

E || vn and 

Hs~[E x vn]≈0

+E+E --EE
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ππ/2 /2 reflection        reflection        ““zerozero”” SchwingerSchwinger
EDM effect doesn't depend
on a Bragg angle v

n
d

d Lϕ
⊥

⋅ ⋅
=

E

θB

±ϕs
±ϕd

π/2

Schwinger effect can be
decreased down to zero
for the Bragg angle close to π/2

/ 2( ) 0
v Bs B

v L L ctg
c c θ π

μ μϕ θ →
⊥

⋅ ⋅ ⋅ ⋅ ⋅
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For π/2 reflection

E || vn and 

Hs~[E x vn]≈0
gg
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VV||||
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Summary of the DEDM projectSummary of the DEDM project
(ILL seminar 30 Jan. 2006)(ILL seminar 30 Jan. 2006)

• Possibility to control value and sign of the electric field.
• “Zero” Schwinger effect.
• Possibility to control and suppress the systematic.
• Low influence of crystal quality. (For ωm>> ∆θ the effects ~ ∆θ/ ωm.

Intensity ~ ωm).            New kinds of NSC crystals
• One can increase the effect by using a series of crystals

For quartz crystal,For quartz crystal,

100 day100 day
26~1.3 10d e cmσ −⋅ ⋅



15.10.2007 ILL Seminar 11

Test experiment (ILLTest experiment (ILL--33--0707--196) 196) (2006)(2006)

PNPIPNPI
V.V. Fedorov, 
E.G. Lapin, 
I.A. Kusnetsov, 
S.Yu. Semenikhin, 
V.V. Voronin

ILLILL
M. Jentschel, 
E. Lelievre-Berna, 
V. Nesvizhevsky, 
A. Petoukhov, 
T. Soldner, 
F.Tasset
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Layout of the experimentLayout of the experiment

T=T0±Δ
T=T0

(110) plane

PG (002)
(R~50%)

(110) plane
Meissner cavity

HL≈0
3He cell

nPSD

Spin flipper PF1b

Z

X

Y

Beamstop

Beamstop

SM polarizer
Double crystal
PG monochromator

incoming
nutator

outgoing
nutator

Casemat

+E -Evn

-PD

+PD

En>E0

En<E0

Monitor

.

6 m
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Two crystal lineTwo crystal line

-0,6 -0,4 -0,2 0,0 0,2 0,4
-4

-3

-2

-1

0

1

2

3

ΔT0

Θ0
sample

0,37

0,45

0,53

0,61

0,68

0,76

0,84

0,92

1,00

N, arb. unit

-6 -4 -2 0 2 4
0,2

0,4

0,6

0,8

1,0 +EN

ΔT0K

-E
T=T0+ΔT T=T0

Xc = (-0.87 ± 0.01)0K
W= (2.42 ± 0.03) 0K

ΔΔTT++=+0.4=+0.400KKΔΔTT--==--2.02.000KK

EE(+)=+0.7(+)=+0.7··10108 8 V/cmV/cm

EE((--)=)=--0.70.7··10108 8 V/cmV/cm
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33--D spin analysisD spin analysis
τ± time of the neutron stay in 

the crystal for ± E

0 ( ) 2τ τ τ+ −= + /( ) 2τ τ τ+ −Δ = − /
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EDM Schwinger Residual magnetic
field

Hd=(E dn)/μn≈
≈1.6 1019 E dn[e·cm]

E [108 V/cm]

f i±=P M P

0.9sH E θ=
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Measurement of Schwinger effectMeasurement of Schwinger effect

T=T0±ΔT T=T0

θsample

-0,8 -0,4 0,0 0,4 0,8

-0,02

0,00

0,02

Δϕ
s, 

ra
d

Θ0
sample

The dependence of angular of neutron spin 
rotation on a sample orientation

1.1. Schwinger effect Schwinger effect is is 
zero for zero for θθBB=90=9000

2.2. E~E~ (0.7(0.7±±0.1)0.1) 101088 V/cmV/cm

beam
divergence
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Spatial distribution of Schwinger Spatial distribution of Schwinger 
effecteffect

12 13 14 15 16 17
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 ΔPzx(x)
ΔP=-0.0015+0.002(X-X0)

X0

12 13 14 15 16 17
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ΔP=0+0.0023(Y-Y0)
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-PD

+PD Pi

Pf

M+ M-

X

Y
Z

ΔΔP=P=P(P(ΔΔTT++))--P(P(ΔΔTT--))

We should observe the same 
dependence for Pxy and Pyx components
responsible for nEDM
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nEDMnEDM effect spatial distributioneffect spatial distribution

12 13 14 15 16 17
-0,010

-0,005

0,000

0,005

0,010

0,015
ΔPxy(y)

ΔP

X,Y, cm

ΔPxy(x)
ΔPxy(y)

Slope - (4 ±4)10-4  (4.1 ±4)10-4

ΔPxy(x)

12 13 14 15 16 17

-0,005

0,000

0,005

0,010 ΔPyx(y)ΔPyx(x)
ΔP

X,Y, cm

 ΔPyx(x)
 ΔPyx(y)

Slope - (0±4)10-4    (3±4)10-4

We don’t see the spatial dependence of  
Pxy and Pyx components responsible for 
nEDM.

Schwinger Schwinger ΔΔ PPss< 1.1 10< 1.1 10--44

stat. accuracy isstat. accuracy is
ΔΔP~1.5 10P~1.5 10--44
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Residual magnetic fieldResidual magnetic field
Hr~(1-2) 10-3G
Δτ/τ0= Δϕ/ϕ0 <10-3 – difference of time of neutron stay 
τ = 3.8 10-4, Δτ< 4 10-7 sec.

The contribution to EDM effect –

ϕϕHH= = HHr r ΔτΔτggnn< 1.5 10< 1.5 10--55

-6 -4 -2 0 2 4
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quartz

n
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Effect of spatial beam distributionEffect of spatial beam distribution
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 P x y(Δ T = -2 .0 0 )

  P x y (Δ T = + 0 .4 0 )

δP /δy = -2 .7  1 0 -3

False effect
ΔP≅ Δy δP/δy

Δy

Δy~0.03 cm

δP/δy=-2.7 10-3/cm

ΔΔPPGG =0.8 10=0.8 10--44

Cylinder outputCylinder output
window ofwindow of
CRYOPAD?CRYOPAD?

ΔΔPPGG
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Possible solutionPossible solution
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nEDMnEDM measurementmeasurement

0 5 10 15 20 25

-0,002

0,000

0,002

0,004

0,006

Runs

ΔPXY

ΔPYX

ddnn=(2.4=(2.4±±6.5)6.5)1010--2424 e cme cm

Old processing
-4(0.2 2.3)10XYPΔ = ±
-4(2.3 2.2)10YXPΔ = ±

New processing
-4(0.6 2.3)10XYPΔ = ±
-4(1.9 2.2)10YXPΔ = ±

-4(1.0 1.6)10dPΔ = ± -4(0.6 1.6)10dPΔ = ±

P0=0.82
KBG= 0.85

-4(0.9 2.3)10dϕΔ = ±

Kr=0.7
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Summary of the test experimentSummary of the test experiment

Main idea of the experiment worksMain idea of the experiment works
3D spin analysis and positional sensitive 
detector allow to control the systematic on-
line with the main measurements
Current nEDM sensitivity 1.6 10-23 e cm per 
day ((ddnn=(2.5 =(2.5 ±± 6.5)106.5)10--2424 e cm.)e cm.)
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Improvement the sensitivity for Improvement the sensitivity for 
current  geometry of experimentcurrent  geometry of experiment

Test setup Full scale setup Kimp

Crystal length, cm 14 50 3.6

Beam size, cm ∅27
S=5.7

6x12
S=72

3.6

Beam collimation, 
sr

(4/700)2=
3.2 ·10-5

(12/450)2

=7.1 ·10-4
4.7

Reducing the 
background

0.85 1 1.17

Absorption in 
quartz

0.84 0.54 0.8

KKss=57=57

1.6 101.6 10--2323

ddnn,,ee cm cm 
per dayper day

2.8 102.8 10--2525

KL=280
(Vitess
simulation
gives 
KL=275)
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Beam collimationBeam collimation
Slit on the double PG monochromator 3x4 cm2 

Slits of nutators ~ 2.7 cm
Beam size on the detector 4x 4 cm2

3.5 m 3.5 m

Beam size after 
7 meter is Ø 24 cm

After 7 meters

Collimation 
for test setup

Kdiv= (4/24)2=0.027

Coefficient of intensity
loses for test setup

Collimation 
for full scale setup

Kdiv≈0.6
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What we need to reach What we need to reach 
σσdd<10<10--2626e cme cm??

10-7 Gs

s s yH H δ= ×

n
E

Vn
31 0yδ −≈

410sH Gs−≈

σd= 10-26e cm

Schwinger effect Residual magnetic field
0

z zH H τ
τ
Δ

=

410zH Gs−=

3 0

0

1 10 ( 0.01 )T Kτ δ
τ

−Δ
= ⋅ ≈

10-7 Gs

80.7 10E = ⋅ V/cm
2610nd −= e·cm

71.1 10eH −= ⋅ Gs

2 10-4
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Summary of the systematicSummary of the systematic

5~10 /r Gs hour−ΔH

4~10r Gs−H
Residual magnetic field

Value

Time stability

3D analysis of polarization 3~ 10y radδ −

dn < 10-26e cm

The crystals alignment

The ΔT0 control ~0.010K
~0.01 arc degree~0.01 arc degree

Flat windows of CRYOPAD
4~ 10f radδ −

P odd rotation is 4 3 7

0

10 10 10P P
τϕ ϕ
τ

− − −Δ
Δ = < ⋅ =

dn~10-27 e cm
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Possible setup upgradePossible setup upgrade

σn~ E τ N1/2

Quartz crystal

1 1/2

1/2

1/4

1/4

PG
R~50%

n

Detector

Only 25% of useful neutrons come to the detectorOnly 25% of useful neutrons come to the detector

NNff=N0*KT(0.7)*Kmono(0.7)*KP(0.5*0.6)*Kq(0.54)*KPG(0.25)*KA(0.5*0.6) *Kdiv(0.6)=
=NN00**0.090.09*0.15**0.15*0.250.25
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Fe/Fe/SiNxSiNx mirrorsmirrors

-0,5 0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5

1E-3

0,01

0,1

1

Angle, degree

 Pf
 N(+)
 N(-)

N(+) transmition is ~70%
for beam with divergence ~ ±0.80Flipper

Transition coefficient is ~ 0.7 instead 
of 0.25 gain factor ~3~3

σσdd~ ~ 1.6 101.6 10--25 25 e cme cm
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ConclusionConclusion
For the full scale setupFor the full scale setup

Crystal quartz (110) plane with the size 100x120x500mm3

Beam size 80x120 mm2

Count rate ~ 104 n/s
nPSD resolution – (2-5) mm for two coordinate
CRYOPAD ~ ∅ 60 cm with flat windows

The accuracy can beThe accuracy can be
Statistical ~ (2.5(2.5--3.0)3.0)··1010--2525 ee··cmcm per dayper day
Systematic ~ 1010--26 26 ee··cmcm

The statistical accuracy can be improved at ~ 2 times by using The statistical accuracy can be improved at ~ 2 times by using 
Fe/SiNx mirror.

Other crystals with the higher electric field (BSO) with the 
same size can improve the sensitivity on ~ 3 times, so it can 
be ~6~6··1010--2626 ee··cmcm per dayper day
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