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Neutron spin rotation in a nonNeutron spin rotation in a non--
centrosymmetric crystal. centrosymmetric crystal. 

New possibilities for experiments New possibilities for experiments 
on the neutron EDM search.on the neutron EDM search.

V. Voronin

PNPI, Gatchina, Russia
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OutlineOutline
Historical review and motivation of new 
nEDM experiment
Idea and test of the experimental scheme
General scheme of the full scale 
experiment
Analysis of the statistic sensitivity
Analysis of systematic
Conclusion and plan for the future
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Neutron EDMNeutron EDM

Presence of the neutron EDM 
requires violation of both P and T
invariance

Neutron scattering

in-flight magnetic
resonance

UCN magnetic
resonance
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Sensitivity to neutron EDM Sensitivity to neutron EDM 

If size of neutron R ~ 10-13 cm, 
then ration dn/R ~ 6,3⋅ 10-13. 
Such a part from Earth radius 
is ~ ~ 4 4 μμmm⋅

2(E·D)
-E

+EDD

DD

Interaction time
with Е

1 ~ E Nσ τ−

2( ) /Dϕ τ= ⋅E D =
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Sensitivity to neutron EDM (2)Sensitivity to neutron EDM (2)

~1Е

E ~(108- 109)V/cm

UCNUCN methodmethod

CrystalCrystal--diffraction methoddiffraction method

E ~ 10 kV/cm 
τ ~ 1000s (time of

neutron life)
ЕЕττ ~~ 101077(V(V··s)/cm s)/cm 
(Current value
ЕЕττ ≈ 106 (V·s)/cm)

τa ~ 0.01 c 
(absorption)

10107 7 ((VV··ss))/cm/cm

ЕЕττ

1 ~ E Nσ τ−

Energy of an electron-atom 
interaction ~ a few eV
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Historical reviewHistorical review
AbovAbov Yu.GYu.G..,, GulkoGulko A.D.A.D.,, Krupchitsky,P.AKrupchitsky,P.A. Polarized Slow Neutrons; Atomizdat; Moscow, 1966
Interference of the nuclear and spin-orbit amplitudes in a non-centrosymmetric crystal.
Shull,C.GShull,C.G.; .; Nathans,RNathans,R.. Phys. Rev. Lett.1967 19 384.
Bragg reflection by CdS centrosymmetrical crystal for the EDM search: dn<7 10-22e cm
GolubGolub R.R., , PendleburyPendlebury G.M.G.M., Contemp. Phys.  (1972) 13 519.
The idea to use the atomic electric fields for the neutron EDM search. But how?
Forte M. J.,Forte M. J., Phys. G (1983) 9 745.
Idea to search for neutron EDM by measuring a spin rotation angle for the Bragg diffraction 
scheme.
ForteForte M.M.,, ZeyenZeyen C.M.E.C.M.E. Nucl. Instr. and Meth. A (1989) A284 147.
Experiment on the neutron spin-orbit rotation in the Bragg scheme of the diffraction. 

FedorovFedorov V.V.V.V., et al., et al. Nucl. Instr. and Meth. A (1989) A284 181.
First measurements of electric field of NCS crystal. Eg≈2 108 V/cm for quartz crystal.

FedorovFedorov V.V.V.V.,, VoroninVoronin V.V.V.V.,, LapinLapin E.G.E.G. J. Phys. G (1992) 18 1133.
Laue diffraction scheme for the neutron EDM search. Spin dependence of pendulum 
phase.
Fedorov V.V., Voronin V.V., Lapin E.G., Sumbaev O.IFedorov V.V., Voronin V.V., Lapin E.G., Sumbaev O.I. Tech.Phys. Lett. (1995) 21 (11) 881; 
Physica B (1997) 234--236 8.
Depolarization in Laue diffraction scheme and sensitivity to neutron EDM search. 
Fedorov V.V. et alFedorov V.V. et al
Series of the test experiments on observation of spin effects in neutron optics and 
diffraction

19661966
19671967

19721972
19831983

19891989

19891989

19921992

19951995

19971997--
20052005



ILL Seminar 30 Jan. 20067

Electric fieldElectric field

ie kr

| ( ) | 0i ie e= 〈 〉 ≡kr krE E r

( ) ~ (V ( ))egradE r r

( ) | ( ) | ( ) 0ψ ψ〈 〉 ≠r E r r ( )=???ψ r

Bloch theorem – n( )  V ( )ψ ⇔r r

We should have 

The case of 
noncentrosymmetric 
crystal

)(V)(V 0ee rrr +⇔

( )E r
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LaueLaue diffractiondiffraction

g
E

g

g

V φψψ

ψψ

Δ=〉−〈=

=〉〈=

sin|)(|

|)(|
)2()2(

)1()1(

grE

rEE

Vg
E~(1-10)eV, g~108 1/cm, so if ΔΦg≠ 0, 

Eg can be ~(108- 109)V/cm

Experimental value for
(110) plane of quartz  EEgg≈≈22··101088 V/cmV/cm
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ie− kr

( )ie− +k g r

g

d

Vg
E~(1-10)eV, g~108 1/cm, so if ΔΦg≠ 0, 

Eg can be ~(108- 109)V/cm

sinE
g g gV φ= ⋅ ΔE g

 deviation from the 
exact Bragg condition 
in an energy units 

 Electric field 
affected the neutron 

L

V||

v⊥

+-

Bragg diffraction caseBragg diffraction case

( ) ( )( ) 1 gi i

K Kg

V
e e

E E
ψ

⎛ ⎞
⎜ ⎟= +

−⎜ ⎟
⎝ ⎠

kr grr
2 | |g

K Kg

V
a

E E
=

−

a= ⋅ gE ENeutron wave 
function

E= ( ) | ( ) | ( ) 0ψ ψ〈 〉 ≠r E r r

NCS crystal

Forte M. J.,Forte M. J., Phys. G (1983) 9 745.
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2d0

2(d0+ξΔ)

2(d0-ξΔ)

λθ =)sin(2 0 Bd

π/2

Idea of the experiment Idea of the experiment 

For (110) plane of
quartz crystal

ΔT=10C

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 →
⊥

⋅ ⋅ ⋅ ⋅ ⋅
= = ⎯⎯⎯⎯→

E E&

= =

v
2

g const
m⊥ = ≡
=

For π/2 reflection

E || vn and 

Hs~[E x vn]≈0
gg

v⊥

VV||||

+E+E

--EE
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Two crystal line (Two crystal line (ΔΔT)T)

T0

T0+ΔTD
-4 -3 -2 -1 0 1 2

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

TOF 

N,1/s

ΔT0C

Theory

1.50C

Experimental testExperimental test

PG crystal
R~50%

quartz (110)

We can control the deviation parameter by 
the temperature of crystal.
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Two crystal line (Angular)Two crystal line (Angular)

T0

T0

quartz (110)

D
-1,5 -1,0 -0,5 0,0 0,5 1,0 1,5

0,0

0,2

0,4

0,6

N, n/s

θ0

0.60

PG
R~50%

θ

For Bragg angle ~ 450 the Bragg width ~ 0.00050

We can increase the EDM 
effect by using a series of the 
crystals.
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Electric fieldElectric field
quartz (110) plane Lc=14 cm
Bragg angle ≈ 860

-0.8·108 V/cm

Theory

+ 0.8·108 V/cm
Variation of 
the ΔT on ±10 E E ≈≈ ±± 10108 8 V/cmV/cm
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DEDMDEDM--V projectV project
(search for the neutron EDM by crystal (search for the neutron EDM by crystal 

diffraction method)diffraction method)

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

PNPI, Gatchina, Russia
E. Lelievre-Berna, V. Nesvizhevsky, A. Petoukhov, T. Soldner,
F.Tasset

ILL, Grenoble, France
V.G. Baryshevskii

INP, Minsk, Belarus
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Scheme of the experimentScheme of the experiment

Vn || E             φs≈0

T=T0±Δ
T=T0

(110) reflecting
planes

neutron
beam

PG
(002) plane
(R~50%)

(110) reflecting
planes Meissner cavity

HL

HL

HL≈0
3He cell

n Detector
+E -Evn

-PD

+PD
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33--DD analysis of polarizationanalysis of polarization

Magnetic field || surface 
of the superconductor.

HL≈0 HL≠0

P
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CRYOPAD CRYOPAD 

E

Quartz

Zero field chamber Incident nutatorOutgoing nutator

Incident coilOutgoing coil

Inner and outer
Meissner shield

E

Current accuracy Current accuracy 
of spin of spin 
orientation isorientation is

~10~10--22 radrad for 
routine experiment

~10~10--33 radrad can be 
reached for special 
cases

F. Tasset, P.J. Brown, E. Lelie`vre-Berna, T. Roberts, S. Pujol, J. Allibon, E. Bourgeat-Lami, 
Physica B, 267-268 (1999) 69-74
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Photos of Photos of CryopadCryopad (1)(1)

30 cm

40 cm
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Photo of quartz crystalsPhoto of quartz crystals

ωm~1”ωm~??

ωm~??

ωm~??

27 cm
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StatisticalStatistical sensitivitysensitivity (1)(1)

81 10 V/cm≈ ⋅E

80cmaL = for λ = 4.9 Å

For crystal thickness Lc=50 cm

51.7 10 raddϕ
−≈ ⋅

for 2510nd e cm−= ⋅

/1
exp~ ( )

v
c aL Lc

B b
LE N E e S P Kσ τ λ λ−− = Δ Φ ⋅ ⋅

Bragg width

Absorption

Unpolarized
beam flux

Beam square

Loses for
polarization

Setup coefficient
0 50 100 150 200

0,0

0,2

0,4

0,6

0,8

1,0

N=exp(-2L
c
/L

a
)

σ-1~E τ N1/2

L, cm

Optimal length of crystal is 
the two absorption length.
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StatisticalStatistical sensitivitysensitivity (2)(2)

σd ~10-26 e cm per day
PbO
Bi12SiO20
????

?? Fantasy - 208PbO??
Eg~109 V/cm
τa~10 ms

Φ=109 n/(cm2 Å s) (λ=5 Å, PF1B of ILL reactor)
S=6x12cm2, P=1/10, Kexp=1/8  N=2.1 104 n/s

251.3 10d e cm per dayσ −= ⋅ ⋅
quartz SiO2

Eg~ 108 V/cm
τa~1 ms

σd ~10-27 e cm per day

Current sensitivity 
to nEDM in UCN 
method

~ 6 10-25 e·cm/day



ILL Seminar 30 Jan. 200623

45006.5 1.13 201

3700 75.4 2.06 0116mmBeO

1000101.47004

1040110.42.94002P c a 21PbO

640 3.22.75 132

920 24.6 2.10 242-43mBi4Si3O12

8802.2 2.72312

1720 44.3 1.75433I23Bi12SiO20

2002.0 2.457110

2301 2.3 2.23611132(D6
3)α-quartz

(SiO2)

Eg τa,
(kV⋅s/cm)

τa,
ms

Eg,
108V/cm

d, (Å) HklSymmetry 
group

Crystal

Parameters of some NCS crystalsParameters of some NCS crystals

!!! We should looking for new NCS crystal !!!!!! We should looking for new NCS crystal !!!
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+E -Evn

-PD

+PD

AnalysisAnalysis ofof systematicsystematic (1)(1)

f i±=P M P

τ± time of the neutron stay in 
the crystal for ± E

0 ( ) 2τ τ τ+ −= + /( ) 2τ τ τ+ −Δ = − /

( )f i i−+Δ = − = Δ ⋅PM MP M P

Experimentally 
measured

PiPf

M+ M-

Hr≠0Residual magnetic field

Schwinger magnetic field Hs≠0
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Matrix of spin rotationMatrix of spin rotation

41 8 10ng = . ⋅ [1/Gs/s]

Hs~[Exvn] ⊥ E||Z
EDM and Schwinger 
effects give an 
orthogonal matrix 
elements

0 0

0 0
0

0
/

0 0
0 0

0
0

0
0

00 0

z y

xz

sy

n sx

sy s

e

x y x

e H H
H

H
H

H
g H

HH H
H

H
τ τ τ
⎡ ⎤⎛ ⎞
⎢ ⎥⎜

−⎛ ⎞
⎜ ⎟
⎜

⎛ ⎞−
⎜ ⎟

Δ −⎜ ⎟
⎜ ⎟−⎝

⎟
Δ = + − +⎢ ⎥⎜ ⎟

⎜ ⎟⎢ ⎥−⎝
⎟

⎜
⎠ ⎠
⎟

⎝ ⎠⎣ ⎦

M

EDM Schwinger Residual magnetic
field

He=(E dn)/μn

3D spin analysis 
allows to separate 
the EDM and 
Schwinger effect.
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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=6 10-27e cm

Schwinger effect Residual magnetic field
0

z zH H τ
τ
Δ

=�

410zH Gs−=

3 0

0

1 10 ( 0.01 )T Cτ δ
τ

−Δ
= ⋅ ≈

10-7 Gs

81 10E = ⋅ V/cm
2610nD −= e·cm

71.7 10eH −= ⋅ Gs

2 10-2
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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 −

σd < 6 10-27e cm

The crystals alignment

The ΔT0 control ~0.010C
~0.020
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Summary of the experimental schemeSummary of the experimental scheme

• Possibility to reverse 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 −⋅ ⋅
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PlansPlans
Full scale test at ILL (Grenoble, France)

Full scale experiment with the quartz

Experiment with another crystal

Time – 2008
Sensitivity – 2610d e cmσ − ⋅∼

Time – 2006
Sensitivity – 24(1 2) 10d e cm per dayσ −− ⋅ ⋅∼

Time – ??
Sensitivity – 27?? 10 ??d e cmσ − ⋅∼


