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New approach for neutron EDM

New approach to neutron EDM

Efficient transport optics for dense UCN

Summary

UCN precision optics

Efficient UCN production with concentration of neutron velocity

Cold and very-cold neutron interferometer
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New approach for neutron EDM

Standard Model :

|dn| < 3.0 × 10-26 e cmPresent upper limit 

New Physics (SUSY ...) :
|dn| ~ 10-27 ~ -28 e cm

|dn| ~ 10-32 e cm

is approaching to the predictions of some physics 
beyond the standard model of particle physics.

Converted by Superthermal process

New approach required
High power proton beam (by accelerator) 

High precision optics
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How to increase UCN density
Use intense source

High power proton beam (by accelerator)  
and large volume neutron target can make intense UCNs.

High power proton beam also makes heavy heat load at the source. 
It is difficult to increase the UCNs anymore. 

source guide cell

UCNs are spread spatially while transport, however, 
intense source makes enough UCNs at the cell. 

More efficient way ?

Most of UCNs are not used for measurement.

UCN precision optics
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Efficient transport optics for dense UCN
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How to increase UCN density
Use efficient transport

If UCN pulse can be delivered, we can get dense UCNs at the cell.

?

How can we realize such kind of transport ?

UCN Rebuncher, a UCN optical device

requires controlling the UCN velocity properly 
and keeping velocity before and after the device.  
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Pulsed UCN transport

UCN Rebuncher = Neutron Accelerator

Neutron source Storage cell

If the pulse shape is recovered at storage  
area, the high density can be achieved. 

Rebuncher reshapes UCNs into sharp pulse.

t

x
door position

UCN production
at converter

slow UCNfa
st

 U
CN

Rebuncher

Rebuncer decelerates the UCNs according to the velocity,

high density

decelerated

accelerated
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Rebuncher

RFB

decelerateion

RF magnetic field in gradient field 
gives/removes the energy with spin flip.

Adiabatic Fast Passage (AFP) spin flipper is used for control 
of the neutron energy.

30 MHz = 1T = 120 neV
2µB = h̄!

1

Opposite-spin neutrons are accelerated. 
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Rebuncher

Date(2010/07/17) by(H.M.Shimizu)
Title(Status Report of P33: Measurement of Neutron Electric Dipole Moment at J-PARC)
Conf(10th J-PARC PAC) At(Tsukuba) page 16

Spin Flipper for nEDM F = 6.0787436 MHz

C:\LANL\NEDM\FILPA0A.AF 6-10-2010 0:23:28
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Deceleration
Faster neutrons arrive early.

Slower neutrons arrive late.

Large deceleration = High Freq. RF

Small deceleration = Low Freq. RF

Sweeping frequency 
according to time

Energy exchange 
is proportional to 
the RF frequency.

30 MHz = 1T = 120 neV

Adiabatic Fast Passage (AFP) spin flipper is used for control 
of the neutron energy. RF magnetic field in gradient field 

gives/removes the energy with spin flip.
2µB = h̄!

1
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Demonstration of Rebuncher

製作された電磁石
Yoke 材質：SS400 (構造材)

中間磁極：SS400+アルミの積層
コイル冷却：間接水冷

中間磁極

電磁石本体

2011年 2月 23日 水曜日

Timing signal

Amp

RF resonance circuit

He Detector
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Shutter
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Rebunched !
RF ON

Accelerated 
(opposite spin)

Blue : Exp. Data 
Red : Simulation

Y. Arimoto, et., al.,  
Phys. Rev. A 86, 023843 (2012).

Rebunching of UCNs was demonstrated !
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Neutron Optics and Physics beamline (NOP) at J-PARC
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UCN generator at NOP beamline

Doppler	shifter
Mirror	sys. Lab	sys.

Elastic	refection Doppler	shift

Beam

Moving	mirror	reduce	velocity	of	
neutrons.

325	mm

mirror
neutron

Vr�

Vn�
^^^ -= mnr VVV 2Vm� Mirror	velocity	should	be	half	

of	the	neutron	velocity	to	
produce	UCN.

Mirror

Doppler	shifter	is	on	the	Beamline.	
Pulsed	UCNs	are	provided.

Monochromatic	supermirrors	of	
m	=	10	(68	m/s) is	used.	

30	mm

30	mm
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UCN generator at NOP beamline

Pb & B4C shield

3He	detector

Monochromatic	
mirrors

136	m/s

Cold	neutron
UCN

2D
detector

UCN	production

3He	detectorSetup

UCN

vn =	136	m/s	,8	%	extracted	

a	position	sensitive	
PMT+6LiF/ZnS

,8	%

20cm

80	cps

S. Imajo et al., Progress of Theoretical and Experimental Physics 2016.1 (2016) 013C02.
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Rebuncher at J-PARC
Test with upgraded Rebuncher

Rebunching experiment	at	J-PARC

25

P46 Presenter Sohei Imajo

RF	coil

2.3	times!

TOF	spectrum	(6	m)

We	have	observed	rebunching signal	for	J-
PARC	pulsed	UCN.	The	gain	factor	was	2.3.

S.	Imajo et	al.,	NOP2017

Large RF power 
injection to increase 
spin flip probability

Large variable 
capacitor for 
wide range RF 
matching
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Storage of UCNs
UCN	storage	experiment	

to	measure	surface	reflectivity

22

UCN	storage	chamber	has	made	to	measure	
reflectivity	of	test	surfaces.	
Storage	time	of	270	sec	have	demonstrated.

Doppler	shifter
Surface	test	sample
Is	installed.

UCN	
detector

Gate	valve

UCN

R.	Katayama	et	al.,	JPS	meeting	(Sep.2015)

UCN	storage	experiment	
to	measure	surface	reflectivity

22

UCN	storage	chamber	has	made	to	measure	
reflectivity	of	test	surfaces.	
Storage	time	of	270	sec	have	demonstrated.

Doppler	shifter
Surface	test	sample
Is	installed.

UCN	
detector

Gate	valve

UCN

R.	Katayama	et	al.,	JPS	meeting	(Sep.2015)

Neutron mirror can be tested by inserting into the chamber.
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Efficient UCN production with  
concentration of neutron velocity
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Improved Statistics with Superthermal UCN Source

Previous (ILL): Reactor neutrons (~ meV) slowed in g-field, turbine → 5 UCN/cc

Superthermal source: defeating thermal equilibrium

Inelastic scattering off superfluid 4He atoms

(E = p2/2mn)
8.9 Å(~1 meV) incident n 
transfers all p, E to phonon, 
“downscatters” to UCN

Ultra-cold neutrons (UCN): E < 300 neV, trapped in material bottles

17

Dispersion curve

UCN production by superfluid He converter

Superthermal source
Neutron with 1 meV transfers all energy and momentum to phonon and

down-scatters to UCNs in superfluid He. 

Single phonon excitation

phonon processes to the UCN production rate. This might
be useful to calculate, for any given spectrum of incident
neutrons, the expected UCN production rate. As an exam-
ple, this is done here for the cold neutron beam PF1b at
the Institut Laue Langevin.

UCN production rate, general expressions
UCN production in superfluid helium is due to coher-

ent inelastic scattering of the incident cold neutrons with
energy E (and wavenumber k) down to energies E′ (k′).
The maximum final energy is defined by the wall potential
of the converter vessel (252(2) neV for beryllium) with re-
spect to the Fermi potential of He-II (18.5 neV at SVP):
Vc = 233(2) neV. The production rate is given by

PUCN(Vc) =

∫

∞

0

dE

∫ Vc

0

N
dφ

dE
·

dσ

dE′
(E → E′) dE′, (1)

where dφ/dE is the differential incident flux, N the helium
number density, and dσ/dE′ the differential cross section
for inelastic neutron scattering. The latter is given by

dσ

dE′
= 4πb2 k′

k
S(q, !ω), (2)

where b is the neutron scattering length of 4He, !ω = E −
E′, q = k − k′, and S(q, !ω) is the dynamic scattering
function evaluated for values on the dispersion curve of the
free neutron. Details of calculation can be found in Ref. [11]
where the general result is given in Eq. (9). We may write

PUCN(Vc) = N σVc
kc

3π

∫

∞

0

dφ

dλ
s (λ)λdλ, (3)

where σ = 1.34(2) barn [15] is the scattering cross section
of 4He, !kc =

√
2mnVc, and

s(λ) = !

∫

S(q, !ω)δ(!ω − !
2k2/2mn)dω (4)

defines the UCN scattering function as function of the in-
cident neutron wavelength λ, making use of q = k = 2π/λ,
valid for k′ ≪ k. We divide it into a single and a multi-
phonon part, s(λ) = sI(λ) + sII(λ).

The single phonon contribution can be approximated by
sI(λ) = S∗δ(λ∗ − λ), where λ∗ = 2π/q∗ is the neutron
wavelength at the intersection of the dispersion curves of
the free neutron and the helium (q∗ = 0.706 Å−1 for SVP),
and S∗ = !

∫

peak
S(q∗, !ω)dω denotes the intensity due to

single phonon emission. Evaluation of the single-phonon
UCN production rate yields

PI(Vc) = Nσ

(

Vc

E∗

)3/2 λ∗

3
β S∗

dφ

dλ

∣

∣

∣

∣

λ∗

, (5)

where E∗ = !2q∗2/2mn, and the Jacobian factor

SVP 0 bar

λ∗ [Å] 8.92(2) 8.26(2)

E∗ [meV] 1.028 1.20

N [1022cm−3] 2.1835 2.5317

β 1.42(1) 1.21(1)

S∗ 0.118(8) 0.066(7)

relative factor 1 0.41

Table 1
Factors relevant for single phonon production rate deduced from
Ref. [16,17,18]. An increase in flux of a factor ∼ 2.5, going from 8.9 Å
to 8.3 Å is necessary to compensate for the loss in intensity.

β =

dEn

dq

∣

∣

∣

q∗

dEn

dq

∣

∣

∣

q∗

− dEHe

dq

∣

∣

∣

q∗

accounts for the overlap of the two dispersion curves, En(q)
and EHe(q). For a beryllium-coated converter at SVP this
results in

PI(Vc) = 4.97(38) · 10−8 Å

cm

dφ

dλ

∣

∣

∣

∣

λ∗

. (6)

The differential multiphonon UCN production rate in the
same units is given by

dPII (Vc)

dλ
= NσVc

kc

3π

dφ

dλ
λsII(λ), (7)

which depends explicitly on the form of sII(λ) which is
discussed below.

UCN production rates from scattering data
The scattering function Eq. (4) can be extracted from in-

elastic scattering measurements. This has been done here
for data previously measured by Andersen and colleagues,
on the IN6 time-of-flight spectrometer at the Institut Laue
Langevin, at SVP and at p = 20 bar. Parts of this data
have already been published earlier in [14,18,19,20,21]. For
the present purpose we have treated and rebinned all of the
raw data to obtain a higher resolution in q and to cover the
complete accessible q-range. Existing data points from pre-
vious publications were used as reference for our analysis.
A typical measurement of the dynamic scattering function
S(q, !ω) is shown in Figure 1.
The plane is divided into slices with width ∆q = 0.2 Å−1.
Figure 2 shows S(q, !ω) for two representative values of q.
From each such slice we extract one value of sII(λ), with
λ fixed by the condition h/λ =

√
2mn!ω. For this pur-

pose the energy is binned with width ∆!ω = 0.02 meV.
The compiled data is presented in Table 2 of the appendix.
For the short wavelength region below 4.5 Å only one data
point exists from Ref. [19]. An accepted model for the ex-
trapolation to short wavelengths is given by Family [22].
It was developed from low-order diagrams of the interpar-
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phonon processes to the UCN production rate. This might
be useful to calculate, for any given spectrum of incident
neutrons, the expected UCN production rate. As an exam-
ple, this is done here for the cold neutron beam PF1b at
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be useful to calculate, for any given spectrum of incident
neutrons, the expected UCN production rate. As an exam-
ple, this is done here for the cold neutron beam PF1b at
the Institut Laue Langevin.

UCN production rate, general expressions
UCN production in superfluid helium is due to coher-

ent inelastic scattering of the incident cold neutrons with
energy E (and wavenumber k) down to energies E′ (k′).
The maximum final energy is defined by the wall potential
of the converter vessel (252(2) neV for beryllium) with re-
spect to the Fermi potential of He-II (18.5 neV at SVP):
Vc = 233(2) neV. The production rate is given by

PUCN(Vc) =

∫

∞

0

dE

∫ Vc

0

N
dφ

dE
·

dσ

dE′
(E → E′) dE′, (1)

where dφ/dE is the differential incident flux, N the helium
number density, and dσ/dE′ the differential cross section
for inelastic neutron scattering. The latter is given by

dσ

dE′
= 4πb2 k′

k
S(q, !ω), (2)

where b is the neutron scattering length of 4He, !ω = E −
E′, q = k − k′, and S(q, !ω) is the dynamic scattering
function evaluated for values on the dispersion curve of the
free neutron. Details of calculation can be found in Ref. [11]
where the general result is given in Eq. (9). We may write

PUCN(Vc) = N σVc
kc

3π

∫

∞

0

dφ

dλ
s (λ)λdλ, (3)

where σ = 1.34(2) barn [15] is the scattering cross section
of 4He, !kc =

√
2mnVc, and

s(λ) = !

∫

S(q, !ω)δ(!ω − !
2k2/2mn)dω (4)

defines the UCN scattering function as function of the in-
cident neutron wavelength λ, making use of q = k = 2π/λ,
valid for k′ ≪ k. We divide it into a single and a multi-
phonon part, s(λ) = sI(λ) + sII(λ).

The single phonon contribution can be approximated by
sI(λ) = S∗δ(λ∗ − λ), where λ∗ = 2π/q∗ is the neutron
wavelength at the intersection of the dispersion curves of
the free neutron and the helium (q∗ = 0.706 Å−1 for SVP),
and S∗ = !

∫

peak
S(q∗, !ω)dω denotes the intensity due to

single phonon emission. Evaluation of the single-phonon
UCN production rate yields

PI(Vc) = Nσ

(

Vc

E∗

)3/2 λ∗

3
β S∗

dφ

dλ

∣

∣

∣

∣

λ∗

, (5)

where E∗ = !2q∗2/2mn, and the Jacobian factor

SVP 0 bar
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For the short wavelength region below 4.5 Å only one data
point exists from Ref. [19]. An accepted model for the ex-
trapolation to short wavelengths is given by Family [22].
It was developed from low-order diagrams of the interpar-

2

phonon processes to the UCN production rate. This might
be useful to calculate, for any given spectrum of incident
neutrons, the expected UCN production rate. As an exam-
ple, this is done here for the cold neutron beam PF1b at
the Institut Laue Langevin.

UCN production rate, general expressions
UCN production in superfluid helium is due to coher-

ent inelastic scattering of the incident cold neutrons with
energy E (and wavenumber k) down to energies E′ (k′).
The maximum final energy is defined by the wall potential
of the converter vessel (252(2) neV for beryllium) with re-
spect to the Fermi potential of He-II (18.5 neV at SVP):
Vc = 233(2) neV. The production rate is given by

PUCN(Vc) =

∫

∞

0

dE

∫ Vc

0

N
dφ

dE
·

dσ

dE′
(E → E′) dE′, (1)

where dφ/dE is the differential incident flux, N the helium
number density, and dσ/dE′ the differential cross section
for inelastic neutron scattering. The latter is given by

dσ

dE′
= 4πb2 k′

k
S(q, !ω), (2)

where b is the neutron scattering length of 4He, !ω = E −
E′, q = k − k′, and S(q, !ω) is the dynamic scattering
function evaluated for values on the dispersion curve of the
free neutron. Details of calculation can be found in Ref. [11]
where the general result is given in Eq. (9). We may write

PUCN(Vc) = N σVc
kc

3π

∫

∞

0

dφ

dλ
s (λ)λdλ, (3)

where σ = 1.34(2) barn [15] is the scattering cross section
of 4He, !kc =

√
2mnVc, and

s(λ) = !

∫

S(q, !ω)δ(!ω − !
2k2/2mn)dω (4)

defines the UCN scattering function as function of the in-
cident neutron wavelength λ, making use of q = k = 2π/λ,
valid for k′ ≪ k. We divide it into a single and a multi-
phonon part, s(λ) = sI(λ) + sII(λ).

The single phonon contribution can be approximated by
sI(λ) = S∗δ(λ∗ − λ), where λ∗ = 2π/q∗ is the neutron
wavelength at the intersection of the dispersion curves of
the free neutron and the helium (q∗ = 0.706 Å−1 for SVP),
and S∗ = !

∫

peak
S(q∗, !ω)dω denotes the intensity due to

single phonon emission. Evaluation of the single-phonon
UCN production rate yields

PI(Vc) = Nσ

(

Vc

E∗

)3/2 λ∗

3
β S∗

dφ

dλ

∣

∣

∣

∣

λ∗

, (5)

where E∗ = !2q∗2/2mn, and the Jacobian factor

SVP 0 bar

λ∗ [Å] 8.92(2) 8.26(2)

E∗ [meV] 1.028 1.20

N [1022cm−3] 2.1835 2.5317

β 1.42(1) 1.21(1)

S∗ 0.118(8) 0.066(7)

relative factor 1 0.41

Table 1
Factors relevant for single phonon production rate deduced from
Ref. [16,17,18]. An increase in flux of a factor ∼ 2.5, going from 8.9 Å
to 8.3 Å is necessary to compensate for the loss in intensity.
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dEn

dq
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∣

∣
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dq

∣

∣

∣

q∗

− dEHe

dq

∣

∣

∣

q∗

accounts for the overlap of the two dispersion curves, En(q)
and EHe(q). For a beryllium-coated converter at SVP this
results in

PI(Vc) = 4.97(38) · 10−8 Å

cm

dφ

dλ

∣

∣

∣

∣

λ∗

. (6)

The differential multiphonon UCN production rate in the
same units is given by

dPII (Vc)

dλ
= NσVc

kc

3π

dφ

dλ
λsII(λ), (7)

which depends explicitly on the form of sII(λ) which is
discussed below.

UCN production rates from scattering data
The scattering function Eq. (4) can be extracted from in-

elastic scattering measurements. This has been done here
for data previously measured by Andersen and colleagues,
on the IN6 time-of-flight spectrometer at the Institut Laue
Langevin, at SVP and at p = 20 bar. Parts of this data
have already been published earlier in [14,18,19,20,21]. For
the present purpose we have treated and rebinned all of the
raw data to obtain a higher resolution in q and to cover the
complete accessible q-range. Existing data points from pre-
vious publications were used as reference for our analysis.
A typical measurement of the dynamic scattering function
S(q, !ω) is shown in Figure 1.
The plane is divided into slices with width ∆q = 0.2 Å−1.
Figure 2 shows S(q, !ω) for two representative values of q.
From each such slice we extract one value of sII(λ), with
λ fixed by the condition h/λ =

√
2mn!ω. For this pur-

pose the energy is binned with width ∆!ω = 0.02 meV.
The compiled data is presented in Table 2 of the appendix.
For the short wavelength region below 4.5 Å only one data
point exists from Ref. [19]. An accepted model for the ex-
trapolation to short wavelengths is given by Family [22].
It was developed from low-order diagrams of the interpar-

2

UCN production

Narrow-bandwidth neutrons are required.
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Fig. 3. The energy spectrum of the flux measured on the beam NL4 of the HMI and the calculated UCN production as a function of λ–Å.

section. For the measured spectrum (normalized to 1 at the peak of dφ/dλ) we find:
[∫

Φ(E1)S

(

k1,ω = αk21
2

)

dk1

]

= 0.025

yielding

Pmp = 4.72× 10−9

the one phonon contribution for this spectrum is found Eq. (12) as

P1p = 5.48× 10−9.

Fig. 3 shows the spectrum and calculated UCN production rate as a function of the wavelength of the incident
neutrons, λ, similar to what would be observed in a time of flight measurement.

3. Discussion

The results are summarized in the table below. The column labelled ‘Maxwell’ refers to a Maxwellian spectrum
corrected for an ideal guide transmission τ ∝ λ2 and cut off at 3.8 Å minimum wavelength.
We see that the multiphonon contribution as expected is a rather strong function of the source spectrum varying

from less than to slightly more than the one phonon production rate for the realistic spectra considered here
(Table 1).
(The NC State figures have been reduced by the factor of 2 for a 20 liter source volume as discussed above.)
Thus we see that the inclusion of the multiphonon production amounts to at most a little more than a factor

of 2 increase in UCN production. In the case of a cold beam the multiphonon contribution is a small correction
to the single phonon production so that the use of a monochromatic beam, which offers significant operating
advantages [6], would be accompanied by a minor loss in UCN production.
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UCN production by superfluid He converter

Superthermal source
Neutron with 1 meV transfers all energy and momentum to phonon and

down-scatters to UCNs in superfluid He. 

Narrow-bandwidth neutrons are required.
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of the converter vessel (252(2) neV for beryllium) with re-
spect to the Fermi potential of He-II (18.5 neV at SVP):
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number density, and dσ/dE′ the differential cross section
for inelastic neutron scattering. The latter is given by
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where b is the neutron scattering length of 4He, !ω = E −
E′, q = k − k′, and S(q, !ω) is the dynamic scattering
function evaluated for values on the dispersion curve of the
free neutron. Details of calculation can be found in Ref. [11]
where the general result is given in Eq. (9). We may write
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defines the UCN scattering function as function of the in-
cident neutron wavelength λ, making use of q = k = 2π/λ,
valid for k′ ≪ k. We divide it into a single and a multi-
phonon part, s(λ) = sI(λ) + sII(λ).

The single phonon contribution can be approximated by
sI(λ) = S∗δ(λ∗ − λ), where λ∗ = 2π/q∗ is the neutron
wavelength at the intersection of the dispersion curves of
the free neutron and the helium (q∗ = 0.706 Å−1 for SVP),
and S∗ = !

∫

peak
S(q∗, !ω)dω denotes the intensity due to

single phonon emission. Evaluation of the single-phonon
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where E∗ = !2q∗2/2mn, and the Jacobian factor

SVP 0 bar

λ∗ [Å] 8.92(2) 8.26(2)

E∗ [meV] 1.028 1.20

N [1022cm−3] 2.1835 2.5317

β 1.42(1) 1.21(1)

S∗ 0.118(8) 0.066(7)

relative factor 1 0.41

Table 1
Factors relevant for single phonon production rate deduced from
Ref. [16,17,18]. An increase in flux of a factor ∼ 2.5, going from 8.9 Å
to 8.3 Å is necessary to compensate for the loss in intensity.
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The differential multiphonon UCN production rate in the
same units is given by
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which depends explicitly on the form of sII(λ) which is
discussed below.

UCN production rates from scattering data
The scattering function Eq. (4) can be extracted from in-

elastic scattering measurements. This has been done here
for data previously measured by Andersen and colleagues,
on the IN6 time-of-flight spectrometer at the Institut Laue
Langevin, at SVP and at p = 20 bar. Parts of this data
have already been published earlier in [14,18,19,20,21]. For
the present purpose we have treated and rebinned all of the
raw data to obtain a higher resolution in q and to cover the
complete accessible q-range. Existing data points from pre-
vious publications were used as reference for our analysis.
A typical measurement of the dynamic scattering function
S(q, !ω) is shown in Figure 1.
The plane is divided into slices with width ∆q = 0.2 Å−1.
Figure 2 shows S(q, !ω) for two representative values of q.
From each such slice we extract one value of sII(λ), with
λ fixed by the condition h/λ =

√
2mn!ω. For this pur-

pose the energy is binned with width ∆!ω = 0.02 meV.
The compiled data is presented in Table 2 of the appendix.
For the short wavelength region below 4.5 Å only one data
point exists from Ref. [19]. An accepted model for the ex-
trapolation to short wavelengths is given by Family [22].
It was developed from low-order diagrams of the interpar-
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Single phonon excitation
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Deceleration and acceleration by spin flip
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Neutron Velocity Concentrator

Pulsed neutron beam from source
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Controlling the number of spin flips synchronizing with 
neutron pulse can compress the width of wavelength.

same velocity same velocity
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Neutron Velocity Concentrator
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Neutron Velocity Concentrator

Monte-Carlo simulation

Flat velocity distribution

AfterBefore

Flipping probability = 1
Neutron pulse width = 0

Velocity distribution after the Velocity Concentration

100 times larger at the target velocity

polarized
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Neutron Velocity Concentrator

Monte-Carlo simulation

Flat velocity distribution

Log scale

Neutron pulse width = 0

Velocity distribution after the Velocity Concentration

velocity  (m s-1)
400     410     420     430     440     450    460     470     480     490     500

flu
x 

(n
 (m

 s
-1

)-1
)

1 10

1

10

210

P = 1.00

velocity  (m s-1)
400     410     420     430     440     450    460     470     480     490     500

flu
x 

(n
 (m

 s
-1

)-1
)

1 10

1

10

210

P = 0.99

velocity  (m s-1)
400     410     420     430     440     450    460     470     480     490     500

flu
x 

(n
 (m

 s
-1

)-1
)

1 10

1

10

210

P = 0.98

velocity  (m s-1)
400     410     420     430     440     450    460     470     480     490     500

flu
x 

(n
 (m

 s
-1

)-1
)

1 10

1

10

210

P = 0.95

velocity  (m s-1)
400     410     420     430     440     450    460     470     480     490     500

flu
x 

(n
 (m

 s
-1

)-1
)

1 10

1

10

210

P = 0.90



“R&D for cold and ultra-cold neutrons"  
TRIUMF-KEK Symposium, TRIUMF, 14 Dec. 2017,  
Masaaki Kitaguchi (Nagoya Univ.) page 29

Cold and very-cold neutron interferometer
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Neutron Interferometer
Demonstration with Silicon single crystal

Neutron feels gravitational potential of the earth.

Collela, Overhauser, Werner,  
Phys. Rev. Lett. 34 (1975) 1472

K. C. Littrell, B. E. Allman, and S. A. Werner

FIG. 9. Experimentally observed tilt-angle interferogram nor-
malized to C21 C3 to compensate for the dependence on tilt of the
intensity of neutrons accepted by the interferometer for 1.8796-Ö
neutrons in the symmetric interferometer.

K. C. Littrell, B. E. Allman, and S. A. Werner, 
Phys.Rev.A56 (1997) 1767.

Discrepancy of 0.8% was observed by large interferometer.
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Neutron Interferometer for General Relativity
Hamiltonian for a spin-1/2 particle with post-Newtonian correction

S. Wajima, M. Kasai, T. 
Futamase,  
PRD 55, 1964  (1997)

M: mass of Earth  
R: Earth radius

ω: angular velocity of Earth  
φ: Newtonian gravitational potential

m: neutron mass

HpN
1 2

3 4 6 75

Δφ1 = 3 Δφ2 = 0.5

Δφ3 = 2 × 10−10 Δφ4 = 2 × 10−9 Δφ5 = 3 × 10−5

Δφ6 = 5 × 10−24 Δφ7 = 5 × 10−24

λ = 0.88 nm, A = 3.3 × 10-4 m2, Δθ = 1.6 deg
COW Sagnac

Lense-Thirring redshift correction (potential) redshift correction (kinetic)
(∝ Α) (∝ λ ⋅ Α) (∝ λ ⋅ Α)

(∝ λ ⋅ Α) (∝ Α)

A = 1 m2 　→　Δφ5 = 0.1 
→Large-scale interferometer with long-wavelength neutrons

Example :
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Cold-Neutron Interferometer

22経路分離の確認経路分離の確認

1st 
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cadmium 
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2nd 
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S��
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beam cadmium
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path1

path2
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Y. Seki et al.
J. Phys. Soc. Jpn. 79
(2010)124201.

Cold-neutron interferometer can be 
realized with J-PARC pulsed neutrons  
by using multilayer mirrors. 

Stability is one of biggest problems.  
( similar to 2 crystal interferometer)

Demonstrated by precision arrangement of multilayer mirrors

大きな“すきま”をもつ大きな“すきま”をもつBSEBSE

I54 mm

�����	ZERODURE


189 Pm

14 mm

��� OHe-Ne/100

��� OHe-Ne/100 8

spacer

preliminary

with complete path-separation by using Etalons

λ=0.88nm
Sensitivity ~ feV

at MINE2 in JRR3
Y. Seki et al., J. Phys. Soc. Jpn. 79 (2010) 124201.

path separation
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Cold-Neutron Interferometer for unknown forces
Large-scale interferometer with long-wavelength neutrons 
has the advantage to study gravity precisely.

Neutron multilayer mirrors must be used for cold neutrons.

Precision alignment of mirrors is required.
~ nm = wavelength of neutrons

Intermediate-range force of  
the order of 100µm can be studied ?

Neutron supermirror can be applied for pulsed neutrons.
2d sBragg reflection  

for cold neutrons
long

potentpotential
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R&D for cold, very-cold neutron interferometer

1m2, long-wavelength interferometer 
can search the effect of General Relativity.

Jamin type

干渉縞の確認干渉縞の確認
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Y. Seki et al.
J. Phys. Soc. Jpn. 79
(2010)124201.

pulsed neutron
COW exp.

Mach-Zehnder
Large area

λ~100μm post-Newtonian

TRIUMF VCN for R&D ?

Long
Intermediate-range force

Matter
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Summary

Neutron interferometer with slow neutrons has the advantage to 
measure small interaction, induced by gravity.

Various R&D for cold and ultra-cold neutrons are in progress. 

For detail study of neutron EDM, new approaches are required.  
(even if nEDM is discovered.) 

UCN precision optics is a powerful tool.

Neutron Rebuncher transports UCNs with keeping density.

Neutron Velocity Concentrator increases cold neutrons suitable 
for generating UCNs with He-II converter.


