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Gregoriev et al., Proc. 1st Int. Conf. Neutr. Phys., Kiev, 1 (1988) 60

Gravitational Fall Dabbs et al., Phys. Rev. 139 (1965) B756
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Gravity is extremely weak.
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Why is the gravity so weak?
Gravity is not renormalizable.
Gravity is the nature of space time.

“hierarchy problem”: MGUT~1024eV ⇔ MSU(2)×U(1)~1011eV

Gravity is essential at the Planck scale.

Phenomena out of the standard model is existing.
Neutrino Oscillation, Dark Energy, Dark Matter

Super-K, SNO, KamLAND WMAP
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nuclear radius (7.76fm)

atomic radius (0.126nm)

Gravity is extremely weak.

earth radius (6400km)
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search for the phase change when the electric field is reversed

hω+=2µnB+2dnE B E

h̄�+ = 2dnE + 2µnB

hω-=2µnB-2dnE B E

Measurement of Neutron Electric Dipole Moment

Confined Ultracold 
Neutron

E=104 V/cm, T=100s

long precession time
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

neutron confinement bottle

electrode

electrode

laser for atomic magnetometer

magnetic field 1µT electric field 1fT equiv.
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Measurement of Neutron Electric Dipole Moment
Confined Ultracold Neutron Spin Precession Frequency

neutron confinement bottle

electrode

electrode

laser for atomic magnetometer
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nuclear radius (7.76fm)

atomic radius (0.126nm)
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nuclear radius (7.76fm)

atomic radius (0.126nm)

sensitive only to spin-dependent gravity

Si interferometer
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Neutron Phase induced by Earth’s Gravity

λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

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

COW expertment
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λ=0.1445nm

a=0.2cm 
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Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472
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λ=0.1445nm

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics



page

Title(Slow Neutron at J-PARC) 
Conf(Workshop on Gravitational Physics with Particle Accelerator 2017) 
Date(2017/11/30) At(Tokai) 21

λ=0.1445nm (Bragg condition of Si single crystal)

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics

neutron velocity is limited by lattice constant

(size of Si single crystal)
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λ=0.1445nm (Bragg condition of Si single crystal)

a=0.2cm 
d=3.5cm 
θ=22.1°

Neutron Phase induced by Earth’s Gravity
Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

larger interferometer

slower neutronbetter statistics

neutron velocity is limited by lattice constant

(size of Si single crystal)

multilayer mirror 
(artificial 1-dim crystal)
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Neutron Reflection

Fermi pseudopotential
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exp(-k⊥2Rrms
2)

non-uniformity and roughness decreases the reflectivity

Multilayer Mirror
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Mirror Alignment
大きな“すきま”をもつ大きな“すきま”をもつBSEBSE

I54 mm
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多層膜冷中性子干渉計
経路が空間的に完全に分離
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pi-flipper phase [deg]

Y. Seki, et. al., to be published.,
JRR-3 MINE2, 0.88nm

コントラスト57%

ビーム分離 327±9μm
（設計値337±7）

preliminary

経路内にデバイスを挿入可能に

Y. Seki et al., J. Phys. Soc. Jpn. 79 (2010) 124201.
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Mirror Alignment 干渉縞の確認干渉縞の確認
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30cm x 0.2mm ~ 10-4 m2
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Multilayer Neutron Interferometer

slower neutronbetter statistics

larger interferometer
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Multilayer Neutron Interferometer

slower neutronbetter statistics

requirement : E > Fermi pseudopotential (0.25µeV)

λ<0.5nm

larger interferometer
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Neutrons for General Relativity T.Morishima Nucl. Instrum. Methods A529 (2004) 187
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Neutrons for General Relativity T.Morishima Nucl. Instrum. Methods A529 (2004) 187

COW

Lense-Thirring
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Neutrons for General Relativity T.Morishima Nucl. Instrum. Methods A529 (2004) 187

COW

Lense-Thirring

accessible with J-PARC
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Neutrons for General Relativity

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

COW Lense-Thirring

Jamin type

Mach-Zehnder

pulsed neutron

Slower
Larger

COW exp.

干渉縞の確認干渉縞の確認
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λ~100μm

post-Newtonian

post-Newtonian terms

S~1m2
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L

r

KK-graviton, which is emitted off our brane with the momentum 
(q1, q2, ...,qn) along the extradimension, looks having the mass |q|.

momentum is quantized in the unit of 2π/L in the extra-dimension

€ 

G3

R*2
=

GN

R*N−1

€ 

G3 =
GN

R*N−3

€ 

F3(r) =G3
m1m2

r2

3-dim. Gravity

€ 

FN (r) =GN
m1m2

rN−1

N-dim. Gravity

continuity at r=R*

If R* is longer than the Planck’s length, G3 becomes smaller.

Aromalous Gravity?

Parametrization:



page

Title(Slow Neutron at J-PARC) 
Conf(Workshop on Gravitational Physics with Particle Accelerator 2017) 
Date(2017/11/30) At(Tokai) 36

Scattering Experiment to study Intermediate-range Force
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図 2: 中性子散乱の角度依存性。短距離重力 (赤線)は前方に大きなピーク
を持ち、核力の散乱（青破線）と区別できる。
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入射中性子

散乱中性子

!次元中性子検出器

標的ガス
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真空槽

散乱角!!

逆!乗則の場合の分布

逆!乗則からの
ズレを検出する

微分断面積
dσ

dΩ

図 3: 実験装置全体図。

て検出し、イベント毎に中性子飛行時間と散乱方向のデータを記録する。
尚、後述するようにガス容器の長さ等のパラメータはシミュレーションを
用いて最適化する。これらのデータを元に中性子エネルギー毎の角度分
布スペクトルを求め、(4)式に従って解析を行う。茨城県東海村に大強度
陽子加速器施設 (J-PARC)が建設され、2008年度より運転を開始してい
る。我々は、J-PARCの物質生命科学研究施設 (MLF)に低エネルギー中
性子を用いた基礎物理実験を行う事を目的としたビームラインBL05を建
設した。本ビームラインは一本の中性子ビームを 3分岐するという特殊性
に加えて、なおかつスピン偏極やビーム発散制限を内蔵する高度な光学系
になっており、本実験の中性子小角散乱実験装置はこのうち最もビーム強
度が強い非偏極ビームラインを占有して設置する予定である。

5

search for deviations from nuclear scattering

Neutron Scattering by Noble Gas Atoms

α=1023

λ=0.5 nm
En=20 meV

Detector

Scattering

Target Gas

neutrons

Deviation from
Newtonian law

Newtonian law

Nucle
ar S

catt. x
 10-3

aG∝α

θ

Xe

Newtonian + α 
in nm range

T.Yoshioka
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Scattering Experiment to study Intermediate-range Force
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Measurement of neutron scattering from noble gas  
to search for nm-range unknown interaction

Status

Noriko OI Hirohiko M. Shimizu, Masaaki Kitaguchi, Katsuya Hirota, Christopher C. Haddock(Nagoya Univ. ),  
William M. Snow(Indiana Univ.), Tamaki Yoshioka(Kyushu Univ.), Kenji Mishima, Takashi Ino(KEK),  
Tatsushi Shima(Osaka Univ.)

Motivation（Extra Dimensions）

• We performed the experiment at “NOP” beam line in J-PARC until Feb. 2017. 
• We are analyzing the experimental data by tuning a Monte-Carlo simulation.

 Nima Arkani-Hamed,  Savas Dimopoulos and Gia Dvali Physics Letters B 429.3 (1998): 263-272. Fig 1. Exclusion map for an unknown interaction

Devices

3He PSD

“NOP”(BL05) beam line

Wave length 2~9Å
Beam Intensity 1.1×106cps @150kW 

Gas Xe(100kPa) He(100kPa) Vacuum
Detector efficiency 100%(for cold neutron)
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Fig 2. If an unknown interaction exists, 
 neutrons scatter forward.

Principle
Yukawa potential       Neutron scattering has an angular distribution.

Fig 3. Scattering distribution is estimated 
 by the Born approximation

Neutron scattering from noble gas accurately

Neutron
・Neutral
Both EM and Van der Waals forces  
are suppressed

・Massive
Gravitational interaction 

Noble gas(Xe)

・Atomic spin 0
・Chemical stability 

・No molecular 
/crystal structure

Newtonian potential Yukawa potential

If extra dimensions exist,  
・Gravitational potential changes from Newtonian potential 
・Gravity becomes comparable in strength to the other interactions at the TeV scale.

We are most sensitive to  
nm-scale unknown force  
that may couple to mass.
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We measured neutron scattering from Xe, He, Ar and an empty cell.  
By subtracting the data of empty cell, 
we can isolate gas scattering effect.

Experiment and Analysis
The experiment was performed at “NOP” beam line in MLF/J-PARC. 
We measured 2×107 Xe scattering events. 
Using a pulsed neutron beam, we can determine the momentum 
transfer over a wide range with minimal waste of neutrons.

Xe
n

Al - Vacuum Al
n

Xe
n=

Fig 4. TOF vs X plot (Xe), normalized by direct beam and solid angle.  
    Red lines are q contour lines.

Fig 5. Differential cross section of Xe as a function of q  
   for 1 run (low statistics). 

We are developing a Monte-Carlo simulation to evaluate the neutron scattering 
distribution for gas and empty cell conditions at room temperature.
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Scattering Experiment to study Intermediate-range Force

Lifetime Exp.

Scattering Exp. 

in progress at BL05 in J-PARC MLF

2D neutron Detector

Gas target
neutron beam
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z

(ξ, η, ζ)

V
ρ density

volumer2=ξ2+η2+(ζ+z)2

mn
neutron

Interferemetric Search for Intermediate-range Forces
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z

ρ=19.30 g cm-3
density

Au

λ=2×10-4 m ⇒ U(0) = -2×10-20 eV

mn=1.674×10-27 kg
G=6.67×10-11 m3 s-2 kg-1

α=16/3

ρ=1.930×104 kg m-3

λ=10-2 m ⇒ U(0) = -4.5×10-17 eV

N=2

mn=1.674×10-27 kg

Interferemetric Search for Intermediate-range Forces

neutron
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E L Δφ ΔU ΔU/(mng)

25 meV 0.1 m 1 rad 10-14 eV 1 mm

10 meV 1 m 10-3 rad 1×10-34 J (9×10-16 eV) 9 nm

250 neV 1 m 10-3 rad 8×10-37 J (5×10-18 eV) 40 pm
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λ=2×10-4 m ⇒ U(0)= -2×10-20 eV
λ=10-2 m ⇒ U(0)= -4.5×10-17 eV

mn=1.674×10-27 kg
G=6.67×10-11 m3 s-2 kg-1

α=16/3

ρ=1.930×104 kg m-3

N=2

E L Δφ ΔU ΔU/(mng)

25 meV 0.1 m 1 rad 10-14 eV 1 mm

10 meV 1 m 10-3 rad 9×10-16 eV 9 nm

250 neV 1 m 10-3 rad 5×10-18 eV 40 pm
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Conf(セミナー) At(Nagoya) 
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nuclear radius (7.76fm)

atomic radius (0.126nm)

Si interferometer

nEDM-sensitivity
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nuclear radius (7.76fm)

atomic radius (0.126nm)

Si interferometer

nEDM-sensitivity

multilayer interferometer

1m2 multilayer interferometer
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Summary

Enlarged multilayer interferometer for pulsed cold and very-cold neutrons

Precise measurement of the spin precession of ultracold neutrons

for spin-dependent gravity

for post-Newtonian terms

For anomalous gravity in short-distance

neutron scattering, neutron interferometry
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Anomalous Gravity in the vicinity of Material Surface
Phys. Rev. D59 (1999) 086004

matter

potential
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Phys. Rev. D59 (1999) 086004
Anomalous Gravity in the vicinity of Material Surface
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Phys. Rev. D59 (1999) 086004
Anomalous Gravity in the vicinity of Material Surface
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Phys. Rev. D59 (1999) 086004

pamametric resonance

Anomalous Gravity in the vicinity of Material Surface
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Phys. Rev. D59 (1999) 086004

pamametric resonance

Anomalous Gravity in the vicinity of Material Surface
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

Parametric Resonance in 1-dim Potential
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

Parametric Resonance in 1-dim Potential
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

Parametric Resonance in 1-dim Potential
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Experimental Apparatus of the Search for Parametric Resonance
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0.2mm ⇒ 20mm
t = 110 days

Experimental Apparatus of the Search for Parametric Resonance
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

VCN (Very Cold Neutron)

slit

slit

polarizer

π/2 flipper

π/2 flipper

detector

pair mirror

π flipper

pair mirror

sample

Experimental Apparatus of the Search for Parametric Resonance
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

VCN (Very Cold Neutron)

slit

slit

polarizer

π/2 flipper

π/2 flipper

detector

pair mirror

π flipper

pair mirror

sample

VCN transmission of optical component
measured at ILL/PF2-VCN

Experimental Apparatus of the Search for Parametric Resonance
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Gudkov, Shimizu, Greene, PRC 83 (2011) 025501

VCN (Very Cold Neutron)

slit

slit

polarizer

π/2 flipper

π/2 flipper

detector

pair mirror

π flipper

pair mirror

sample

VCN transmission of optical component

Sub-nm machining technique

measured at ILL/PF2-VCN

Experimental Apparatus of the Search for Parametric Resonance
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nuclear radius (7.76fm)

atomic radius (0.126nm)

Si interferometer

nEDM-sensitivity

multilayer interferometer

1m2 multilayer interferometer
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nuclear radius (7.76fm)

atomic radius (0.126nm)

Si interferometer

nEDM-sensitivity

multilayer interferometer

1m2 multilayer interferometer

multilayer interferometer 
with parametric resonance?
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Summary

Enlarged multilayer interferometer for pulsed cold and very-cold neutrons

Precise measurement of the spin precession of ultracold neutrons

for spin-dependent gravity

for post-Newtonian terms

For anomalous gravity in short-distance

neutron scattering, neutron interferometry

parametric resonance?


