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Abstract

Neutron 1s suitable for the precision measurement of the small
influence of new physics beyond the standard model of elementary
particles.

Combination of the instantancousely luminous cold neutrons at J-PARC
and the advanced neutron optical devices enables us to perform new
types of high precision measurements.

Lifetime —  big-bang nucleosynthesis
EDM — T violation

compound nucler— T violation

n-nbar — B-L violation

short range force — gravity

12 Feb. 2014, KMI Topics
Center for Experimental Studies, KMI

Eaboratory for Particle Properties, Masaaki KITAGUCHI



History of the Universe

nHe/ nH~ 1 / 4
NN ~10-
tofs" \C/E‘; Jauro” nB/ Nr 1 O 2 * ‘\S\)
pcc® > i\ % n
S eB>0 . NV n
\\\%“'e“ergs \Ci\&‘S\' ® @
\cﬁ;\'\c o S\»P‘ A -é g ’ % . =
s q n g o nfVp ! N
| o0 n <£ =\ % @ !*1 H
n-n oscillation @ § EDM / n-A T-violation - | )
Inflatinn ~ SEEE——— O m——ice 9 e o 5
B-L violation | = | CP violation q;b . 3 @ AVAY n
- 7 Q. (i P T, e ‘ i ﬁ
cBn S 2 o
o & - 'neutron Iife":ime |
= ra : 5y we V.o
< € o
A E - ; NNk @\ | e N\,
dd G PR #
N 5 & S
Large Extra Dimension & n n
Neutron Interferometry etc. » ,VL * X
[ £ n @ n
Gravity - n,
Weak

KE)’: W, Z bosons ’VgMoton

q quark &) meson * star

g gluon %’v..baryon -

€ elecuron &% ion » galaxy
Mhuon T tau

N neutrino @ ACONTA

black
hole

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



Neutron

Ni 244neV
.

i29.5peV
1=885.7s

" @@

Weak Interaction

103neV
1m
OneV

Gravitational Interaction

_

Strong Interaction

T é— 60neV
e LLI OneV y
‘ ? - 60neV

Electromagnetic Interaction

fast epithermal thermal cold very-cold ultracold

kinetic energy

oderation, | |
| | | |
10°K 1 0|3K 100K 1 OIK

temperature -I 610K II o:gK 'I o|5

wavelength

]2 FeU. LYV 1 <F, N\IVII 1VUMILD
Center for Experimental Studies, KMI

Eaboratory for Particle Properties, Masaaki KITAGUCHI



Neutron Physics
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Control neutrons
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Neutron Lifetime
Stored UCN
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Neutron Lifetime
J-PARC MLF

**Neutrino

s i 5
Materials and Life | i 50
Science Facilit ™ 7

“eN —~
S

Hadron EXp. Eacility

2 Feb. 2014, KMI Topics
enter for Experimental Studies, KMI
aboratory for Particle Properties, Masaaki KITAGUCHI




Neutron Lifetime
J-PARC MLF
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Neutron Lifetime
J-PARC MLF
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Neutron Lifetime
J-PARC MLF

A O( WE.5mxXHE.5m)

®( | @Eamre
00— gReh it T OlIF %8

o PHFAFEREMIETRMELE

mﬁ%ﬁﬁﬁﬁﬁ%ﬁ.

(1)

aﬁﬂ%ﬂ'ﬁi\
Fawi—9%B

P FRRIGAERE

o RFBRERME
WS RITRE

¢ s "

W L N umeE
o
W2rBAR—L

AR HPIEF
RERE

BHREFT s 2D O @
Fav/I—-BaH3E

RIFRM PSS R &

AR AT o
GEES T @®

T¥MEO T %E




J- PARC N )bZFF' E?Eﬁﬁb\tnf*‘fiiﬂﬁ

Hadron Beam Facility

. Matenals and Life Science
Experimental Facility

Linac 3 GeV Synchrotron 50 GeV Synchrotron
(330m) 25 Hz, 1MW 0.75 MW)
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Joint Project between KEK and JAEA
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Neutron Lifetime
Time projection chamber

e ~350keV 1o ~10®decay in 1m
Betadecay @ =) - Ne=m for cold neutron
£ (1100m/s)

e
N =¢ tp P, O, (v Reaction rate is
He(n,p)H| @ :3 /@90 ey T Cr PP He( )

03He(vn)vn =O3He(v0)v0 o proporhonal to 1/V

572 kev B decay ~3.6mPa 3He
Egergy spectrum of elegtron
Both of G-decay events and He capture ‘ A

15

events are detected with high efficiency
IN a same detector.

10— %

I(K )X 10" [keV']

5.0 e
! M

Efficiency 99.9% electron >4 keV o

12 Feb. 2014, KMI Topics
Center for Experimental Studies, KMI

Eaboratory for Particle Properties, Masaaki KITAGUCHI



Neutron Lifetime

Time projection chamber Efficiency of cosmic ray is 97 %/wire
MWPC ~ Beam catcher Drift direction }
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Neutron EDM
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Neutron EDM

Energy

Spin is reversed.

T reversal
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How to measure EDM

Precessions of stored UCNs are measured M
. . 5 u-metal
in magnetic and electric field. ’

Bo fields

coil
[
Neutron |
~ cell
Ground
electrode

Small storage area is better.

Stable and uniform magnetic field are required.
Precision measurement of the magnetic field 1s also required.
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How to measure EDM

Precessions of stored UCNs are measured M
. . 5 u-metal
in magnetic and electric field. ’

Bo fields
coil
| [T 1
Neutron 1 1 1
cell

L

Ground
electrode

Small storage area is better.

Dense UCNs & understanding of systematic uncertainties

Our new approach is UCN precision optics

Stable and uniform magnetic field are required.
Precision measurement of the magnetic field 1s also required.
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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.

P S| Comcrete KEK-RCNP-
. He-II cryostat TRI U M F
high power N - iosd
2010- fﬂ;;,—; low los
2m3 r_\'mlij ~
vacuum Al e
UCN \ GM
Storage 'I Ooo cm-3 :." ﬂcr}'osut
> ,"" - |
30 liters, v - -
5 K [ vacuum
solid D,
el R —
p-beam — 3.6 m2
1.3 MW N .6m
1% duty cycle ¥ | D,O avel"age=20kW

average = 13kW max. peak power = 200kW

max. peak power = 1.3MW
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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 1s difficult to increase the UCNs anymore.

source guide cell
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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 1s difficult to increase the UCNs anymore.

OOOFQQ  © ©9,%0_° 7 o o Oocjoo_l

source guide cell

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

Most of UCNSs are not used for measurement.

More efficient way ? - UCN precision optics

12 Feb. 2014, KMI Topics
Center for Experimental Studies, KMI

Eaboratory for Particle Properties, Masaaki KITAGUCHI



How to increase UCN density

Use efficient transport

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

How can we realize such kind of transport ?

5508

7

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
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Pulsed UCN transport

]—é

Neutron source Storage cell

Pulsed UCNs spread spatially,
Density decreases quickly
without any treatment.
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Pulsed UCN transport

UCN Rebuncher = Neutron Accelerator

| If the pulse shape is recovered at storage |

area, the high density can be achieved.

Neutron source /highfkdensiﬂ‘ Storage cell

door position N

UCN production {
at converter
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Rebuncher

Adiabatic Fast Passage (AFP) spin flipper 1s used for control

of the neutron energy. RF magnetic field in gradient field

gives/removes the energy with spin flip.

B RF
241 <> Q/LB — hw
] ®  30MHz=1T=120neV

@;ra’ceion

Opposite-spin neutrons are accelerated.
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Rebuncher

Adiabatic Fast Passage (AFP) spin flipper 1s used for control

of the neu:tron. cnetgy. RF magnetic field in gradient field

A gives/removes the energy with spin flip.

Large |

J9° \ 2uB = hw

Deceleration mall—

| | | 30 MHz=1T =120 neV

Lyl Deceleration
S A T —— Faster neutrons arrive early.

e / Large deceleration = High Freq. RF

/ | Slower neutrons arrive late.

Small deceleration = Low Freq. RF

Energy exchange ]
1s proportional to Sweepmg frequency

the RF frequency. according to time
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~N

'Magnet

N1 Guide tube

He Detector

Motor

RF resonance circuit

A

»@_/

Timing signal

(0

DAQ

180 cm

360 cm
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Rebuncher
Demonstration in HFR at ILL

Neutron counts

Too fast

RF OFF

for EDM exp.
<

—
o
N

1 12 14 16 1.8 2

TOF [sec]

Blue : Exp. Data
Red : Simulation
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Too fast
for EDM exp.
<€

.................................................................

Lk

..................................................................................................................................................

S FU N Y 11/ W A R

Illlllilllilllillll
O 02 04 06 08 1

11 | 1 1 1 11 1 11 1 11 1
12 14 16 18 2
TOF [sec]

Y. Arimoto, et., al.,
Phys. Rev. A 86, 023843 (2012).
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e tube He Detector

) 2=

- (oppositespin) N\ | .
T e |

DAQ

11 | | 1 1 | | 1 1 | | | 11 | 11 | | 11 | 1 1 | | 11 | | | 11 | 1 1 |

02 04 06 08 1 12 14 16 18 2
TOF [sec]
Blue : Exp. Data Y. Arimoto, et., al.,

Red : Simulation Phys. Rev. A 86, 023843 (2012).

Rebunching of UCNs was demonstrated !
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Pulsed UCN transport

J-PARC LINAC Statistical error
(Ad,) h/2
Source Rebuncher Cell tat — ;
Y ETYN
50000:
45000 simulation physics run 5000 h in one year,
~ 4a000f 100 s for one measurement,
3 as0oof E=10kV/cm, o= 0.75,
4 3oooo§
S ool 300 UCN/ce i
S 2x§ (Ad ) X \/ 100
§ N nJstat = \[5000 x 3600
10000§ — 10_27 Cc CIn
. | | | | N =1.1x 10°
"0 2 4 6 8 10

For example, cylindrical cell with
20cm diameter, 20cm high,

distance from source (m)

This shows only polarized UCNs
which can be used for measurement.

Small converter is enough. density = 175 UCN/cc
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Understanding of systematic uncertainties

Simulation of UCN movement

When the randomization of UCN movement in the storage cell
1s not perfect, false EDM appears.

We must understand how much the injected UCNSs are randomized
in a finite storage time with real surface of the cell.

- UCN precision optics

We have developed the simulation tools based on GEANTA4.

. Add the reflection law
. Incorporate relativistic spin precession
. Adopt high precision variable to avoid rounding error

Now we can estimate the false EDM by movement of UCNs
in the cell with actual surface.
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Other development items

DLC mirror potential 240 neV
: : : .. off-specular reflection < 1%
Neutron mirror with high reflectivity on DLCPM _— 4 (30008 e e

complex shape can be fabricated using
diamond-like carbon by CVD.

b=0.6+0.2nm o 71-'.'mb=5.3 +23nm ~ Tum
w=22+4nm w =40+ 6 nm

Hg Co-magnetometer

Hg laser with power of ImW/cm? and
frequency accuracy better than |MHz can
measure the magnetic field of the order of
0.1 fT by Faraday rotation method.

VCN moderator and UCN converter

Injecting Very-Cold Neutrons should be increased before the UCN
converter. Optimization of the shape of moderator 1s required.
For pulsed UCN, high production rate and fast extraction are better.
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Development of UCN optical devices

To develop UCN optical devices, our own UCN generator was constructed

at J-PARC MLF BLO0O5 (NOP beam line).

doppler shift

VCN mirror UCN
beam ]
- E ] -
¥ . \ €
deceleratlon \ rotatlon P a
velocity
- B q -] ><1l1l'3

=Y
.h.

-
()
b

—
(=)
| | T

Counu(o.im:s)ﬁsec@n'mkw

\-4'

high Qc mirror for direct reflectio 4:_ ¥

m=10, R=0.4
Three branches of cold neutrons are

extracted through the supermirror bender.

~1 cps @ 120kW 2 |

w/o Mirror
with Ni Mirror

i U C N ——— Difference by Ni Mirror
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Summary

Neutron 1s suitable for the precision measurement of the small

influence of new physics beyond the standard model of elementary
particles.

Precision measurement of neutron lifetime has started at J-PARC BL05 NOP.

Spin Flip Chopper and Time Projection Chamber enables us to perform
extremely-low back ground experiment.

We are now planning the new nEDM experiment using UCN precision optics
at high intensity pulsed beam facility, J-PARC.

In order to increase the sensitivity of the experiment using UCNSs,
UCN optical devices has been developed.

Various experiments are planning and now under developing.
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P-violation in NN interaction
P #R 4% Fe=_ k . ®r
<
15MeV —(1.71-0.8)x10'7

- ~10-7 45MeV  —(2.320. 8)x10-7
3'55(1%’:5 .I O 45MeV —(1.3+ 08)x10‘

800MeV —(2.4+1.1+0.1)x10~7

Helicity Dependence of Cross Section

Aop? < Aop™ x 106 o
1391.a(E,=0.734eV) 0.097+0.003

of p-wave resonance
EA%IB~10- erossection
~ 2% of total cross section

8IBHE,=0.88¢V) 0.021+0.001
111 Cd( En=4 53 eV) —( 0.013+0. 007_0. 004)
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B OISR T

TR cergomEDEs &2 TeEEs 52

mesonXX i lc K ZEDM (chromo-EDM) O#EHE
|AcA| < 105 x k() [q,, ) +0.265) — 0.00125©) + 0.00345"

™

~0.0071g%” + 0.0035g'" + 0.0019g"" — 0.00063g§})] ﬂé

~ 10°[b] x|k(J)|x|gl® n

NEDM® EFR{E |d,| <2.9x 107 * e cm] (& 3% <25 x 10710 (T
Ach?| < 2.5 x 107*[b] x|k(J)

0.25[mb] x k(J) & DEWEETHET 3 &,
NEDM & b B RE THERR
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TR

Gudkov, Phys. Rep. 212 (1992) 77

T-violation gce/gp  P-violation
MET N EIETHE 1 0-3 1 0-2 O tot

/

EDM upper bound

l O acp
L
” !
I I I I I I I I I I I |
v 1 10-2 104 10-6 10-8 10-10
s =
E
A
Weinberg LR symmetry
CKM phase
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Gudkov, Phys. Rep. 212 (1992) 77

TXFHNE
T-violation gce/gp  P-violation
BRI AN EIETHRE '| 0-3 '| 0-2 O tot
IQ(J—I+1)— 3 (21--1) V2I + 12V 1z — /21 + 3y)
2" 22 \2I+3) (21 — 3)v2T + 3z — (21 + 9)V 1y

m(]—[-l)—_i (2 + D)VI I+ 1z + 21 — 1y
2 22\ I+ D)EI-1)) (T+3)V2I =1z + (41 = 3)VI + 1y
— pyo )2 = L3/
Fg I‘g
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| K (J)I

HE BRI TS

1000 \ \ —h l ‘/ g

ov, Phys. Rep. 212 (1992) 77
J=5/2 J=3

100

10

N, : (%
Nk E L : ce/gp  P-violation
P‘\ b AREAAR i 03 10-201ot
ol I ik
: T 3
' i 1K T = COS @

-20

-15

-10




?EdA* : NS IR Ity

1
‘—25( *““““*“%@“*””Tﬁ)

= Z‘ T + Z Va(Jp)) Flambaum, Nucl. Phys. A435 (1985) 352
Js Js,J
ay =2Re Y  Vi(J)V5 (Jpj)P(JsJp jllF)
Js,JpsJ o 1 1
— Re Z Va(Jod) V(T2 P(JpJ0 552 F)3vV104 0 & 1
Js:3>J053" 2 5 4

V= ooy e VO n,y DAEEENS dHRES

2k; V E E— Ey+il,/2

LN/ L i Valj=1/2)=xV>
"o VNE\T E-E i,z Vyfj=3/2)=yV;

o 3 o d E1 1
Y, (NI FT I+ / : > J 7 ]
P(JJjj'kIF) = (—1) SV 2T+ DT+ 1))+ 1)(25 +1){ [ }{ U }
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MEASUREMENT OF NEUTRON-CAPTURE CROSS SECTION with 4xGe at ANNRI

B

Cluster-Detector .
;& -ll‘ \

The 4nGe spectrometer
*Two Cluster Ge detectors with BGO
anti-coincidence shields were used.
*One to Eight coaxial Ge detectors can
be installed.

The beam condition
*120 kW, 25 Hz, Double-Bunch
* Notch filters: Mn, Co, In, Ag, Cd
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KRDZE

Target
Spallation Dynamically
Neutron Polarized Superconducting
Source Proton Filter Magnetic Shield

p S00MeV 2 as Neutron

T Polarlzer
biological shield P onductine magnet 2.5T Neutl’on
ng magne y-ray ROtatable Detector
Detectors
collimator ﬂ -
w—— ] )
W’m; == == == w—/ ~
W S , \ﬁ
Adiabatic Passage Adiabatic Passage Adiabatic Passages
Transmittance
Monitor

(RIBIZIRRY

fRIBEA T

Polarized Neutron Source —

A E il

HTI—I

Target station——=—— Neutron -
Spin
Analyzer
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Target
Spallation Dynamically
Neutron Polarized Superconducting
Source Proton Filter Magnetic Shield
p S00MeV % as Neutron
iological shie POlarlzer
prolvgicut b l‘ie monit superconducting magnet 2.5T y_ray Rot‘atable
ri Detectors
4

IEEMRDKE FhiE
FTNEDERRRENIHICALLS S

‘

2 - B

K (J)DKXERFEFIZDIERER
J-PARC MLF BLO4 T® (n, r)llE = &TH

Aocp = k(J)=Aop K I3xDEIEK
v

2xv I'n 1
) I e 8 K(J =] 4 —) =

PRI AL =~ 2
o T2 *

xlEMm,r)AETEMNS z°= T'n

P w(J=1- %) =

= CPZES1TIERE w
BN FHREEERICSE A ERDETIVETE
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10B 10aded liquid
scintillator

;

: J’*EP MHEF
(R AR EZ AT

[— sy

-

y2_[n ;/Q/In_l

3 [2I+1

22 (21+3)

V2T +1(2V 1z — V2T + 3y)
(21 — 3)V/2I + 3z — (21 + 9)V 1y

3 (21 + 1)VI
T 2V2 (\/(1 F1)(21 - 1))

2T + 1z + V2I = 1y

(I 4+ 3)V2I =1z + (41 = 3)VT + 1y
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IStory of the UNIverse  nu./mnu~1/4

process

n-n oscillation
Inflation AN
B-L V|olat|on2

BVWEE Neutron Interferometry etc. |

02
S

ENHHEEEA ;
SS\WEAER
Key: W, Z bosons %W%H

q qurk ST S sar gy ey (RS

g gluon U ®baryon o ;
€ electron ion » galaxy E\?*&@iﬂi

Mhuon { tau black ﬁ?@'ﬁ'ﬂﬂi

N neutrino @ Al hole %E@EEE IET:E

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF
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1. R

2. C, CPIERTF
3. A FFHSDAL

B;#0,(B—L);=0—Bf=0 SU(5).GUT-Barvoaenesis
B;=0,Li#0,(B—L)i #£0— By #0

Za—hrIU/EEREHTNEL

BWASSESVISF=a—K Y/

i N1+ H(AL=+1) BRIBOL—FIELGZELTMVEDRENEGVL
—1+H (AL=-1) 5 gphaleron = /AU A%

(B—L); =0, (B+L)i £0— By #0
KMITHUTE 1T TIICPDIENDNES T ES  efc.
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P+ R P FHcED
AB=-2
AL=0

1
‘n12>=—2(|n>i|n>) m,, = m, £ O0m

c*om
1(¢) = 1(0)sin” -
1
0m o< —
my

[

Neutrinoless Double Beta Decay: n +n — p+ p+ e~ 4+ e~ B=2; L=0; Neutron-Antineutron Oscillation: n <> 7
[Marshak and Mohapatra]

e
©

- - [W Fury] -
. ) \QF : y /
v e / - - - \
X m, /"u | (1\\
L iNe
s S
n P
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¥ R PEFIRED
@@ T @
N

@  FOMxNT? D

a
a

055 24.820.2) n

& (200-250MeV)
@

free neutron 7, >8.6x10"s (CL =90%)

L=yMy ‘n1,2>=i(|n>i|ﬁ>) m,, =m, +0m
]

2
, ¢ 0m

1(t) = I(0)sin /

h
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R RPTEFIRED
Of o —

@  FOM«NT2

a

(4.8£0.2)
(2

6
2 00-250MeV)
@

(not to scale)

Cold n-source
25K D2

» fastn,¥ background

HFR @ ILL
57 MW

Bended n-guide *Ni coated,
L~63m,6x12cm 2

H53 n-beam

~1.7-10"n/s Focusing reflector 33.6 m

Flight path 76 m >8.6x10"s (CL =90%)

OF> ~ 0.109 s ”” free

Detector: .
Magnetically Tracking& M.Baldo-Ceolin et al., Z. Phys. C63 (1994) 409.
shielded Calonimetry

95 m vacuum tube

—pm 4 Q ~2mx 60 usr
At 18 GevV Beam dump

~1.25 10" n/s
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P+ R PEF IRED
Fermilab ProjectX

neutron source
— Deuterium NNbarX

I_ J moderator

acceptance is dominated here

Focusing

Reflector
Vacuum L~40 m
Tube - reflection angle is well-defined
L~1000m Magnetic
D~3-4m  Shield band reflector is applicable
Neutron

Annihilation
Target
D~2 m

- Detector

Beam dump

trajectory ||~

Approximate
scales

o

Tm
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Fermilab ProjectX

heutron source
_ Deuterium N N b d rX
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JFREETHVEEIBMDFE

Vacuum HARJIL—7OEEHIEFFEShTWS
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L~1000m

D~3-4m , Shield band reflector is applicable
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scales
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History of the Universe NHe/NH~1/4

AXC
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S eV
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PROPERTIES OF THE

Property

Acts on:
Particles experiencing:

Particles mediating:

Strength relative to electromag |10~ m

REARETH

Mass - Energy

Flavor

Electric Charge

INTERACTIONS

) [T .. ET%L.

Color Charge

See Residual Strong
Interaction Note

All

Quarks, Leptons

Electrically charged

Quarks, Gluons

Hadrons

Graviton
(not yet observed)

w+ w- 20

Gluons

Mesons

0.8
104

10-7

UmlcIeLN ?

Gravity is not renormalizable.

Gravity is the nature of space time.

Gravity is essential at the Planck scale.
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Not applicable
to hadrons

Not applicable
to quarks
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PEFIRENERUS

Dabbs et al., Phys. Rev. 139 (1965) B756

Jioc = 9.7974 m s2 BORON
PLASTIC _UPPER
g=9.74+t0.03 ms?2 BORAL - SHT - “herecror

- ——

SHEETS-_
ORR | e e _.:Fl - j—@&
N 2 A -

—— e . ;, — o
T~ . _Cd SLIT—_ | | —

*"3.|'9n44’"_'| T~ - E'—--—] B4C } 5.75 in.

. —45m

* ——180.576 m -

4-in. Be -—--c-n._...:...J\

S |

LMIT
"2 SWITCH

4 Téli#g‘[ ”.:“\LOWER DETECTOR
-in_ V L R ) R,
LM

SWITCH

©

i

000
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NOTE: NOT TO SCALE

=
- iy
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NO. SWITCH
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Gregoriev et al., Proc. 1st Int. Conf. Neutr. Phys., Kiev, 1 (1988) 60
g=9.801%x0.013 m s2

Jioc = 9.814 m s-2
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A=0.1445nm
-
e 2001
» d a 2
a=0.2cm a- - § 1000
d=3.5cm §
o -
0=22.1 § 800
600:
-30 20 210 10 20 30

Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472
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V(r)=-(GM/r)(1+ae"/1)

30
10 e T L I O L T [ L T e A
— U{r— GTM(l + ae™" ) —
]02£ E— : excluded :
- Casimir florce -
108 - experiments —
10% £ -
= — | 3 =
106 E AT —
= A\ table-top =
B (2) \ ¢ riments o=
109 -
= space
I N\ experiments |
N

3
AREA
&

N

L1

10—12 [ || | E_1 || | i [ ] | 1™
10° 10°% 10°° 10° 10° 10° 10° 107 10
A [mMm]
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V(r)=-(GM/r)(1+ae"/1)
10"

10°
ukawa messe gers




AAFEEEEET] « E7D

Newtonian exotic interaction (Yukawa-type)

/ M -m
VG(r)=Vg(r)-(l+aexp(—r//1)) Vg(r)=—G -
NewtonEAHNSDAXL ZRFET S
ARELBRERITTETIV
SRTERICHITDIEN
m,m
F,(r) =G, ;2 2
NRTTERHICHITDEN —(2x|k|/L)r
V(r) el
m,m
F — G 1"°72 = G3
n(r) =Gy pN n,m <k1,.zkn> r
r=R*ICEWTHER 1{ L\
RFTDS 53T G G G Gy=|=—| [d"ue™
vttty R>:2 = R*%‘l = G, = R*zj\\]/_3 Z ? r(ZJU’) f He
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