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回折波は上記条件を満たすときのみ測定可能

→結晶回折を用いる実験は統計量の多い原子炉実験が有利

中性子は質量を持ち電荷を持たないド・ブロイ波

単結晶に中性子などの波動を入射すると、特定の条件で回折する

Bragg配置 Laue配置 θB

θB
d

λ

回折条件は nλ = 2d sin θB
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結晶入射面と結晶面が垂直となるよう配置する

中性子波動は結晶内部で4つの波動関数で書き表せる

θB
K

KK+Q

Q

ℋ =
ℏ2

2m (
K2 + v0 v+Q

v−Q (K + Q)2 + v0)
回折波はα波、β波が干渉する 

 は結晶内のポテンシャルv

透過α波 
透過β波

入射波

回折透過波 I0 回折反射波 IH

反射α波 
反射β波

結晶外

結晶内
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中性子波動は結晶内部で4つの波動関数で書き表せる

回折波はα波、β波の干渉によって干渉縞を作る

→ ペンデル干渉

Pendellösung Interference Effects 355

crystal. The total current density <J> will oscillate between the incident (Ŝ0) and diffracted (ŜH )
wave directions with a period !H corresponding to the difference in wave vectors
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∣∣∣ = κH (11.53)

given by Eq. (11.18). Thus, the period of these Pendellösung oscillations is

!H =
2π
κH

=
2πk0 cos θB

|vH | =
πVcell cos θB
λ |FH | , (11.54)

where we have used Eq. (11.8) to replace vH with the structure factor FH. For thermal neutrons
in Si, !H is typically 105 to 106 Å. At the exit face of the crystal, x = D, the neutron wave

Figure 11.12 Pendellösung oscillations at the center of the Borrmann fan as a
function of the wavelength for three different crystal thicknesses: (a) D = 1 cm,
(b) D = 0.5939 cm, and (c) D = 0.3315 mm. Reprinted with permission from
Shull 1968, copyright 1968 by the American Physical Society.
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364 Perfect Crystal Neutron Optics

where !H is the Pendellösung period, given by Eq. (11.54). Thus, the profile of the diffracted
current density across the back face of the crystal from point B to point C is
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Similarly, the profile of the beam in the incident direction (the 0-beam) leaving the crystal is
given by
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Figure 11.17 Intensity profile across the
Borrmann fan when the incident beam has a
small misset angle. The curves are calculated
for a crystal thickness D/D0 = 10 (Bonse and
Graeff 1977)
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Figure 11.17 Intensity profile across the
Borrmann fan when the incident beam has a
small misset angle. The curves are calculated
for a crystal thickness D/D0 = 10 (Bonse and
Graeff 1977)
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ペンデル干渉縞は結晶内のポテンシャルを反映する

波長 or 結晶厚さを微小量変えることで、

積分ペンデル干渉縞が測定可能

ϕ =
vHDλ

2π cos θB

vH =
2m
a3

Ṽ(Q)⟨∑
v

eiQ⋅xv⟩
= ( 4π

a3 ∑
v

eiQ⋅xv) e−W (bN + [Z − fe(Q)] bne + b5(Q))
Debye-Waller factor

Nuclear Scattering length

Charge radius

Fifth Force

θBλ

D

ペンデル干渉から各物理量を決定できる
b(Q)

結晶構造項
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b(Q) = e−W(Q) [bN + (Z − fe(Q)) bne + b5(Q)]
中性子の散乱で最も支配的な項

中性子実験の基礎パラメータ

運動量依存しない →中性子干渉計で測定
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Volume  47A, numbe r 5 PHYSICS LETTERS 22 April 1974 
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Fig. 2. Measured inte ns ity modula tion of the  de via te d a nd 
forwa rd be a m a s  a  function of the  diffe re nt optica l pa ths  
for be a m I a nd II within a n Al-s he e t. (The  s ta tis tica l e rror 
is  smalle r tha n the  s ize  of the  points .) 

Ph/Pi = (1 + y 2 ) -  1 s in  2 (A lxflxflxflxflxflxfl~2) 

a nd  o f th e  fo rwa rd  d iffra c te d  b e a m  O a s  Po/Pi = 
1 -P h /P  i. Whe re  A = bclFIXt/cOS OB a3 a n d y  = 
a  3 s in 2 0  B (0  B - 0 ) / x 2 b c  IFI. (0  B th e  Bra gg  a ng le ,  
b c th e  c o h e re n t s c a tte rin g  a m p litu d e ,  IFI th e  c rys ta l 
s tru c tu re  fa c to r,  X th e  n e u tro n  wa ve  le n g th ,  a  th e  
la ttic e  c o n s ta n t,  t th e  th ic kn e s s  o f th e  c rys ta l).  
S tra ig h tfo rwa rd  c a lc u la tio n s  yie ld  th e  in te n s ity dis - 
tr ib u tio n  a fte r s u p e rp o s itio n  o f b e a m  ! a n d  II b e h in d  
the  in te rfe ro m e te r  [1 8 ].  F o r  th e  fo rwa rd  d ire c tio n  
th e  c o n trib u tio n s  fro m  p a th  I a nd  II a re  e q u a l fo r a ll 
y wh e re a s  fo r th e  d e via te d  b e a m  a  d e p e n d e n c e  o n  y 
e xis ts l Th e  p re d ic te d  in te n s ity m o d u la t io n  is  th e re - 
fo re  m o re  p ro n o u n c e d  fo r th e  fo rwa rd  b e a m .  

An y m a te ria l with  th e  th ic kn e s s  D a n d  in d e x o f 
re fra c tio n  n = 1 - X 2 (Nbc/2~r) (N  th e  n u m b e r o f 
n u c le i p e r c m  3) in  o n e  c o h e re n t b e a m  ca us e s  a  pha s e  
s h ift o f 2x¢ = (1 -n)21rD/X. This  give s  a n  in te n s ity 
m o d u la t io n  fo r th e  b e a m  in  th e  fo rwa rd  d ire c tio n  
a c c o rd in g  to  I o c o s 2 n ' ( 1 - n ) D / X.  Th e  wa ve  le n g th  
s p re a d  o f th e  b e a m  a nd  a ll o th e r in a c c u ra c y o f th e  
a rra n g e m e n t ca us e  a  s m o o th e n in g  o f th e  in te n s ity 
m o d u la t io n ,  e s p e c ia lly fo r h igh  o rd e r in te rfe re n c e s .  
The  ro ta t io n  (a n g le  e ) o f a n  a p p ro p ria te  p ie c e  o f 
m a te ria l b e twe e n  th e  in te rfe ro m e te r p la te s  a llows  a  
c o n tin o u s  va ria tio n  o f th e  o p tic a l p a th  o f th e  c o h e r- 
e n t b e a m s  with in  th e  m a te ria l a c c o rd in g  to  AD = 
D ( c o s  - 1  (0 B+e ) - C O S  - 1  (0 B-- e )) , s e e  fig. 1. 

F irs t m e a s u re m e n ts  ha ve  b e e n  c a rrie d  o u t a t th e  

250  kW TR lG A-re a c to r  with  a n  o rie n te d  g ra p h ite  
p re m o n o c h ro m a to r  in  "p a ra lle l" a rra n g e m e n t.  Th e  
m e a n  wa ve  le n g th  wa s  2A, th e  re s o lu tio n  fo r th e  
wh o le  s e t-u p  wa s  AX/X = 0 .6% a nd  th e  b e a m  cros s  
s e c tio n  wa s  10 × 30  ra m. Th e  b e a m  m o d u la tio n  wa s  
c le a rly d e m o n s tra te d  a s  s hown  in  fig. 2. An  o rd in a ry 
Al-s he e t (99 .5%) with  D = 5 m m  wa s  us e d  a s  pha s e  
s h ifting  m a te ria l.  Th e  m o n ito r  ra te  c o rre s p o n d s  to  a  
m e a s u rin g  tim e  o f a b o u t 4 m in u te s ,  the  b a c kg ro u n d  
c o u n tin g  ra te  fo r th e  s a me  tim e  wa s  a b o u t 550  
n e u tro n s  fo r th e  O -b e a m  a nd  4 0 0  fo r th e  It-b e a m .  
By us ing  th in  pha s e  s h ifting  fo ils  a nd  o n ly the  ce n- 
tra l p a rt o f the  b e a m  c ros s  s e c tio n  va ria tio n s  o f 
a b o u t 50% ha ve  b e e n  re c o rd e d .  

The  in te rfe re n c e  p a tte rn  o f ~wo wid e ly s e p a ra te d  
n e u tro n  b e a m s  ca n  be  us e d  to  o b ta in  a d d itio n a l in- 
fo rm a tio n  a b o u t th e  Brog lie  m a tte r  wa ve s , in d e x o f 
re fra c tio n ,  s c a tte rin g  a m p litu d e s  a n d  va rious  s o lid  
s ta te  p ro p e rtie s .  The  vis ib ility o f th e  in te rfe re n c e  
p a tte rn  a t h igh  o rd e rs  yie ld s  in fo rm a tio n  a b o u t th e  
lo n g itu d in a l d im e n s io n  Ax o f th e  wa ve  p a c ke t,  
wh ic h  a c c o rd in g  to  u n c e rta in ty - p rin c ip le  a rg u m e n ts  
is  a b o u t A x  ~ X2/n • AX [1 9 ].  F o r s tro n g ly d is pe rs ive  
a rra n g e m e n ts  c o h e re n c e  le n g th s  u p  to  1 0 /J m  a re  
e xp e c te d .  Th e  in d e x o f re fra c tio n  a n d  the  s c a tte rin g  
a m p litu d e  ca n  b e  o b ta in e d  fro m  1 - n  = X2Nb/2n = 
X/D x (27r/XNbcD x th e  X-th ic kn e s s ),  wh e re  D x ca n  
be  d e te rm in e d  ra th e r a c c u ra te ly if m a n y o rd e rs  (m ) 
a re  o b s e rve d  (D x = Aug/m). F u rth e rm o re  n e u tro n - 
e le c tro n  c o n trib u tio n s  a nd  th e  fo rwa rd  m a g n e tic  
a m p litu d e  P o o f m a g n e tic  m a te ria ls  a re  o f in te re s t 
( 1 - n  = X2 N(b  -+ po)/27r). An y kin d  o f in h o m o g e n itie s  
with in  th e  pha s e  s h ifting  m a te ria l re s u ltin g  in  a  s pa tia l 
va ria tio n  o f n ca n  b e  o b s e rve d .  E s p e c ia lly fo r ma g- 
n e tic  m a te ria ls ,  wh e re  th e  in d e x o f re fra c tio n  va rie s  
fro m  one  d o m a in  to  th e  o th e r a  ne w m e th o d  fo r 
d o m a in  s tru c tu re  o b s e rva tio n  is  n o w a cce s s ib le .  Th e  
c o n tro lle d  ro ta tio n  o f th e  n e u tro n  s p ins  with in  th e  
in te rfe ro m e te r yie ld s  in fo rm a tio n  a b o u t th e  s p in  de - 
p e n d e n c e  o f th e  in te rfe re n c e .  

The  m e a s u re m e n ts  will b e  c o n tin u e d  a t h igh  flu x 
fa c ilitie s  a nd  with  s tro n g  d is pe rs ive  a rra n g e m e n ts  to  
us e  th e  fu ll c a p a b ility o f th is  ne w in s tru m e n t.  

Th e  a s s is ta nce  o f W. Ba us p ie s s ,  P . S ka lic ky,  
M. S u d a  a nd  o f th e  re a c to r c re w is  g ra te fu lly a c kn o w- 
le dge d .  

3 7 0  

by Neutron Interferometry Rauch

by Rauch, Phys. Lett. A 1974

ラウエ回折
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o ox omPany, Deaxbo~, Michigan 48121

(Received 14 April 1975)

We have used
of neu

a neutron Interferometer t b
utrons caused by their interaction wi

o o serve the uanq antum-mechanical phase sh'ft
in erac con with Earth's gravitational field.

In n1ost henomp mena of interest in terrestrial
physics, gravity and quantum mechanics do not
simultaneously play an important role. Such an
experiment, for which the outcome necessaril

s upon oth the gravitational constant and
e necessarily

Planck's constant, has recentl ben y een proposed by

A neutron beam is split into two beams by an
interferometer of the type first developed by
Bonse and Hart' for x rays. The le re ative phase
of the two beams where they recombine and inter-

the in
ere, at point D of Fig. 1 is var'edb t t'
e interferometer about the line AB of the inci-
ent beam. The dependence of the relative phase
P on the rotation angle y is

P =qgrav W r

where

q „,=4nkgh 'I'd(d+acos8) tane. (2)

The neutron wavelength is ) = 1 445 A, g isthe

FIG. 1. Schematic diagram of the neuFIG o e neutron interferom-
e etectors used in this experiment.

acceleration of gravity h i Pl
M i

is anck s constant,
is the neutron mass, and 6I is th e Bragg a gle,

The dimensions a =0.2 cm and d =3.5 cm
are shown in Fig. 1.
o ringes which will occur during a 180'
xcept for the term a cos8 wh' h

th th'e ickness of th
, w ic accounts for

the interferometer slabs, Eq. (2)
is equivalent to Eq. (8) of Ref. l. For our e
The interferometer was cut from dirom a dislocation-
ree silicon crystal approximatel 2 in. in

n in. ong. Our particular design was
chosen so that the experiment could also be car-
ried out with 0.71-A x rays. This is
impor ant because the bending of the inte interferom-

un er its own weight varies with y and in-
troduces a contribution t&b na

P (f grav + abend) W'' (3)

The ma~or problem was finding' a method for
mounting the crystal so th t tha e relative phase P

rse imensions (3is constant across the transverse d
mme mm) of the interfering beams at D. The

l
best results were obtained with thi e crystal free-
y resting on two felt strip (3i s mm wide and per-
pendicular to the axis of th l' d 'e cy in rical crystal).
These strips were located 15 mm from either
end of a V block equal in length t tho e crystal.

&30 .
is arrangement limited rotat ta ions o —30 &y

Three small, high-pressure He' detectors we
used to monitor one

e ec ors were
r one noninterfering beam (C,) and

the two interfering beams (C and C2 an ~ as shown in

an entr
ig. . These detectors, the interfin er erometer, and

box
an en rance slit were rigidly mount dun e in a. meta, l

beam. This enti
ox which could be rotated about the 'ou e incident
earn. This entire assembly was placed inside
an auxiliary neutron shield.
The counting rates at C d C, an, are expected to

1472
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I I 

" . . . . I; t magnet frame 

"'St ~ mterferometersAT /~// ...... (220)-planeg. 
" | l magnet ,rome 

interferometer M) ( . ;'¢ 'Y  coil 
e ) "t ' -  A~ ~ ' ]( ) ' - ' B ~ -  ~'~'':'-'[ Fig. l. Ske tch of the  experimenta l method using / -to t, \ Ill an a ir gap magnet (Fig. la ) and magnetized 

sheets  rota ted within the  coherent beams b) (Fig. lb) 

func tions  o f the  b e a m  pa ths  I a n d  II c o rre s p o n d in g  to  
I o = [ 7~o~ + I/J0III2 a nd  I u = [Fu=+ FRn[ 2. With  the  e m p ty 
in te rfe ro m e te r the  re la tio n  %i = ~o n ho lds  for the  b e a m  
in fo rwa rd  d ire c tio n  (0). Th e  pha s e  o f the  wa ve  func tion  
with in  p a th  I o r II ca n  be  in flue nce d  by in te ra c tio n  with  
a  nuc le a r,  ma g n e tic  o r g ra vita tio n a l po te n tia l.  As  fa r a s  
the  s p ino r p ro p e rtie s  o f the  n e u tro n  wa ve s  a re  con- 
c e rn e d  the  tra n s fo rm a tio n  p ro p e rtie s  a re  de s c ribe d  b y 
[13 
J_+>'=R(~) 1_+> (1) 
whe re  R(e ) is  a n  u n ita ry ro ta tio n  o p e ra to r a nd  ~ a  
ve c to r in  the  a xis  o f the  ro ta tio n  with  a  m a g n itu d e  
p ro p o rtio n a l to  the  ro ta tio n  a ngle . R(e ) ca n  be  e x- 
p re s s e d  by P a u li s p in  ma trice s  in  the  fo rm  

R (e ) -- e xp  - - -  . (2) 

F o r a n  u n p o la riz e d  inc ide n t b e a m  we  ca n  e qua lly we ll 
choos e  the  a xis  o f q u a n tiz a tio n  to  be  pa ra lle l o r 
p e rp e n d ic u la r to  a  ma g n e tic  fie ld. If we  a s s ume  a n  a xis  
o f q u a n tiz a tio n  p e rp e n d ic u la r to  the  fie ld a  La rm o r 
p re ce s s ion  a ro u n d  the  m a g n e tic  fie ld B occurs  fo r b o th  
pa rts  o f the  be a m. Ac c o rd in g  to  the  Blo c h  e q u a tio n  the  
a ngle  o f ro ta tio n  is  g ive n  b y ~ = +(o  L ~ = +-7 B D m 2/h. 
(co L = 7 B is  the  La rm o r fre que ncy, the  ma g n e tic  fie ld is  
de fine d  in a  vo lu m e  with  th ickne s s  D which  is  pa s s e d  by 
a  n e u tro n  with  ve loc ity v in a  time  z =D/v ,  7 is  the  
g yro m a g n e tic  ra tion ,  m the  ma s s  a n d  2 the  wa ve  le ng th  
o f the  ne u tron).  In  the  ca s e  o f a  n o n  u n ifo rm  ma g n e tic  
fie ld the  q u a n tity BD ha s  to  be  re p la ce d  by ~ [BIds  ta ke n  
a long  the  b e a m  pa th . Th e  s p ino r wa ve  fu n c tio n  a s  
mod ifie d  b y a  ma g n e tic  fie ld a long  b e a m  p a th  I c a n  be  
writte n  a s  

ic~ 
i_+>,: - 

e  2 i UW(0 )]" 

This  le a ds  to  a n  in te ns ity m o d u la tio n  for the  b e a m  in 
fo rwa rd  d ire c tio n  b e h in d  the  in te rfe ro m e te r [14, 9] 

/o(C~) = / ~  (1 + c o s  ( 2 ) ) .  (4) 

Th e  m a rke d  4re -pe riod ic ity doe s  n o t d e p e n d  on  we the r 
p o la riz e d  o r u n p o la riz e d  n e u tro n s  a re  us e d. Th e  s a me  
re s u lt c a n  be  o b ta in e d  with in  a n  inde x o f re fra c tion  
fo rma lis m if the  a xis  o f q u a n tiz a tio n  is  a s s ume d  to  be  
pa ra lle l to  B. Th e  inde x o f re fra c tio n  is  th e n  g ive n b y 
n -+ = k+/k = 1 + 7 rn B 22/(2 g h) a n d  d e te rm in e s  the  ma g- 
ne tic  pha s e  s hift q o =k D(n +- l)  be twe e n  the  b e a m  
pa s s ing  th ro u g h  the  m a g n e tic  fie ld a n d  the  re fe re nce  
be a m. Th e  re la tio n  c~ = 2 q~ is  e a s ily ve rifie d. 
Ma rke d  m o d u la tio n  a n d  p o la riz a tio n  e ffe cts  a p p e a r a s  
s o o n  a s  m a g n e tic  (qo) a n d  n u c le a r pha s e  s hifts  (Z = kD(n  
- 1 )  = - N 2  bcD) o c c u r s imu lta n e o u s ly [14, 15]. (b c is  
the  b o u n d  c o h e re n t s ca tte ring  le ng th  a nd  N the  n u m b e r 
o f nuc le i pe r un it vo lume .) F o r the  in te rfe re nce  e ffe cts  
o n ly the  d iffe re nce s  b e twe e n  the  pha s e  s hifts  in b o th  
c o h e re n t b e a m s  a re  re le va n t ()~=)~1 __)~II a n d  q~ = ~0 l 
__ (plI). F o r a n  u n p o la riz e d  inc ide n t b e a m  the  in te ns ity 
m o d u la tio n  b e h in d  the  in te rfe ro m e te r ca n  be  writte n  in 
the  fo rm  

1°(c% Z ) - / ° ( 0 '  0) (1 + c°s  X c°s  ( ; ) )  2 . (5) 

Th is  e q u a tio n  give s  fa vo u ra b le  a s pe c ts  fo r a  p re c is ion  
m e a s u re m e n t o f the  s p ino r p e rio d ic ity us ing  ma gne - 
tize d  ma te ria ls . 

3. Experiment 

Th e  n e u tro n  in te rfe ro m e te r s e t-up  a t the  h igh  flux 
re a c to r a t G re n o b le  ha s  b e e n  us e d  fo r the  me a s ure - 
me nt.  Th e  fe a tu re s  o f the  in s tru m e n t a re  de s c ribe d  

496 w. BAUSPIESS et al. 

M 

Fig. 1. LLL in te rfe rome te r crys ta l, cu t for s ymme tric  220-La ue  
ca s e  re fle ctions , d ime ns ions  a re  g ive n  in ra m. The  ra y pa th is  
a pproxima tive ly dra wn for a  ne utron  wa ve le ng th  o f 2 •. 

(a na lys e r A) will ca us e  a  "m ixin g " o f bo th  pa rtia l 
be a ms  into  e ithe r e xit b e a m  o or h. 

As  cohe re nce  is  ma in ta ine d  in the  Bra gg diffra c- 
tion  proce s s , the  s upe rpos ition  in the  e xit be a ms  
will ca us e  a  va ria tion  in the  in te ns ity wh e n e ve r 
the  pha s e  re la tion b e twe e n  the  pa rtia l be a ms  is  
cha nge d. 

Wh e n  a  s a mple  is  ins e rte d  in to  one  pa rtia l 
be a m, th e  optica l pa th  le ngth  is  cha nge d  d u e  to  
the  s a mple 's  inde x o f re fra ction n, ca us ing a  pha s e  
s hift which  re s u lts  in a n in te ns ity va ria tion o f the  
e xit be a ms . 

Va rious  s a mple  ge ome trie s  a nd  de te c tion  te ch- 
n ique s  a re  pos s ible 7). One  e xa m p le -u s e d  for the  
de te rmina tion  o f s ca tte ring le ng ths  o f s olid s a m- 
p le s -  is  th e  ro ta ting-pla te  m e th o d  (fig. 2). If the  
s a mple  o f th ickne s s  t is  ro ta te d  a bou t the  ve rtica l 
a xis  by a n a ngle  e  ou t o f the  s ymme tric  pos ition, 
the  pa th  le ngth  tra ve rs e d  by e a ch ne u tron  be a m 
with in  the  s a mple  be come s  d iffe re nt for pa ths  1 
a nd  II by a n a m o u n t 

A t  = t [l/ c o s  (O +e )  - 1 / c o s ( 0 - e ) ] = :  t x ,  (1 ) 

whe re  0 is  the  Bra gg a ngle  o f the  in te rfe rome te r 
re fle ction. With  ;t de no ting  the  ne u tron  wa ve - 
le ngth , the  re s ulting pha s e  s hift A~0 ca n be  ob- 
ta ine d  by me a s uring  J t  in un its  o f the  s o-ca lle d ;t- 
th ickne s s ,  i.e . a  la ye r th ickne s s  ca us ing  a  pha s e  
s hift o f 2re : 
t~ :=  2 /(1  - n ) ,  (2 ) 

2 m ( 1  - n )  x.  (3) A~o = 2 7 tA t/ta  - 2 

The  inde x o f re fra ction for ne u trons  is  re la te d to  
the  cohe re n t s ca tte ring le ngth  bc o f the  s a mple lT): 

1 - n  -~ N22 bc /27r.  (4) 

N is  the  n u m b e r o f a toms  pe r un it vo lume . Wh e n  
the  s a mple  is  ro ta te d , a  c o n tin u o u s  pha s e  s hift oc- 
curs , re s ulting in a n in te ns ity os cilla tion in e ithe r 
e xit be a m: 
I = I~ [l+ b  c o s ( c x +d ) ],  (5) 
whe re  In is  the  a ve ra ge  in te ns ity, b the  inte rfe r- 
e nce  contra s t,  a nd  d the  initia l pha s e  s hift. F rom 
the  os cilla tion fre que ncy c the  s ca tte ring le ngth  
de ns ity o f the  s a mple  ca n be  ca lcula te d: 

N b c  = c /(2 t) .  (6) 

2.2. WAVE  FIELDS  IN THE NON-ABSORBING 
INTERFEROMETER 

The  la ck o f a bs orption , i.e . ~ t ~  1, whe re  /.z is  
the  a bs orp tion  coe ffic ie nt, is  one  importa n t cha ra c- 
te ris tic o f the  ne u tron  in te rfe rome te r. While  th is  
ca s e  could  a ls o be  a pproxima te d  with  X-ra ys  us ing 
ha rd  ra dia tion like  Ag K~, ma ny X-ra y inte rfe ro- 
me te r e xpe rime n ts  ha ve  profite d from the  s impli- 
fying condition  o f he a vy a bs orp tion  (~t >> l), which  
le a ve s  ju s t one  wa ve  fie ld (ou t o f four) a t the  e xit 
s urfa ce  o f e a ch crys ta l pla te  ("Bo rrm a n n  e ffe c t"),  

s ] 

o h 
Fig. 2. Rota ting-pla te  me thod  for de te rmina tion  o f the  ).-thick- 
ne s s  o f a  s a mple . Rota tion  o f the  s a mple  a bout the  ve rtica l 
a xis  cha nge s  the  pa th le ngth  o f e a ch pa rtia l be a m with in  the  
s a mple  in the  oppos ite  s e ns e . S e e  te xt for fu rthe r e xpla na tion. 

核散乱長測定

重力測定

スピノル4π対称性

中性子を用いた干渉計は1974年に実証，実用化

Si単結晶の回折を用いて中性子波動を分離，重ね合わせをする

into a critical regime, which depends on β and the geometry
of cell, the chameleon field ϕðxÞ is suppressed and tends
toward zero.
The work presented here is the second experiment that

has used perfect crystal neutron interferometry to search for
chameleon scalar fields. To perform this type of search one
exploits the fact that, unlike atoms, neutrons are able to pass
through matter at densities (gas pressures of a few mbar
suffice) for which the chameleon field is greatly sup-
pressed. The first experiment of this type was recently
performed at Institut Laue-Langevin (ILL) [30]. In that
experiment neutrons passed through a vacuum chamber
mounted in the perfect crystal interferometer. The effect of
the chameleon field was sought both by varying the relative
separation of the neutron paths from the vacuum cell walls
by translating the cell relative to the incident beam and by
varying the gas pressure inside the cell. In our experiment
we also varied the gas pressure. This pressure variation
periodically introduces a nonzero matter density into the
experimental chamber that actively suppresses the chame-
leon field in the measurement. In this case the chameleon
field in the apparatus seen by the neutrons is repeatedly
“turned off” by the addition of a small gas pressure in the
apparatus and “turned on” by evacuation of the chamber.
We also kept the pressure difference between the two arms
of interferometer constant using feedback control. This
provides a direct measurement of any background that is
independent of gas pressure, such as neutron scattering off
the cell walls etc.

II. NEUTRON INTERFEROMETRY

The experiment was performed at the National Institute
of Standards and Technology’s (NIST) Center for Neutron
Research (NCNR) located in Gaithersburg, Maryland. At
the NCNR free neutrons are generated using a 20 MW
research reactor that feeds over two dozen individual
instruments that are primarily tailored for material science
applications. Here we used monochromatic 11.1 meV
neutrons and interferometric techniques similar to those
of a Mach-Zehnder interferometer for light optics [31].
The perfect crystal neutron interferometer used in this

experiment consists of three crystal blades on a common
crystal base, a schematic of which is shown in Fig. 1. The
monolithic silicon base below the blades ensures proper
arcsecond alignment between the lattice planes of each of
the three blades. The first blade serves to spatially separate
the neutron’s wave function ψe−iΦ into two coherent paths
(A and B). In order for the two paths to interfere, a central
crystal blade acts as a lossy mirror and directs the paths
back together onto the third blade. Neutrons exit the
interferometer along either one of two paths labeled tradi-
tionally as “O’’ and “H’’ and are detected using highly
efficient 3He-filled proportional counters. It should be
noted that there is only one neutron at a time inside the
interferometer and thus it is an elegant example of

macroscopic self interference. Differences in phase ΔΦ
between the paths A and B modulate the intensities
recorded by the detectors as

IO ¼ AO þ B cos½ξðδÞ þ ΔΦ&; ð1Þ

IH ¼ AH − B cos½ξðδÞ þ ΔΦ&: ð2Þ

In order to determineΔΦ and the other fit parameters (AO;H
and B) one could vary the cosine term in a controllable way
[ξðδÞ]. This is done by adding what is called a “phase flag”
inside the interferometer. The phase flag used here is a
1.5 mm thick ×50 mm wide piece of optically flat quartz
and is illustrated in Fig. 1(b). By rotating the phase flag an
angle δ a phase shift of ξðδÞ is caused due to the effective
path length difference between paths A and B. Rotating δ
by '2.5 degrees creates an interferogram like the one
shown in Fig. 2.
The perfect crystal neutron interferometry technique

employed in this work has been used to conduct a number
of textbook experiments in gravitation, neutron optics,
and quantum entanglement [32]. These experiments
include, but are not limited to, (1) the first demonstration
that the gravitational field affects neutron wave functions as
expected in nonrelativistic quantum mechanics, (2) clear

FIG. 1. Left is a three-dimensional schematic of the neutron
interferometer seen in profile with the two coherent beam paths;
right shows the top view of the two-chamber gas cell for the
experiment, which fits around the central blade of the interfer-
ometer crystal.
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FIG. 2. A typical pair of O-beam interferograms, normalized to
the total sum of counts, corresponding to the two run configu-
rations in the experiment. Uncertainties are purely statistical.

NEUTRON LIMIT ON THE STRONGLY-COUPLED … PHYSICAL REVIEW D 93, 062001 (2016)
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カメレオン場探索

J-PARCにて中性子ミラーを
用いた高感度干渉計を開発中
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Debye-Waller Factor

/ 28

Raising questions for BvK model 
and x-ray measurements

W(Q) =
B

16π2
Q2,

BBvK = 0.4725(17) Å2

Bxray = 0.4664(7) Å2

for Si; 

for Ge; BBvK = 0.5568 Å2

Bneutron = 0.5661(26) Å2

散乱中心の熱振動、Siなどの場合は運動量移行の2乗に比例

b(Q) = e−W(Q) [bN + (Z − fe(Q)) bne + b5(Q)]

We have seen that the PBE functional of the DFT provides

the best agreement as concerns both vibrational frequencies

and ADP values. We consider, now, the PBE method, and we

discuss the effect of the SC size (L) used in the sampling of re-

ciprocal space (number of k-points where the dynamical ma-

trix is diagonalized). Table 2 reports the ADP of silicon as com-

puted with different SCs and with the BS2 BSs. Interpolations

up to L0 ¼ 48 (442,368 k-points) are also reported for each SC.

The conventional SC with L ¼ 2 is the smallest one (only 64

atoms), which already provides a good description of the ADP

(61.11 " 10#4 Å2), whereas the simple conventional SC with

L ¼ 1 is clearly insufficient.

We can see how the effect of the Hessian interpolation

described in ‘‘Elements of Lattice Dynamics’’ section is reduced

while increasing the size L of the starting SC: it goes from 55%

of ADP for L ¼ 1 to just 5% for L ¼ 4. Interpolation from a

conventional SC with L ¼ 4 (512 atoms) gives 60.55" 10#4

Å2, which is our best theoretical determination of the ADP, to

be compared with the ‘‘experimental’’ value of 59.41 6 0.21 "
10#4 Å2 of Ref. [54].

ECD

The second step of the technique involves the ab initio

description of the static charge density q(r) of the system.

Both BS1 and BS2 BSs correctly describe the static ECD of crys-

talline silicon, BS2 being slightly better. To quantify it, we con-

sider the consolidated set of 18 static structure factors by Lu

et al.[17] and we introduce the so-called agreement factor:

RX ¼ 1

18

X

hkl

jFXhkl # Fexphkl j
Fexphkl

" 100 (19)

where X represents the computational method. With the PBE

functional, we get RBS1 ¼ 0.15 % and RBS2 ¼ 0.14 %.

Again, the effect of the Hamiltonian is dramatic. In Figure 2,

we report the computed ECD of crystalline silicon along a

SiASi bond, in the vicinity of its midpoint, as computed with

the four Hamiltonians with BS2 BS. We also report an ‘‘experi-

mental’’ value of the static charge density at the midpoint of

the bond from Ref. [17] (black triangle). As expected, DFT pro-

vides a very good description of the ECD of the system, PBE

being better than LDA. The HF method describes too rigid

covalent bonds (see also the discussion in ‘‘Vibrational Fre-

quencies and ADPs’’ section) with a very high charge density

in the bond region; the hybrid B3LYP schemes obviously lies in

between.

Dynamical structure factors from ADPs

The scheme presented here for the computation of dynamical

structure factors relies on the accurate determination of the

ADPs of eq. (12) from which the DW atomic factors of eq. (18)

are computed, which damp the static structure factors. In Fig-

ure 3, we report the DW damping factors computed with four

Table 2. ADP of crystalline silicon (in 1024 Å2) as computed at T 5
298.15 K with the PBE functional of the DFT and the BS2 BS as a
function of the adopted SC.

L N L ! L L ! L
0

1 8 45.35 101.91
2 64 51.95 61.11
3 216 54.78 60.71
4 512 57.13 60.55
Exp. Ref. [54] 59.41 6 0.21

The supercell used is a conventional one (four times larger than the
primitive); the size of the SC is defined by the parameter L, whereas the
number of k-points used for the Hessian interpolation is related to L0

(see text in ‘‘Elements of Lattice Dynamics’’ section). Here, L0 ¼ 48, corre-
sponding to 442,368 k-points, where the dynamical matrices of eqs. (2)
and (3) are diagonalized. The number N of atoms in the SC is also
reported.

Figure 2. ECD profile along a Si-Si bond, in the vicinity of its midpoint, in
crystalline silicon as computed with different Hamiltonians with the BS2 BS.
The triangle represents the ‘‘experimental’’ value of the static charge den-
sity at the midpoint of the bond from Ref. [17].

Figure 3. Atomic DW damping factors at 298 K, as defined in eq. (18),
computed with four different Hamiltonians from their respective best
determinations of the ADP for the set of 18 structure factors of Ref. [17]
for silicon. The experimental points correspond to the ADP of Ref. [54].

FULL PAPER WWW.C-CHEM.ORG

352 Journal of Computational Chemistry 2013, 34, 346–354 WWW.CHEMISTRYVIEWS.COM

by 2013 Erda et. al.

近年、高次の補正項なども議論
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Neutron-Electron Scattering Length

/ 28

bPDG
ne = − 1.345(25) × 10−3 [fm]

b(Q) = e−W(Q) [bN + (Z − fe(Q)) bne + b5(Q)]

Citation: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

WEIGHTED AVERAGE
-0.1161±0.0022 (Error scaled by 1.3)

KROHN 73 0.1
ALEKSANDR... 86 3.9
KOESTER 95 0.5
KOPECKY 97 1.8
KOPECKY 97 0.1

χ2

       6.5
(Confidence Level = 0.164)

-0.15 -0.14 -0.13 -0.12 -0.11 -0.1 -0.09

n mean-square charge radius

n MAGNETIC RADIUSn MAGNETIC RADIUSn MAGNETIC RADIUSn MAGNETIC RADIUS

This is the rms magnetic radius,
√

〈

r2
M

〉

.

VALUE (fm) DOCUMENT ID COMMENT

0.864+0.009
−0.008 OUR AVERAGE0.864+0.009
−0.008 OUR AVERAGE0.864+0.009
−0.008 OUR AVERAGE0.864+0.009
−0.008 OUR AVERAGE

0.89 ±0.03 EPSTEIN 14 Using e p, e n, ππ data

0.862+0.009
−0.008 BELUSHKIN 07 Dispersion analysis

n ELECTRIC POLARIZABILITY αnn ELECTRIC POLARIZABILITY αnn ELECTRIC POLARIZABILITY αnn ELECTRIC POLARIZABILITY αn

Following is the electric polarizability αn defined in terms of the induced
electric dipole moment by DDDD = 4πε0αnEEEE. For a review, see SCHMIED-
MAYER 89.

For very complete reviews of the polarizability of the nucleon and Compton
scattering, see SCHUMACHER 05 and GRIESSHAMMER 12.

VALUE (10−4 fm3) DOCUMENT ID TECN COMMENT

11.8 ± 1.1 OUR AVERAGE11.8 ± 1.1 OUR AVERAGE11.8 ± 1.1 OUR AVERAGE11.8 ± 1.1 OUR AVERAGE

11.55± 1.25±0.8 MYERS 14 CNTR γd → γd

12.5 ± 1.8 +1.6
−1.3

1 KOSSERT 03 CNTR γd → γpn

12.0 ± 1.5 ±2.0 SCHMIEDM... 91 CNTR n Pb transmission

10.7 + 3.3
−10.7 ROSE 90B CNTR γd → γnp

HTTP://PDG.LBL.GOV Page 6 Created: 6/5/2018 19:00

中性子を構成するクォークは非対称に分布

その構造は計算できる？

by T. R. Gentile and C. B. Crawford 2011

⟨r2
n⟩ = − 6

dGn
E

dQ2
Q2=0

=
−3A

2m2
pc2
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Fifth Force

/ 28

b(Q) = e−W(Q) [bN + (Z − fe(Q)) bne + b5(Q)]
標準模型を超える新物理は未知の相互作用の存在を要請

特に 10 um 以下の短距離に働く重力を理解したい

b5(H) = − αG ( 2m2
n MG
ℏ2 ) λ2

5

1 + (Hλ5)2

V = − G
m1m2

r
1 + αG exp ( −r

λ5 )

of the Yukawa potential in (5). The Yukawa potential can also be expressed in terms of a
distance-dependent gravitational ‘constant’

α= + λ∞ −( )G r G( ) 1 e . (6)r
Yukawa

Then, the relation between GN and ∞G is

⎪

⎪

⎧
⎨
⎩

α λ
λ

= →
+ ≪

≪
∞

∞

( )
( )

G G r
G r

G r
( )

(1 ) ,

.
(7)N N

N

N
Yukawa

For Fujiiʼs specific prediction, = ∞G GN
4
3

is obtained when α = 1 3 and λ ≫ rN . We can
assume =∞G GN only when λ ≪ rN . For other cases, we cannot, in general, use the measured
value GN as ∞G in (5).

Triggered by Fujiiʼs proposal, a number of modern experiments were performed at
geophysical (∼km) and laboratory (∼m) scales. The experimental constraints on the Yukawa
parameters are shown in figure 1. This so-called α λ− plot was first introduced by Talmadge
as a model-independent expression of experimental constraints (Talmadge et al 1988).

In 1976, Long claimed that he had found evidence for a distance dependence in G of the
form = +∞G r G r( ) (1 0.002 ln [ cm])Long at a cm scale (Long 1976). Many laboratory
Cavendish-type experiments tried to confirm his result; however, all attempts failed to con-
firm any violation of the Newtonian inverse square law. Then, in 1986, Fischbach claimed
that there must be composition dependence in G; this was based on the reanalysis of the
classic Etövösh experiment data (Eötvös et al 1922). This argument is known as the ‘fifth
force,’ which can be expressed as

α= + λ∞ −( )G r G q q( ) 1 ˜ e , (8)r
5 1 2

where qi is a generalized point charge for particles =i 1, 2, divided by their masses mi, which
are normalized by the hydrogen mass mH (Fischbach et al 1986). For example, if the

Figure 1. Experimental constraints on the parameters α (coupling strength) and λ
(range) of the Yukawa interaction for α >( 0). The shaded area indicates the excluded
area at a 95% confidence level. The constraint curves for over km scales are taken from
Fischbach and Talmadge (1999) and Adelberger et al (2009). See section 3 for short-
range tests at below laboratory scale.

Class. Quantum Grav. 32 (2015) 033001 Topical Review

3

by Murata 2015

Yukawa型の相互作用を仮定する
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Figure 4.26 Interferometer setup for measuring forward scattering of the pendellösung sample. Shown
is (a) a computer model showing the neutron beams and (b) a photograph of the setup. Note the sample
being measured in (b) is quartz, not silicon. An aluminum thermal shield was later placed between the
interferometer and the sample.

The phase shifts of the (111) and (400) sections agreed within statistics, whereas the (220) section
phase shift suggests a thickness difference of 1.7(5) µm. This implies a slight thickness gradient
across the crystal, which is why it is important to measure the crystal in the same locations for the
pendellösung and forward scattering length measurements. While the interferometer beam profiles
are wider than the relevant pendellösung region, the central portion of the interferometer beam
has the highest interference fringe visibility. Additionally, the pendellösung sample phase shift was
measured with the sample translated over a 2 mm to 4 mm range for all three of the sample sections,
and no phase gradients with respect to sample translation were resolvable.

An estimation of how the crystal thickness changes due to an offset of the pendellösung and
interferometer beam paths is necessary to compute the systematic uncertainty associated with
translational misalignment of the crystal. The pendellösung estimated beam profiles shown as
dashed lines in Figure 4.17b were used as a mask and applied to the thickness variation map. The
average thickness difference was computed using the profile map as a function of mask translation by
pseudo-randomly translating the mask five hundred times according to two dimensional, uncorrelated
normal distribution with �trans = 1 mm. The standard deviations of the resulting change in
crystal thickness distributions were taken as the crystal thickness uncertainties that occur from
translational misalignment of the pendellösung and interferometer beam profiles. The change in
thickness uncertainties were 0.24 µm, 0.26 µm, and 0.38 µm for the (111), (220), and (400) sections
of the crystal, respectively. The resulting systematic uncertainty in the measured phase shift is the
largest systematic uncertainty of the experiment and shown in Table 4.2.
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Figure 4.26 Interferometer setup for measuring forward scattering of the pendellösung sample. Shown
is (a) a computer model showing the neutron beams and (b) a photograph of the setup. Note the sample
being measured in (b) is quartz, not silicon. An aluminum thermal shield was later placed between the
interferometer and the sample.

The phase shifts of the (111) and (400) sections agreed within statistics, whereas the (220) section
phase shift suggests a thickness difference of 1.7(5) µm. This implies a slight thickness gradient
across the crystal, which is why it is important to measure the crystal in the same locations for the
pendellösung and forward scattering length measurements. While the interferometer beam profiles
are wider than the relevant pendellösung region, the central portion of the interferometer beam
has the highest interference fringe visibility. Additionally, the pendellösung sample phase shift was
measured with the sample translated over a 2 mm to 4 mm range for all three of the sample sections,
and no phase gradients with respect to sample translation were resolvable.

An estimation of how the crystal thickness changes due to an offset of the pendellösung and
interferometer beam paths is necessary to compute the systematic uncertainty associated with
translational misalignment of the crystal. The pendellösung estimated beam profiles shown as
dashed lines in Figure 4.17b were used as a mask and applied to the thickness variation map. The
average thickness difference was computed using the profile map as a function of mask translation by
pseudo-randomly translating the mask five hundred times according to two dimensional, uncorrelated
normal distribution with �trans = 1 mm. The standard deviations of the resulting change in
crystal thickness distributions were taken as the crystal thickness uncertainties that occur from
translational misalignment of the pendellösung and interferometer beam profiles. The change in
thickness uncertainties were 0.24 µm, 0.26 µm, and 0.38 µm for the (111), (220), and (400) sections
of the crystal, respectively. The resulting systematic uncertainty in the measured phase shift is the
largest systematic uncertainty of the experiment and shown in Table 4.2.
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単結晶試料には均一な結晶構造と厚さが要請される
→ 表面のアモルファス層をchemicalに取り除く

→ アニーリングで結晶構造を整える
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Measurement and alleviation of subsurface damage
in a thick-crystal neutron interferometer

Benjamin Heacock,a,b* Robert Haun,c Katsuya Hirota,d Takuya Hosobata,e

Michael G. Huber,f Michelle E. Jamer,f Masaaki Kitaguchi,d Dmitry A. Pushin,g,h

Hirohiko Shimizu,d Ivar Taminiau,i Yutaka Yamagata,e Tomoki Yamamotod and
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hDepartment of Physics and Astronomy, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada, and iQuantum

Valley Investments, Waterloo, ON N2L 0A9, Canada. *Correspondence e-mail: bjheacoc@ncsu.edu

The construction is described of a monolithic thick-crystal perfect silicon
neutron interferometer using an ultra-high-precision grinding technique and a
combination of annealing and chemical etching that differs from the
construction of prior neutron interferometers. The interferometer is the second
to have been annealed after machining and the first to be annealed prior to
chemical etching. Monitoring the interference signal at each post-fabrication
step provides a measurement of subsurface damage and its alleviation. In this
case, the strain caused by subsurface damage manifests itself as a spatially
varying angular misalignment between the two relevant volumes of the
crystal and is reduced from !10"5 rad to !10"9 rad by way of annealing and
chemical etching.

1. Introduction

Neutron interferometers are constructed from perfect silicon
ingots so that Bragg-diffracting ‘blades’ protrude from a
common base (see Fig. 1). This base ensures the proper
alignment of the blades. In the context of gravitationally
induced quantum interference (Colella et al., 1975), it is
known that neutron interference-fringe visibility (often
referred to as ‘contrast’) is sensitive to nanoradian-level
deflections of the neutron beam (Werner et al., 1988; Littrell et
al., 1997, 1998; Zawisky et al., 2011). As has been demon-
strated recently, misalignments of this order of magnitude can
be systematically measured using the oscillatory structure of
multiple crystal rocking curves (Heacock et al., 2017, 2018).
While such interference patterns have been studied for a long
time (Bonse et al., 1977; Rauch et al., 1983; Arthur et al., 1985),
the utility of these effects for assessing interferometer quality
is a recent development. Additionally, it has been known since
the first perfect-crystal interferometers were constructed over
50 years ago that machining damage must be chemically
etched away before interference-fringe visibility can be
achieved (Bonse & Hart, 1965; Rauch et al., 1974). Until
recently, chemical etching was the only post-fabrication
process utilized, but we have demonstrated that annealing an
interferometer greatly increases its performance by aligning
Bragg planes at the nanoradian level (Heacock et al., 2018). By
taking measurements of the interference fringes of a thick-
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The extraction of b(Q)D from the measured
phase shift was enabled by an in situ determi-
nation of l in which Pendellösung interfero-
grams were obtained with the crystal rotated
by both positive and negative Bragg angles
±qB (Fig. 1A). The average phase shift is then
quadratic in the slight difference in wavelength
between the two interferograms and small
enough to be neglected. The average wave-
length was computed by using l = 4psinqB/
Qhkl, the silicon lattice constant, and 2qB as
given by an angular encoder embedded in
the crystal’s rotational positioning stage. A
similar approach for measuring wavelength
was used for the forward scattering measure-
ments, with the interferometer and accompa-
nying optics rotated by±qBof the interferometer.
Prior measurements of b(Q111) were subject

to strain fields in the crystal slab, observed as
a one-directional phase shift with distinct
wavelength dependence (35). However, the
reported strain gradients were much larger
than what is observed in neutron interfero-
meters generally (36, 37) and specifically in a
neutron interferometer that used a very sim-
ilar machining and post-fabrication process
(38) to the Pendellösung sample used here.
Reducing strain gradients invariably comes

at the cost of increased variation in D, but a
strain-relieving acid etch now typical for neu-
tron interferometers was not performed in the
prior measurement of b(Q111) (35). To separate
b(Q) from D, we normalized the Pendellösung
phase shift with the forward scattering phase
shift measured over the same relevant crystal
volume for each Bragg reflection. To this end,
flats were cut on the Pendellösung sample so
that it could fit between the interferometer
optical components, with the neutron beam
still illuminating the required sample area.
The ratio of the two measurements forms b
(Q)/b(0), naturally isolating the Q-dependence
of the scattering amplitude while also elimi-
nating the need to measure D by other means.
This normalization relaxes the requisite crystal
flatness, enabling measurements of b(Q)/b(0)
using an acid-etched, strain-free crystal.
Both Pendellösung and forward scattering

measurements were performed at the neutron
interferometer and optics facility auxiliary
beamline (NIOFa) at the National Institute
of Standards and Technology (NIST) Center
for Neutron Research (NCNR). The NIOFa
provides both 2.2 and 4.4 Å monochromatic
(Dl/l ~ 0.5%) neutrons (39). The (220) and
(400) Pendellösung interferogramsweremeas-

ured by using 2.2 Å, and the (111) Pendellösung
interferograms and interferometer forward
scattering measurements used 4.4 Å. The re-
sulting ratios b(Q)/b(0) for the (111), (220), and
(400) Bragg reflections are reported in Table 1.
The theoretical shape versus Q of the con-

tributions to b(Q)/b(0) from theDWF and r2n
! "

are shown in Fig. 1F. To extract these two
parameters, the three measured values of b(Q)/
b(0) were fit to

b Qð Þ=b 0ð Þ ¼ e$W 1$ Z
bne
b 0ð Þ

# $

þ fe hklð Þ bne
b 0ð Þ

ð1Þ

by minimizing the c2 sum of weighted resid-
uals, where Z is the crystal’s atomic number
and B and bne are treated as fit parameters.
The room-temperature x-ray silicon form fac-
tors fe(hkl) in units of elementary charge are
given by x-ray scattering measurements (13).
The neutron-electron scattering length bne is
related to the charge radius by bne ¼ r2n

! "
mn=

3mea0ð Þ ¼ r2n
! "

= 86:34 fmð Þ, with the electron
massme and Bohr radius a0. The fit function’s
sensitivity to the forward scattering length b(0)
(40) and fe(hkl) (13) is small compared with ex-
perimental uncertainties.

Heacock et al., Science 373, 1239–1243 (2021) 10 September 2021 2 of 5

Fig. 1. Pendellösung interference in silicon. (A) Bragg diffraction Laue
geometry can be measured when the crystal is rotated by ±qB relative to the
incoming monochromatic beam. Here, Q is the momentum transfer, and K
and KQ are the forward-diffracted and diffracted wave vectors, respectively.
(B) The quantity b(0)D is measured with an interferometer. (C) b(Q)D is
measured by using Pendellösung oscillations in the forward-diffracted beam.
The (400) arrow points in the (004) direction; we indicate Miller indices with

the largest value first to emphasize that b(Q) depends on the magnitude of
Q. (D and E) Typical interferograms with lines of best fit for the interferometer
and pendellösung setups, respectively. Error bars are from Poisson counting
statistics. (F) The theoretical relative contributions of each Q-dependent
term in b(Q). The Debye-Waller term is negative, whereas the other two terms
are positive. The data are sensitive (68% level) to features larger than the
dashed line.
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Figure 2: Confidence regions over hr2
n
i and B rescaled to 295.5 K compared to previous work.

Our data agrees with the previous (111) silicon measurement (35), but has four times the preci-

sion. The Erba et al. 2013 determination of B is a theoretically-computed value which does not

have an estimated uncertainty (14). See Supplementary Materials (33) for a detailed discussion.

16

Si単結晶を用いた実験結果；

中性子電子散乱長と温度因子を決定 & 未知相互作用の存在制限範囲を更新

文献値のDWFを使うと

中性子電子散乱長がPDGの
値と一致しない？

by Heacock et. al., Science 373 6560 (2021)
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Figure 3: Limits (95 % confidence) on the strength of a Yukawa-modification to gravity ↵G

compared to previous experiments as a function of force’s range �5. The same limits constrain

the coupling to nucleon number g2
S

of a new scalar with mass m5. The shaded region is ex-

cluded. All curves are neutron scattering experiments, except for Mohideen et al. 1998 (32),

which measures Casmir forces.
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by Heacock et. al., Science 373 6560 (2021)

λ5 ~ 10 nm付近で

最大2桁程度更新

of the Yukawa potential in (5). The Yukawa potential can also be expressed in terms of a
distance-dependent gravitational ‘constant’

α= + λ∞ −( )G r G( ) 1 e . (6)r
Yukawa

Then, the relation between GN and ∞G is

⎪

⎪

⎧
⎨
⎩

α λ
λ

= →
+ ≪

≪
∞

∞

( )
( )

G G r
G r

G r
( )

(1 ) ,

.
(7)N N

N

N
Yukawa

For Fujiiʼs specific prediction, = ∞G GN
4
3

is obtained when α = 1 3 and λ ≫ rN . We can
assume =∞G GN only when λ ≪ rN . For other cases, we cannot, in general, use the measured
value GN as ∞G in (5).

Triggered by Fujiiʼs proposal, a number of modern experiments were performed at
geophysical (∼km) and laboratory (∼m) scales. The experimental constraints on the Yukawa
parameters are shown in figure 1. This so-called α λ− plot was first introduced by Talmadge
as a model-independent expression of experimental constraints (Talmadge et al 1988).

In 1976, Long claimed that he had found evidence for a distance dependence in G of the
form = +∞G r G r( ) (1 0.002 ln [ cm])Long at a cm scale (Long 1976). Many laboratory
Cavendish-type experiments tried to confirm his result; however, all attempts failed to con-
firm any violation of the Newtonian inverse square law. Then, in 1986, Fischbach claimed
that there must be composition dependence in G; this was based on the reanalysis of the
classic Etövösh experiment data (Eötvös et al 1922). This argument is known as the ‘fifth
force,’ which can be expressed as

α= + λ∞ −( )G r G q q( ) 1 ˜ e , (8)r
5 1 2

where qi is a generalized point charge for particles =i 1, 2, divided by their masses mi, which
are normalized by the hydrogen mass mH (Fischbach et al 1986). For example, if the

Figure 1. Experimental constraints on the parameters α (coupling strength) and λ
(range) of the Yukawa interaction for α >( 0). The shaded area indicates the excluded
area at a 95% confidence level. The constraint curves for over km scales are taken from
Fischbach and Talmadge (1999) and Adelberger et al (2009). See section 3 for short-
range tests at below laboratory scale.

Class. Quantum Grav. 32 (2015) 033001 Topical Review

3



20

“動力学的回折を用いた精密測定” 
2022年5月30-31日 FPUR2022 @ RCNP 
名古屋大学 素粒子物性研究室 D3 藤家 拓大 page

Experiment Outline

/ 28

0 5 10 15 20 25 30 35 40 45 50
910×

]-1H [m

6−10

5−10

4−10

3−10

2−10

1−10

-1
 | 

[A
rb

. U
ni

ts
]

0
/v

H
| v n-e Scattering

Debye-Waller Factor
Fifth Force

Q

| b
(Q

)/
b(

0)
−

1|

(111)
(220) (331) (400)

Exp. Unc.

“simulated” data for Germanium

未知相互作用は干渉性散乱長の運動量移行依存性から探索される

→ 複数の結晶面で測定 

未知相互作用は物質密度に依存

→ より重いGe単結晶の使用

b5(H ) = − αG ( 2m2
n MG
ℏ2 ) λ2

5

1 + (Hλ5)2
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Figure 4.26 Interferometer setup for measuring forward scattering of the pendellösung sample. Shown
is (a) a computer model showing the neutron beams and (b) a photograph of the setup. Note the sample
being measured in (b) is quartz, not silicon. An aluminum thermal shield was later placed between the
interferometer and the sample.

The phase shifts of the (111) and (400) sections agreed within statistics, whereas the (220) section
phase shift suggests a thickness difference of 1.7(5) µm. This implies a slight thickness gradient
across the crystal, which is why it is important to measure the crystal in the same locations for the
pendellösung and forward scattering length measurements. While the interferometer beam profiles
are wider than the relevant pendellösung region, the central portion of the interferometer beam
has the highest interference fringe visibility. Additionally, the pendellösung sample phase shift was
measured with the sample translated over a 2 mm to 4 mm range for all three of the sample sections,
and no phase gradients with respect to sample translation were resolvable.

An estimation of how the crystal thickness changes due to an offset of the pendellösung and
interferometer beam paths is necessary to compute the systematic uncertainty associated with
translational misalignment of the crystal. The pendellösung estimated beam profiles shown as
dashed lines in Figure 4.17b were used as a mask and applied to the thickness variation map. The
average thickness difference was computed using the profile map as a function of mask translation by
pseudo-randomly translating the mask five hundred times according to two dimensional, uncorrelated
normal distribution with �trans = 1 mm. The standard deviations of the resulting change in
crystal thickness distributions were taken as the crystal thickness uncertainties that occur from
translational misalignment of the pendellösung and interferometer beam profiles. The change in
thickness uncertainties were 0.24 µm, 0.26 µm, and 0.38 µm for the (111), (220), and (400) sections
of the crystal, respectively. The resulting systematic uncertainty in the measured phase shift is the
largest systematic uncertainty of the experiment and shown in Table 4.2.
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Experiment Outline
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With Si sample

With Ge sample

With Vacuum chamber

Very low temperature (<77 K)

ペンデル干渉縞を用いた vH D 測定

中性子干渉計を用いた v0 D 測定

completed!

new running→

exclude air scattering

measurement some crystal plane

error = 8 %

error < 4%

exclude temperature factor

error < 4%
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中性子EDM
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by 伊藤茂康 中性子物理研究会スライド

nEDMの探索は電磁場中でのスピン歳差回転を利用する

その方法を大別すると３種類ある

飛行法 UCN蓄積法 結晶回折法

!ω + = 2µnB + 2dnE !ω − = 2µnB − 2dnE

dn =
!ω + − !ω −

4E

磁場B 電場E磁場B 電場E

Spin(MDM)

EDM

φEDM = 2dnE
!

τ

or

周波数の差を測定する

スピン回転（偏極度）を測定する

中性子物理研究会2022.5.9– 5.10  名古屋大学 ES総合館 シンポジア(ES635) 
伊藤 茂康（博士後期課３年） 
名古屋大学大学院 理学研究科 素粒子物性（Φ）研究室　

5

中性子EDMの存在はCP対称性を破る

３種類の方法の特徴

飛行法 結晶回折法 UCN蓄積法
相互作用時間 τ [s] ～ 10-1 ～ 10-3 ～ 102

電場 E [V/cm] ～ 104 ～ 108 ～ 104

カウント数 n [n/s] ～ 108 ～ 104 ～ 102

実験感度 σ(dn) ∼10−25 Day

EDM探索実験の感度 σ dn( )∝ 1
Eτ N

∼10−25 Day ∼10−25 Day

E   :
τ   :
N  :

電場の強さ 
相互作用時間 
カウント数

（注）数字は特徴を見せるため実験感度が同じになるように調整してある

どの方法も同程度の実験感度をもつ可能性がある
我々は、結晶回折法によるnEDM探索に取り組んでいる
結晶回折法によるnEDM探索は異なる系統誤差の実験方法としても重要である

中性子物理研究会2022.5.9– 5.10  名古屋大学 ES総合館 シンポジア(ES635) 
伊藤 茂康（博士後期課３年） 
名古屋大学大学院 理学研究科 素粒子物性（Φ）研究室　

9

基本粒子のEDMの存在は時間反転対称性を破る 
CPT定理の元で、これはCP対称性を破る 

The permanent EDM of a foundamental particle would violate time reversal symmetry (T), 
and would also imply violation of CP symmetry through the CPT theorem 

スピンは時間反転で逆転 
Spin reverses by time reversal 

電荷分布は時間反転で反転しない 
Charge distribution don’t reverse by time reversal

spin

spin

T-ViolenceEDM EDM

CP-Violence
（CPT定理）

中性子物理研究会2022.5.9– 5.10  名古屋大学 ES総合館 シンポジア(ES635) 
伊藤 茂康（博士後期課３年） 
名古屋大学大学院 理学研究科 素粒子物性（Φ）研究室　

3

中性子EDMの存在はCP対称性の破れとなる
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中性子EDM
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結晶回折法（Laue配置）のnEDM測定原理
電場に平行なスピンを持つ中性子には、それと直角方向にEDMによるスピン偏極が生じる

偏極率からnEDMが 
探索できる

PEDM ∼O 10−6( )

中性子物理研究会2022.5.9– 5.10  名古屋大学 ES総合館 シンポジア(ES635) 
伊藤 茂康（博士後期課３年） 
名古屋大学大学院 理学研究科 素粒子物性（Φ）研究室　
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非中心対称性結晶の場合、α波とβ波は逆向き電場を感じる 

by 伊藤茂康 中性子物理研究会スライド
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中性子物理研究会2022.5.9– 5.10  名古屋大学 ES総合館 シンポジア(ES635) 
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ペンデル干渉縞位相差による結晶内電場の測定
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SiO2(110)_Pendell_p-spin

位相差
電場

Δϕ = 0.04005 ± 0.1457
E = 0.35 ±1.28( )×108  V/cm[ ]
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ガイドコイル磁場接続磁石 磁場接続磁コイル

3He-detector

S9S8S6S5S4S3S2S1

T0 chopper spin flipper 1

polarizer

spin flipper 2 analyzer

ゴニオステージ

neutron 
beam

結晶ホルダー

SiO2単結晶

残念ながら十分な結果には 
至っていない

中性子物理研究会2022.5.9– 5.10  名古屋大学 ES総合館 シンポジア(ES635) 
伊藤 茂康（博士後期課３年） 
名古屋大学大学院 理学研究科 素粒子物性（Φ）研究室　
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ペンデル干渉縞強度分布の測定

各図は竹森氏修論より引用

統計的動力学理論による解析 結晶性に関する知見

EDM探索に向けて結晶回折のstudyを進めている

by 伊藤茂康 中性子物理研究会スライド
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結晶の高次回折
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30 degneutron → 

uNID

Si

Si wafer 0.625 mmt x 17枚
結晶の高次回折で~0.7 eVくらい
までは検証済み

Bragg Geometry 

Preliminary!

諸事情により

図は出せない
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新原子炉に向けて
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結晶回折は格子定数によって決まる（ブラッグ条件）

nλ = 2d sin θB
シリコンの場合、d = 5.431 Å

<111>の場合、3.125 Å

高次回折はこれの定数倍(n=1,2,3…)

θB

d

→ 主に熱中性子がたくさん欲しい

ガイドビームに垂直な範囲にスペースが欲しい？

guide beam

炉心
monochrome meter

Exp. area
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結晶回折実験は特定の波長のみ利用するため、

原子炉実験の方が統計的に有利


動力学的回折により、回折波はペンデル干渉縞をつくる


近年の機械加工、化学的処理の発展により精密測定が可能になってきた


ペンデル干渉からは、

中性子電子散乱長、結晶温度因子、未知相互作用、中性子EDM


の測定、探索が可能


