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We dis uss the potential of the neutron Lloyd's mirror interferometer in a sear h for new intera tions at small
s ales. We onsider three hypotheti al intera tions that may be tested using the interferometer. The hameleon
s alar eld proposed to solve the enigma of a elerating expansion of the Universe produ es intera tion between
parti les and matter. The axion-like spin-dependent oupling between a neutron and nu lei or/and ele trons
may result in a P - and T -noninvariant intera tion with matter. Hypotheti al non-Newtonian gravitational intera tions mediates an additional short-range potential between neutrons and bulk matter. These intera tions
between the neutron and the mirror of a Lloyd-type neutron interferometer ause a phase shift of neutron waves.
We estimate the sensitivity and systemati ee ts of possible experiments.
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1. INTRODUCTION
It is believed that the Standard model is a low-

hp

where

L2 +(b+a)2

k

'I;geom =
p

L2 +(b a)2

i

is the neutron wave ve tor,

energy approximation of some more fundamental the-

given in the Fig. 1

ory. Most popular extensions of the Standard Model,

with the relative pre ision better than

supersymmetri

metri

and superstring theories, predi t the

existen e of new parti les and hen e new intera tions.
These new parti les were not dete ted up to now beause of their too large mass, or too weak intera tion
with ordinary matter.

This last

ase is of interest in

I

b.

oupling to matter

ur-

A large number

of experiments have been performed to sear h for new
for es in a wide range of distan e s ales.

Here, we

onsider the possibilities of the neutron Lloyd's mir-

are

ab=L2.

The geo-

This means that the interferen e pat-

2

2

8

2

os = nL=2a,
n is the neutron wavelength, and is approximately 1 m for the energy range of thermal neutrons

intera tions of a dierent nature.

ranges and weak

a

/ sin (ab=n L) in the absen e of any potentials is sinusoidal with high pre ision ab=L  10
at
a  b  10 m and L = 1 m. The period of os iltern

where

rently attra ts in reasing attention.

and

phase shift linearly depends on the interferen e

oordinate

lations in the interferen e pattern is

The possible existen e of new intera tions with

L, b

(1)

aption. The last equality is valid

our dis ussion of a sear h for new hypotheti al weak

ma ros opi

 2kab=L;

and reasonable parameters of the interferometer. But
for very

old neutrons in the

eV-energy range, the pe-

riod of the interferen e os illations approa hes dozens
of

m,

and an interferen e pi ture

with a narrow (about

an be registered

1 m) slit at a dete tor window

ror interferometer in sear hing for some of these new

or with modern high-resolution position-sensitive neu-

intera tions.

tron dete tors.

The Lloyd's mirror interferometer (Fig. 1), well

The idea of a possible appli ation of the Lloyd's

known in the light opti s, has not yet been dis ussed

mirror interferometer for the sear h for new hypothet-

in the experimental neutron opti s.
The geometri

phase shift is determined by the dif-

feren e of path lengths of the ree ted and nonree ted

i al intera tions between matter and parti les

a hypotheti al mirrorneutron potential. We here

on-

sider three a tively dis ussed hypotheti al intera tions:

beams:

the
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osmologi al s alar elds proposed to explain the
elerated expansion of the Universe, the axion-like
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most ex iting problems in physi s and
not yet

osmology. It is

lear whether the explanation of the fa t that

found within general relativity or within a new theory
of gravitation.

0

x

l

z

One possibility to explain this fa t is

to modify the general relativity theory, and there are
II

a number of proposals of this kind.

Among various

ideas proposed to explain this astronomi al observation in an alternative way, one of popular variants is a

L

new matter

b

I

omponent of the Universe, a

osmologi al

s alar eld of the quintessen e type [1℄ dominating the
present-day density of the Universe (see [2, 3℄ for the
re ent reviews).

B

A ting at

osmologi al distan es, the mass of this

eld should be of the order of the Hubble

II

0
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gravity be omes repulsive at large distan es should be

I

A

a
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z

x

L

~H0 =

2

= 10

33

eV/

2

onstant:

.

The massless s alar elds appearing in string and
supergravity theories

ouple to matter with gravita-

tional strength. Be ause of the dire t

oupling to mat-

ter with the strength of gravity, the existen e of light

b

I

C
0

II

l

s alar elds leads to a major violation of the equivalen e prin iple. In the absen e of self-intera tion of the
s alar eld, the experimental

onstraints on su h a eld

are very stri t, requiring its

oupling to matter to be

unnaturally small.

x
L

The solution proposed in Refs. [49℄
introdu tion of the

onsists in the

oupling of the s alar eld to mat-

ter of su h a form that as a result of self-intera tion
and the intera tion of the s alar eld with matter, the

Three possible ongurations of the neutron
Lloyd's mirror interferometer: (A) the standard Lloyd's
mirror geometry; (B ) interferometer with two mirrors,
only the bottom one is ree ting; (C ) the length of
the ree ting mirror is de reased twi e to avoid multiple ree tions. All planes are verti al, and hen e the
ee t of gravity on interferen e is redu ed. The height
of the slit above the ree ting plane is a, L is the distan e from the slit to the dete tor surfa e, b is the
distan e of the dete tor oordinate from the ree ting
plane, l = aL(a + b) is the x oordinate of the beam-II
ree tion point from the mirror
Fig. 1.

mass of the s alar eld depends on the lo al matter
environment.
In the proposed variant, the

oupling to matter is of

the order of one expe ted from string theory, but is very
small on

osmologi al s ales. In the environment of the

high matter density, the mass of the eld in reases, the
intera tion range strongly de reases, and the equivalen e prin iple is not violated in laboratory experiments
for the sear h for the long-range fth for e. The eld
is

onned within the matter that s reens its existen e

from the external world.

In this way, the

hameleon

elds evade tests of the equivalen e prin iple and the
fth for e experiments even if these elds are strongly
spin-dependent pseudos alar nu leonnu leon and/or

oupled to matter. As a result of the s reening ee t,

nu leonele tron intera tion, and hypotheti al devia-

the laboratory gravitational experiments are unable to

tion of the gravitation law from the Newtonian one at

set an upper limit on the strength of the

small distan es (non-Newtonian gravity).

matter

hameleon

oupling.

The deviations of results of measurements of gravity for es at ma ros opi

2. CHAMELEON SCALAR FIELD

distan es from

based on Newtonian physi s

al ulations

an be seen in the exper-

iments of Galileo, Eötvös or Cavendish type [10℄ perThere is eviden e of the a
the Universe.

elerated expansion of

The nature of this ee t is one of the

10

formed with ma ro-bodies. At smaller distan es (

10
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m, the ee t of these for es
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an be observed
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Potential of the neutron Lloyd's mirror interferometer

in measurements of the Casimir for e between

losely

pla ed ma ro-bodies (see [11℄ for a review) or in the
atomi

for e mi ros opy experiments.

Casimir for e

is the s alar eld potential,



= (~
d:e:
and

The

harge, experiments with neutrons are more

sensitive than with

harged parti les; ele tromagneti

al ulated in [16℄:

2p+ n  = n  z  = n =

2
= n  = n

z
2p+ n
=
eV

2
 = n
= V z
; (4)



m
MP l 

=  0:9  10

ee ts in s attering of neutrons by nu lei are generan be a

hameleon intera tion potential of a neutron

V (z ) =

experiments may play their role. In view of the absen e

ally known and

is the intera tion parameter not predi ted by the

with bulk matter (mirror) was

sensitive enough, and high-pre ision parti le s attering
of ele tri



theory.

ee t [9, 12, 13℄.
At even smaller distan es, su h experiments are not

2 (2+ )

2 (2+ )

2 (2+ )

21

ounted for with high pre i-

2 (2+ )

2 (2+ )

sion [14, 15℄.

0

As regards the

hameleon intera tion of elementary

parti les with bulk matter, it was mentioned in [16℄

V0 =

that a neutron should not show a s reening ee t: the
hameleon-indu ed intera tion potential of bulk matter with neutron

an be observed. It was also proposed

in [16℄ to sear h for a

where

hameleon eld through the en-

 0:9  10

21


eV

2p+ n  =
2

wave ve tor

experiments on the observation of gravitational levels
ing the strength of
Chameleons

an also

ouple to photons. It was prolosed va uum

for the afterglow ee t resulting from the
photon intera tion in a magneti

avity

hameleon

eld. The GammeV-

CHASE [19, 20℄ and ADMX [21℄ experiments based on

where

hameleon-mediated in-

mV0

'I = k L2 + (b a)2



ZL 

a+

0

= 'I;geom

proa h is based on the standard method of measuring
the phase shift of a neutron wave in the intera tion
potential.

p

testing the intera tion of parti les with matter at small

p



'II = k L

Irrespe tive of any parti ular variant of the theory,

H

' = k0 ds = 'II 'I ,

2

hameleon s alar

hameleon ee tive potential is

+
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n

l
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distan es may be interesting.


V () =  + n


(6)

'I and 'II are the phases obtained along traje
p

hameleonphoton intera tion. The ap-

4

~

tories I and II (see Fig. 1):

matter intera tion is measured, irrespe tive of the ex-

4+

mV
:
k ~2

k0 = k

2

by integration along traje tories

In the approa h proposed here only, the hameleon

Veff () = V () + exp( =MP l );

2mV ;

pending on the distan e from the mirror, is obtained

photons.

eld theory [49℄, the

The neutron

is

The phase shift due to the

hameleon s alar eld to matter and

In one of popular variants of the

V

tera tion potential of a neutron with the mirror, de-

this approa h are intended to measure ( onstrain) the
oupling of the

in potential

0

hameleonmatter intera tion were

posed in [17, 18℄ to sear h in a

k0

k 2 = k2

hara teriz-

obtained in [16℄.

(5)

 = ~ = = 82 m and m is the neutron mass.

mirror of the interferometer is verti al.

onstraints on parameters

;

To redu e the strong ee t of Earth's gravity, the

e ting horizontal mirror. From the already performed
of neutrons, the

n

2 (2+ )

ergy shift of ultra old neutrons in the vi inity of a re-

isten e of the

=

d:e: )1=4 = 2:4 meV is the dark energy s ale,
0:7  10 8 erg/ m3 is the dark energy density,

3 3

measurements may to some degree evade the s reening
mi rometer range despite the presen e of the s reening

is the Plan k mass,

is the lo al energy density of the environment,

and probe the intera tions of the

hameleon eld at the

MP l

:::

2

(8)
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l = aL=(a + b) is the x

n

'refl = 2 ar

oordinate of the beam-II

= mV L=k~ , and

ree tion point from the mirror,

0

= (4 + n)=(2 + n).

The phase shift from the

2

k
Æ'refl = 2 ?
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hameleon neutronmirror
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"
r
2
b n a n
=  n 1 n b a 1 + (b L2a)
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For a nonstri tly verti al mirror, the

a n 1
:
a2

omponent of

dieren e in verti al shifts of the ree ted and nonre-

t = 2ab=Lv, where v is the neutron velo ity.

 between the gravity ve tor and the mirror
00
5
At  = 10 , we have {  5  10
. This linear

potential leads to the additional phase shift

{gm

'gr = 'II;gr 'I;gr =
2
k~2(a + b)
h
p
 (b + a)2 L2 + (b a)2
i
2
p
abL
(b2 + a2) L2 + (b + a)2  {kgm
;
2
~ a+b

2

2

is of the order of

(15)

an be suppressed by in-

stalling the mirror verti ally with the highest possible
shift may be used for

alibration of the interferome-

ter by rotation around the horizontal axis. The phase
shifts due to Earth's rotation

(11)

eter beams.

ation of the Instiold neutron

onstru ted [23℄), we have

0:16abL rad;
'Cor =
a+b
are expressed in

.

pre ision. On the other hand, the gravitational phase

A is the ve tor of the area en losed by the interferom-

L

4

The gravitational phase shift
(10)

may be

'Cor and ree

al ulated and taken into a

ysis of the interferen e

tion

'refl

ount in the anal-

urve.

Figure 2 shows the

is the ve tor of angular rotation of Earth and

and

10

' = 'geom + ' ham + 'gr + 'Cor + 'refl :

The Coriolis phase shift due to Earth's rotation [22℄

a, b,

(14)

The total measured phase shift is

al ulated in analogy with Eqs. (6)(9).

tute LaueLangevin (where a good very

4

With our parameters of the interferometer, this value

2

2m
'Cor = (  A);
~

The

h = 2gab=v , and the phase shift due
'vert = kg abL=v :

the angle

where

Therefore, in

spent dierent times in Earth's gravitational eld, with

to this dieren e is

sour e has been

b,

(9)

Vgr = {mgz , where g is the a oe ient { depends on

A = abL=(a + b), for the lo

'geom .

phase shift

the verti al arrangement of the ree ting mirror, they

eleration of gravity and the

With

tor

The ree ted and nonree ted beams follow slightly

produ es the potential

where

omponent normal to

dierent paths in the interferometer.

e ted beams is

is

(13)

kb is the boundary wave ve

similarly to the geometri

the Earth's gravity normal to the surfa e of the mirror

plane.

(12)

of the mirror. This phase shift linearly depends on

2

2ab b

Æ'refl ;

  2 kk a +L b ;
b

is the neutron wave ve tor

the mirror surfa e, and

1 + (b +L a) 
2
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os(k?=kb )  

where

potential is

òîì

al ulated phase shift

' ham

for an idealized Lloyd's mirror interferometer (stri tly
mono hromati

neutrons, the width of the slit is zero,

the dete tor resolution is perfe t), the gravitational

'gr at { = 5  10 5 (the deviation of the mir00
6
1
ror from verti ality is 10 ), and Æ'refl (kb = 10
m
).
phase shift

It is essential that the sought phase shift due to
hypotheti al
terferen e
entimeters.

As

hameleon potential depends on the in-

oordinate nonlinearly. The ee t of the hy-

potheti al intera tion has to be inferred from analysis

expe ted, it is similar to the gravitational phase shift

of the interferen e pattern after subtra ting the ee ts

in its dependen e on both the slit and the interferen e

of Earth's gravity, Coriolis for e, and ree tion.

oordinates.
We must also

Figure 3 demonstrates the
al ulate the phase shift of the neu-

tron wave along beam II at the point of ree tion. Ne-

as in Fig. 2 for two

gle ting the imaginary part of the potential of the mir-

phase shift

ror, we write the amplitude of the ree ted wave as

r = exp( i'refl ) with the phase

al ulated interferen e

pattern for the same parameters of the interferometer
ases:

(1 ) with the geometri al

'geom , the gravitational phase shift 'gr

at

{ = 5  10 , and the phase shift of ray II at ree tion
Æ'refl =  'refl (kb = 106 m 1 ) taken into a ount;
5
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:::

Potential of the neutron Lloyd's mirror interferometer

1

δϕref l
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0
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b, µm

0

Fig. 2.
The neutron wave phase shifts ' ham in the
Lloyd's mirror interferometer with the neutron wave
length n = 100 Å (the neutron velo ity v = 40 m/s),
L = 1 m, and a = 100 m, and with the intera tion parameters of the hameleon eld with matter = 107 ,
n = 1, and n = 6. Also shown: the gravitational
phase shift 'gr at { = 5  10 5 ; the Coriolis phase shift
'Cor , and the ee t of ree tion Æ'refl =  'refl
at kb = 106 m 1 . The period of os illations in the
interferen e pattern is os = n L=2a = 50 m

(2 ) the same plus the phase shift due to the

= 10

n = 1.

200

300
b, µm

Fig. 3.
The al ulated interferen e pattern for the
neutronmirror intera tion via the hameleon eld (the
parameters of the interferometer are the same as in
Fig. 2): (1 ) the geometri al phase shift 'geom the
gravitational phase shift 'gr at = 5  10 5 , and the
phase shift of the ray II at ree tion Æ'geom the gravitation phase shift 'gr at = 5  10 5 , and the phase
shift of the ray II at ree tion Æ'refl =  'refl
(kb = 106 m 1 ) are taken a ount; (2 ) the same plus
the phase shift due to the hameleon eld with the
matter intera tion parameters = 107 and n = 1

hameleon

eld with the matter intera tion parameters
and

100

3. AXION-LIKE SPIN-DEPENDENT

7

INTERACTION
There are general theoreti al indi ations of the ex-

After subtra ting all the phase shifts ex ept the

isten e of intera tions

oupling mass to parti le spin

purely geometri al one, the interferen e pattern should

[2428℄. Experimental

sear h for these

be strongly sinusoidal with the period of os illations de-

promising way to dis over new physi s.

termined by the geometri

phase shift:

os = nL=2a.

On the other hand, a number of

for es

is a

on rete propos-

The number of os illations in the interferen e pattern

als were published of new light, s alar or pseudos alar,

with the

ve tor or pseudove tor weakly intera ting bosons. The

oordinate less than

b is nos

= 2ab=nL.

masses of these new hypotheti al parti les and their
It follows from these
the

oupling to nu leons, leptons, and photons are not pre-

al ulations that the ee t of

hameleon intera tion of a neutron with matter

di ted by the proposed models.

may be tested in the strong- oupling range with the
intera tion parameter down to

 10

7

or lower.

The popular solution of the strong CP problem is
the existen e of a light pseudos alar boson  the axion [29℄. The axion oupling to fermions has the general

n

The existing

onstraints on the parameters

an be found in Fig. 1 in Ref. [16℄.

and

For example,

the allowed range of parameters for the strong- oupling

1
10 < < 2  10
regime

50 < < 5  10
for n = 2, and
< 10

are

10

10

10

n =
n > 2.

for
for

1,
It

an be seen that Lloyd's mirror interferometer may be
able to
of the

7

onstrain the

hameleon eld in a large domain

oupling parameters.
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form

gaff

= Cf mf =fa, where Cf is a model-dependent

fa tor. Here,

fa

is the Pe

eiQuinn symmetry break-

ing s ale, whi h is not predi ted, and hen e the axion may a priori have a mass in a very wide range,

10

12

eV

< ma < 106

eV. The main part of this mass

range from both low and high mass boundaries was
ex luded as a result of numerous experiments and
straints from astrophysi al

705

on-

onsiderations [30℄. Astro-
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physi al bounds are based on some assumptions

on-

erning the axion and photon uxes produ ed in stellar
plasma.

10

onstraints obtained and ex-

pe ted from further laboratory sear hes are weak
pared to the limit on the produ t

More re ent
5

It follows that the

onstraints limit the axion mass to

< ma < 10

eV

oupling

3

eV with a

ordingly very small

onstants to quarks and photons [30℄.

The axion is one of the best
dark matter of the Universe [
Axions

an mediate a

P-

and

T -reversal

gs gp < 10

from the above-mentioned separate
and

gp .

28

om-

inferred

onstraints on

gs

Although laboratory experiments may not

lead to bounds that are strongest numeri ally, measure-

andidates for the

31; 32℄.
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old

ments made in terrestrial laboratories produ e the most
reliable results.

violat-

The dire t experimental

onstraints

on the monopoledipole intera tion may be useful for

ing monopoledipole intera tion potential between spin

limiting a more general

and matter (polarized and unpolarized nu leons or ele -

spe tive of any parti ular theoreti al model. In what

trons) [33℄:

follows, the





~2   n 1 1
r=
Vmon dip (r) = gs gp
8mn r + r2 e ; (16)
where gs and gp are dimensionless oupling onstants of
the s alar and pseudos alar verti es (unpolarized and

mn is the nu leon mass at the polarized vertex, s = ~ =2 is the nu leon spin,  is the
Pauli matrix, r is the distan e between the nu leons,
 = ~=ma is the range of the for e, ma is the axion
mass, and n = r=r is a unit ve tor.
pendulum method) provided

onstraints on the prod-

u t of the s alar and pseudos alar
s opi

distan es

 > 10

2

ouplings at ma ro-

It follows from (16) that the potential between the
layer of substan e and a nu leon separated by the dis-

where


in Eq. (19) are

5

gs2 =
where

4Gmn  10
~
5

37

5

0

;

mV0 p 2
L + (b + a)2 
2L
k
~
2 l
 

Z
b+a
1
4
 exp  a L x dx +
p

'II = k L2 + (b + a)2 +

(18)
oupling

on-

It follows from the experimental tests of gravitation at small distan es (see reviews in [
is limited by a value
range

1

m

>>

10

10
4

10



34; 35℄) that gs

0

2


+ exp 1 b +L a x
ZL

in the intera tion

m. The sensitivity of these

The pseudos alar

gp < 10

9

oupling

from astrophysi al

p

a



3
dx5 =


L + (b + a)
= 'II;geom + mV

k~
b+a
 (2 e a= e b= ) = 'II;geom + 'II;pot :
0
2

m.
onstant is restri ted by
onsiderations [



l

experiments de reases with de reasing the intera tion
range below approximately 1

al ulated similarly to Eqs. (7) and (8):

p

0
L2 + (b a)2
(e a= e b= ) =
+ mV
k~2
b a
= 'I;geom + 'I;pot (20)

stant.

38

axis

and

5 is the ft-for e Yukawa-type

40

x

mV0 p 2
L + (b a)2 
k~2 L
 

ZL
 exp 1 a + b L a x dx = 'I;geom +

an be

GMme r==r:
2

is the layer thi kness. The + or

p

for e in the form of the Yukawa-type gravity poten-

U5 (r) =

d

'I = k L2 + (b a)2 +

inferred from the experimental sear h for the fth
tial

2

 depends on the nu leon spin proje tion on

(17)

gs

= gsgp~ N=4mn, N is the nu leon density

Phase shifts of beams I and II due to the intera tion

For the monopolemonopole intera tion due to ex-

onstant

V0

in the layer, and

orre tion in [44℄).

oupling

e is

~2 N x= (x+d)=
e
)=
Vmon dip (x) = gs gp
4mn (e
= V0e x= (d  ); (19)

hange by a pseudos alar boson [33℄,

the limit on the s alar

x from the layer surfa

tan e

probe is an elementary parti le: a neutron [3841℄ or

g2 ~
Vmon mon (r) = s e r= ;
4 r

gs gp may be used

onstant of this more gen-

eral intera tion.

There are also experiments on the sear h for the

42; 43℄ (see the

oupling

(the surfa e normal).

m (see reviews [3437℄).

monopoledipole intera tions in whi h the polarized
atoms and nu lei [

onstraint on the produ t

for the limits on the

polarized parti les),

Several laboratory sear hes (mostly by the torsion

lass of low-mass bosons irre-

37; 45℄.
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δax , rad

:::

I
1.0

10

−1

γ = 500 µm

2
0.8

100

3

50

10−2

1
0.6

30

0.4

10−3
10

0.2
10−4

0

100

200

300

400

500
b, µm

0
300

The neutron wave phase shift Æax at dierent
intera tion ranges  of the axion-like spin-dependent
intera tion with the produ t of the oupling onstants
gs gp = 10 18 . Lloyd's mirror interferometer has the
same parameters as in Fig. 2

325

350

375

400
b, µm

Fig. 4.

Fig. 5. Cal ulated interferen e pattern due to an axionlike spin-dependent intera tion with gs gp = 10 18
and the intera tion range  = 500 m (the interferometer has the same parameters as in Fig. 2):
(1 ) Vmondip = 0; (2 ) spin up; (3 ) spin down

For the spin-dependent potential in Eq. (19), the

V0 and, a ordingly, the phase
'pot are opposite for the two spin orientations with

signs of the potential
shift

moment) may produ e the phase shift ee t on polar-

respe t to the mirror surfa e normal. The dieren e in

ized neutrons, similar to the ee t of the gravitational

these phase shifts, measured in the experiment, is

for e

('I

+

'+II )

('I

'II ) = 2('I

'II ) = Æ':

(22)

al ulated previously are

2

i
a h
b= ) b(1 e a= ) ; (23)
(1
e
b2 a2
where
= gsgpNL=4k. For b = a and =a  1, we
have 'ax ! =a.
Figure 4 shows the neutron wave phase shift 'ax
for dierent intera tion ranges . Lloyd's mirror interferometer has the following parameters: neutron wave

v = 40 m/s), L = 1 m,
18
tion strength gs gp = 10
.

length 100 Å (neutron velo ity

a = 100 m, and the intera

The possible sensitivity seen from this gure shows
that

onstraints on the monopoledipole intera tion

that

an be obtained with the method of the neutron

Lloyd's mirror interferometry are
best

onstraints

B

a

al ulated interferen e pattern

gradient of the external magneti

n

eld

 (=a  1) if the geometry shown
lose

ase by both mirrors, but with opposite signs in

ordan e with Eq. (19).
To avoid multiple ree tions, the boundary wave

ve tor of the ree ting mirror must satisfy the
tion

kb  2ka=L, or the neutron beam in

slit must be

The

r(n  B) nor-

ondi-

ident on the

ollimated su h that the rst half of the

ree ting mirror is not illuminated by the neutrons.
In this geometry, the phase shift due to the axion-like
monopoledipole intera tion of the neutron with both
mirrors is

2

a h (b a)=
e
b2 a2

'ax =
In this

mal to the mirror plane (

of Earth's gravitation.

is used, where the slit is lo ated in

urrently obtained by other methods

due to an axion-like spin-dependent intera tion.

5

e ting mirror. The axion-like potential is produ ed in
this

ompeting with the

(see Ref. [37℄).
Figure 5 shows the

5  10

vi inity to the surfa e of an additional (upper) nonre-

The phase shift due to the axion intera tion is

'ax =

al ulation gives

A signi ant in rease in sensitivity may be a hieved
in the range of small
in Fig. 1

independent of spin.

Simple

eld gradient 0.01 Oe/ m is equiva-

lent to approximately

The geometri , gravitational phase shifts and the phase
shift of beam II at ree tion

Fgr = mg (see Eq. (10)).

that the magneti

ase,

=a  1

'ax

! (1 e

ompared to

=a

(Eq. (23)).
The gain in sensitivity at

is the neutron magneti

e a= + e b=
a=

)!

in the

as

i

1
b

:

(24)

! a for

ase of one mirror

=a  1

ompared to the

ase in Fig. 4 is illustrated in Fig. 6.
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G is the Newtonian gravitational onstant, M
m are the masses of gravitating bodies, is a di-

where
and

γ = 500 µm
100
50
30

0.1

mensionless parameter

hara terizing the strength of



the new for e relative to gravity, and

= ~=m

is

0

the Compton wavelength of the parti le with the mass

m0 .

10

m0

The mass

an be the mass of the new s alar

eld responsible for the short-range intera tion. In this
ase,

0.01

 gs is the produ t of the s alar
2

stants. Alternatively,

m0

oupling

on-

an be the mass of the lightest

KaluzaKlein state (whi h is the leading-order mode)
when the short-range intera tion

omes from an extra-

dimensional extension of the standard model.

0.001

0

20

40

60

80

The strength

100
b, µm

for



is

onstrained to be below unity

 100 m [37; 54℄,

but for shorter distan es,

the measurements are not as sensitive, being
ated by the Casimir and ele trostati

Neutron wave phase shift 'ax at dierent intera tion ranges  of the axion-like spin-dependent intera tion with the produ t of the oupling onstants
gs gp = 10 18 . Lloyd's mirror interferometer has the
geometry shown in Fig. 1B with the same parameters
as in Fig. 2, and the distan e between mirrors 100 m

Fig. 6.

ompli-

for es [11℄. The

sensitivity rea hed in the experiments aiming to test
spin-independent intera tions between elementary parti les and matter is by orders of magnitude worse: for



= 100 m, it is at the level

> 1011

[55℄, with the

loss of sensitivity at shorter distan es.
The potential following from the intera tion in
Eq. (25) between a layer of substan e and a neutron

4. NON-NEWTONIAN GRAVITY

separated by the distan e

New short-distan e spin-independent for es are frequently predi ted in theories extending the Standard
Model. These intera tions

an violate the equivalen e

prin iple if they depend on the

omposition of bodies

ase.
The potential in Eq. (26) has the same

Pre ision experiments to sear h for deviations from
Newton's inverse square law and for violation of the
weak equivalen e prin iple have been performed in a
number laboratories (reviews

an be found in [

10; 34

37℄.
entury

(G. Nordström, T. Kaluza, and O. Klein) re eived re-

48; 50℄.

tial in Eq. (19),

ing development

onsisten y. A more re ent promisontained in [4953℄ proposed me h-

= 2

GMm r=
e
;
r

(25)

.

 = 10 g/

3

m .

For the inverted Lloyd's mirror geometry, when
its gravitational ee t is insigni ant

ompared to the

ee t of the upper mirror, the phase shift is

2 
bh 2 a2
i
 a(e a= e(b a)= ) + b(1 e a= ) :

'Y uk =

4 + n)-bulk with a larger number of dimensions.

UY uk (r) =

=

the ree ting mirror has a mu h lower density su h that

the (

tential has the Yukawa-type form

2

Newtonian intera tion in Eq. (26) at the same parame-

As a result, the gravitational law may be dierent from

independent hypotheti al short-range intera tion po-

2

ters of the interferometer as in Fig. 1 and

on the 4-dimensional brane while gravity propagates to

The frequently used parameterization of a new spin-

 mn L=k~
2

Figure 7 shows the phase shifts due to the non-

anisms in whi h the standard model elds are lo ated

the Newtonian one.

and therefore the expressions for

the phase shifts are similar to Eq. (23) with

The development of su-

pergravity and superstring theories required extra di-

oordi-

nate dependen e as the axion-like intera tion poten-

The pioneering ideas of multidimensional models
rst formulated in the rst half of the XXth

mensions for their

e is

VY uk (x) = 2 m2n NG2 e x= = V0 e x=; (26)
where N  mn is the nu leon density in the layer, 
2
2
is density of the mirror, and V0 = 2 mn NG in this

or the type of parti les.

newed interest in [46

x from the layer surfa

(27)

! a and =a ! 0, we have 'Y uk ! , with a
=a  1 ompared to
the geometry in Fig. 1A and Eq. (23). To avoid mutiple
ree tions in this ase, the geometry of Fig. 1C may be
For

b

signi ant gain in sensitivity for

applied, in whi h the ree ting mirror has only half the

A. This gain is illustrated in Fig. 8.

length in Fig. 1
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ϕY uk , rad
0.5

From Ref. [23℄,
sity at

the PF-2

:::

where the neutron phase den-

very

old

neutron

(VCN)

han-

nel at the Institute LaueLangevin was measured to

0.4

be 0.25

λ = 100 µm, α = 108

m

3

(m/s)

3

at

= 50

v

m/s, it is possi-

V CN

ble to estimate the VCN ux density as

= 1:66  10

0.3

5

2

m

s (m/s)  1  10
1

1

5

2

m

s Å
1

=
1

(for the boundary velo ity 6.5 m/s of the neutron

0.2

guide).

λ = 30 µm, α = 109

On the other hand, Ref. [58℄ gives the larger

V CN

value

= 4  10

5

m

2

s (m/s)
1

1

for the same

hannel.

0.1

Using the Zernike theorem, it is possible to

λ = 10 µm, α = 1010
0

100

200

late the width

d

oheren e within the

300
b, µm

al u-

of the slit ne essary to satisfy good
oheren e aperture

!,

i. e., the

maximum angle between diverging interfering beams:

x

The neutron wave phase shifts 'Y uk in the
Lloyd's mirror interferometer of the geometry shown in
Fig. 1A and with the same parameters as in Fig. 2

=

!dsl =n

 1,

if the slit is irradiated with an

in oherent neutron ux. With

Fig. 7.

dsl

width

!

= 2bmax=L, the slit

 Ln =2bmax  2 m for bmax = 1 mm

(20 orders of interferen e at the period of interferen e

os = n L=2a = 50 m at a = 100 m).

'Y uk ; rad

For the mono hromati ity 5 Å (the

0:16

l oh

oheren e length

= 20n), the slit width 2 m and length 3

m,

the divergen e of the in ident beam is determined

 = 10 m,

0:12

=
= 6:5=100 = 0:065, the interferen e aperture ! =
= 2b=L = 0:2=100 = 2  10 , and hen e != =
= 0:03, the ount rate to all interferen e urves with

= 109

by the VCN guide boundary velo ity 6.5 m/s:
3

0:08

 = 30 m,

0:04

a width of 1 mm (20 orders of interferen e) is given

= 108

by

10  5  (2  10 )  3  0:03  10 s
5

4

1

.

In one-day

measurements, the number of events in one period of

 = 3 m,
10

interferen e is about

80

ee t at

20

40

60

4

phase shift of approximately 0.1

= 10

0

4  10 . It is enough to observe the

100

b; m

= 10 .

orresponding to the

7

Distin tive feature of the Lloyd's mirror interferometer is the possibility to register all the interferen e

Fig. 8.
The neutron wave phase shifts 'Y uk in the
Lloyd's mirror interferometer of the geometry shown in
Fig. 1C and with the same parameters as in Fig. 2

pattern simultaneously along the
from

z

= 0 (see Fig. 1).

z

oordinate starting

The measured interferen e

pattern is then analyzed as regards the presen e of the
sought ee ts, after taking the known

orre tions for

gravity, Coriolis, and ree tion phase shifts into a ount.

5. FEASIBILITY

The LLL-type interferometers [
As mentioned above, the interferen e may be mea-

59; 60℄ may be used

in prin iple to sear h for new hypotheti al intera tions

sured step by step by shifting a narrow slit with the

by pla ing a pie e of matter in the vi inity of interfering

width

Æb  os

oor-

beams. But geometry of these interferometers does not

dinate dete tor measuring all the interferen e pi ture

permit probing hypotheti al short-range intera tions,

simultaneously in this way.

the axion-like or non-Newtonian gravity, in this way.

. A better option is to use the
The

urrent spatial reso-

We

lution of position-sensitive slow-neutron dete tors is at
the level of 5
about 1

m

m

with ele troni

with the plasti

te hnique [57℄.

With a

10

registration [56℄ and

nu lear tra k dete tion

B neutron

onverter

1 m

hameleon potential, whi h is a tu-

ally not short-range. The phase shift in this

'LLL =

thi k, the registration e ien y for 100 Å-wave-length
neutrons may be

an estimate the sensitivity of the LLL-type in-

terferometer to the

lose to 100 %.
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p

2 1 + (2a=L) (2a)
 n
2

1

n

1

;

ase is

(28)
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where

ÆÝÒÔ,

a is the half distan

e between the beams of the

fa tor

La

n

1

=k, whi

h is mu h in favor of the Lloyd's

mirror interferometer.
In LLL-type interferometers [

59; 60℄, an interferen e

J. Khoury and A. Weltman, Phys. Rev. Lett.
171104 (2004); Phys. Rev. D 69, 044026 (2004).

5.

P. Brax, C. van de Bru k, A.-C. Davis, J. Khoury, and
A. Weltman, Phys. Rev. D 70, 123518 (2004).

6.

S. S. Gubser and J. Khoury, Phys. Rev. D
(2004).

7.

A. Upadhye, S. S. Gubser, and J. Khoury, Phys. Rev.
D 74, 104024 (2006).

8.

D. F. Mota and D. S. Shaw, Phys. Rev. Lett.
151102 (2006).

9.

D. F. Mota and D. S. Shaw, Phys. Rev. D
(2007).

pattern is obtained point by point by rotation of a
phase ag introdu ed into the beams.

In the

ase of

the VCN three-grating interferometers (see, e. g., [61
63℄), the phase shift between the beams is realized by
the same method or by shifting the position of the grating.
The neutron Lloyd's mirror experiments may be
performed with mono hromati

very

old neutrons or

in the time-of-ight mode using a large wavelength
range, for example, 80120 Å. The pseudorandom modulation [64, 65℄ is used in the
neutron energies [66℄. In this
interferen e

ase, a two-dimensional

As in the VCN interferometers based on three gratings, the spa e between the beams in the Lloyd's mirror
neutron interferometer, is small (fra tions of millimeters). Therefore, it

tween the beams (for example, to investigate nonlo al
quantum me hani al ee ts).

But it may be appli a-

The Lloyd's mirror neutron interferometer may be

12.

P. Brax, C. van de Bru k, A. C. Davis, D. F. Mota,
and J. Shaw, Phys. Rev. D 76, 124034 (2007).

13.

P. Brax, C. van de Bru k, A. C. Davis, D. J. Shaw,
and D. Ianuzzi, Phys. Rev. Lett. 104, 241101 (2010).

14.

Yu. N. Pokotilovski, Jad. Fiz.

15.

V. V. Nesvizhevski, G. Pignol, and K. V. Protasov,
Phys. Rev. D 77, 034020 (2008).

16.

P. Brax and G. Pignol, Phys. Rev. Lett.
(2011).

17.

M. Ahlers, A. Lindner, A. Ringwald, L. S hrempp, and
C. Weniger, Phys. Rev. D 77, 015018 (2008).

18.

H. Gies, D. F. Mota, and D. S. Shaw, Phys. Rev. D 77,
025016 (2008).

19.

J. H. Steen, A. Upadhye, A. Baumbaugh, A. S. Chou,
P. O. Mazur, R. Tomlin, A. Weltman, and A. Wester,
Phys. Rev. Lett. 105, 261803 (2010).

20.

A. Upadhye, J. H. Steen, and A. Chou, arXiv:
1204.5476 [hep-ph℄.

21.

G. Rybka, M. Hotz, L. J. Rosenberg, S. J. Asztalos, G. Carosi, C. Hagmann, D. Kinton, K. van Bibber, J. Hoskins, C. Martin, P. Sikivie, D. B. Tanner, R. Bradley, and J. Clarke, Phys. Rev. Lett. 105,
051801 (2010).

22.

S. A. Werner, J.-L. Staudenmann, and R. Colella,
Phys. Rev. Lett. 42, 1103 (1979); D. K. Atwood,
M. A. Horne, C. G. Shull, and J. Arthur, Phys. Rev.
Lett. 52, 1673 (1984).

useful in a sear h for intera tions proposed in other
re ently developed theories of s alar elds where the
s reening me hanism may be essential: symmetron [67
70℄ and galileon [7179℄. A more detailed

onsideration

of the ee ts that may be produ ed by these intera tions on neutron waves in the Lloyd's mirror interferometer is beyond the s ope of this paper.
The author is indebted to the anonymous referee
for his or her

omments on the rst version of the

manus ript and suggestions.
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