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原理

干渉計

波動を２経路に分割・重ね合わせし 
２経路間の位相差をなんらかのパラメータに対する強度比として取り出す。

Δϕ = 2π
mλL
h2 ΔE 大型・長波長が位相変化が大きくなる

光路長による位相差 
座標に対する干渉縞

ガスの屈折率による位相差 
（ガス密度）に対する干渉縞

空間の伸び縮みによる位相差 
時刻に対する干渉縞

高感度・高精度
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実証と実用化

中性子干渉計

結晶格子による回折で 
中性子波動を 
２経路に分割・重ね合わせ

大きい質量を持つ：重力相互作用 
原子核：（低エネルギーでの）核力（散乱長） 
スピン・磁気モーメント：スピン依存性・磁気相互作用

X線干渉計から着想

単結晶インゴッドから 
切り出すことで、各ミラーが 
自動的に整列している。
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H. Rauch, W. Treimer, U. Bonse, Phys. Lett. 47A, 369(1974).
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栄光の歴史

中性子干渉計

H. Rauch, et. al., Phys. Lett. 54A, 425 (1975).

スピノルは4πで1回転する

Volume 54A, number 6 PHYSICS LETTERS 20 October 1975
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This equation reflects the fact that a spinor changes its sign under a 2ir rotation. Calculation of the intensity of
the forward beam of the neutron interferometerwith a magnetic field in beam I yields:
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This intensity oscillation can be observed. For neutronswith a wavelength of 1.82A, a 2ir rotation requires a mag-
netic field which gives fBds = 74.5G cm and a 4ir rotation needs fBds = 149 G cm, respectively.
The perfect crystal interferometer [6, 7] now placed at one guide tube of the HFR-reactor in Grenoble,was

used to verify the coherent spinor rotation. Unpolarized neutrons with a wavelength of 1.82 ±0.01 A and a beam
cross section of 8 X 1 mm were used. They are coherently split into beams I and II, and exposed to various mag-
netic fields along their paths (see fig. I). An electromagnet with a pole gap of 10 mm and a face of 15 X 15 mm
was used. The magnetic field along the whole flight path of the neutrons is measured with a Hall probe giving

fBds(path II)/fBds(path I) = 0.30

for the z-component. All other components are smaller than 5% of the z-component in beam I, and smaller than
8% along path II.
Intensity oscillations of the 0- and H-beam were observed while varying the magnetic field (fig. 2). The meas-
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100 200 300 400 500.I I I2b 40 ob 8b[rr~]— Fig. 2. Observed intensity oscillations of the 0- and H-beam asa function of the difference of the magnetic field action on
Fig. 1. Sketchof the experimental setup. beam land II (L~fBds= fB~ds(path I) — fB

2ds (path II).
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Spinors:  4! Rotations

32

Rauch H., Zeilinger A., Badurek G., Wilfing A., Bauspiess W., Bonse U. (1975) 
Phys. Lett. 54A, 425 
Werner S.A., Colella R., Overhauser A.W., Eagan C.F. (1975) Phys. Rev. Lett. 35, 
1053

| (t)i = e�iµ~�· ~B t/~ | (0)i

Rotate a spinor using a static magnetic 
field.  A complete rotation of the spin 
expectation value corresponds to a ! 
phase shift.
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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
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Collela, Overhauser, Werner, Phys. Rev. Lett. 34 (1975) 1472

物質波が地球重力によって位相シフトする
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K. C. Littrell, B. E. Allman, and S. A. Werner, Phys.Rev.A56 (1997) 1767.

物質波が地球重力によって位相シフトする

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

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

ずれている？
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Effect of Earth's Rotation on the Quantum Mechanical Phase of the Neutron
S. A. Werner and J.-L. Staudenmann

Physics Department and Research Reactor Facility, University of Missouri C—olumbia, Columbia, Missouri 65211

R. Colella
Physics DePartment, Purdue University, West Lafayette, Indiana 47907

(g,eceived 6 February 1979)

Using a neutron interferometer of the type first developed by Bonse and Hart for x rays,
we have observed the effect of Earth's rotation on the phase of the neutron wave function.
This experiment is the quantum mechanical analog of the optical interferometry observa-
tions of Michelson, Gale, and Pearson.

In 1925 Michelson, Gale, and Pearson' carried
out a remarkable experiment designed to detect
the effect of Earth's rotation on the speed of
light. Using an interferometer in the form of a
rectangle of the size 2010 ftx 1113ft they were
able to detect a retardation of light due to Earth' s
rotation corresponding to about —,

' of a fringe, in
agreement with the theory of relativity. An ex-
periment demonstrating that angular rotation
could be detected by optical interferometry was
carried out earlier by Sagnac. ' In view of the dif-
ferences in the coordinate transformation proper-
ties of light waves and matter waves, it is not ob-
vious that an analogous quantum mechanical ef-
fect should exist for neutrons. We find that it
does.
A schematic diagram of our experiment is

shown in Fig. 1. We use a perfect-silicon-crys-
tal interferometer of the type first developed for
x rays by Bonse and Hart. ' The first demonstra-
tion that such a device could be used for neutrons
was achieved by Bauch, Treimer, and Bonse. ~ In
this experiment a nominally monoenergetic neu-
tron beam of wavelength X = 1.262 A is reflected
vertically by a beryllium crystal. This beam
passes through a collimator and subsequently
through a V-mm-diam cadmium aperture onto the
interferometer. The beam incident on the inter-
ferometer is coherently split in the first Si-crys-
tal slab at point A by Bragg reflection from the
(220) lattice planes. The two resulting beams are
coherently split again in the second Si slab near
points B and C. Two of these beams are directed
toward point D in the third Si slab, where they
overlap and interfere. The outgoing interfering
beams are detected in two 'He proportional de-
tectors, labeled C, and C, in Fig. 1. If the beam
traversing the path ACD is shifted in phase by an
angle P relative to the beam traversing the path
ABD, it can be shown' that the expected intensi-

ties observed at detectors C, and C, are
I, = o (1+cosP) (1a)

vert ical
li

phas
shifter

collima tor

earn f forA ~----------.-"---- ""b
monochromator &lSfSrrrrri sr igprgZr]t'

/Be crysta/

FIG. 1. Schematic diagram of the apparatus. The
drawing is not to scale. The collimator is approximate-
ly 1 m in length and the interferometer is approximate-
ly 8 cm long from pointA, to point D. The angle 6 of the
phase-shifting slab is zero when it is parallel to the
three interferometer slabs.

I, =y - o. cosP.
The constants n and y depend on the incident flux.
The perfect contrast predicted by these equations
is never exactly realized in practice. In this ex-
periment we have observed a phase shift P of the
neutron wave function, which we will call Ps,&„„,
resulting from the rotation of Earth. According
to the theory developed below, this phase shift

1979 The American Physical Society 1103
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S. A. Werner, et. al., Phys. Rev. Lett. 42 (1979) 1103.

物質波が地球の回転 
によって位相シフトする 
（Sagnac効果）
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FIG. 3. A plot of the phase shift P due to Earth's ro-
tation as a function of the orientation y of the normal
area A of the interferometer about a vertical axis. The
symbolsN, W, and S indicate north, west, and south.

FIG. 2. Typical oscillating counting rates observed
in detector C& at two orientation settings y of the inter-
ferometer. The counting time for each datum point was
approximately 600 sec.

Sag nac

= 91.25 sin(y —8.8) deg (experiment). (12)
The labeling of north, west, and south on Fig.

3 was achieved through an a,stronomical sighting
of the star Polaris. This line of sight was car-
ried inside the reactor hall (which is below

gles 5, the counting rates in detectors C, and C,
are observed to oscillate. Repeating this proc-
ess at another setting cp of the interferometer re-
sults in another oscillating pattern, of the same
period, but shifted in phase with respect to the
first pattern. We show in Fig. 2(a) typical data
taken at a setting y =0', and in Fig. 2(b) data tak-
en at y =—90 . The phase shift between these two
patterns is due to the rotation of Earth. The re-
sults of an extensive series of measurements at
various interferometer settings y is shown in
Fig. 3. Each datum point in this figure was ob-
tained by least-squares fitting of a sine wave of
unknown phase to data of the type shown in Fig.
2. Because of long-term drifts of the interferom-
eter phase, measurements at a reference angle
were repeated after each new setting cp. The sol-
id curve in Fig. 3 represents a least-squares fit
to the data. We find that

ground level) by precision surveying techniques
and mechanically transferred onto the interferom-
eter. Comparing Eqs. (9) and (12), we see that
the magnitude of the phase shift of the neutron
due to Earth's rotation observed in this experi-
ment is in excellent agreement with theory.
The role played by C. Holmes, Physics Depart-

ment Machine Shop, University of Missouri, in
the successful completion of this experiment was
extraordinarily significant. We wouM also like
to acknowledge the excellent support received
from the reactor staff at the University of Mis-
souri Research Reactor, in particular, W. B.
Yelon, R. Berliner, C. Edwards, and R. Brugger.
We are grateful for the excellent single crystals
of silicon provided us by B. Stone and J. Hurd of
the Monsanto Corporation. We thank our theo-
retical colleagues A. W. Overhauser, G. W. Ford,
B. DeFacio, and D. Greenberger for their inter-
est and helpful discussions. And finally we are
very indebted to J. Paiva and K, Leu for the as-
tronomical sighting and surveying.
This work was supported by the National Sci-

ence Foundation's Atomic, Molecular, and Plas-
ma Physics Program through Grant No. V6 08960.

A. A. Michelson, H. G. Gale, and F. Pearson, Astro-
phys. J. 61, 140 (1925).
'M. G. Sagnac, C. R. Acad. Sci. 157, 708, 1410 (1913).
U. Bonse and M. Hart, Appl. Phys. Lett. 6, 155

(1965).
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FIG. 2: Schematic view of the interferometer with gas cell and
quartz alignment flag. The quartz alignment flag is shown in
the out position and the centerline denotes an end on view of
the kinematic mounting plane. The position of the tempera-
ture probes (labelled Temp A and Temp B) are shown on the
gas cell.

vertical tilt of the sample. The condition ε = ε0 and
γ = γ0 occurs when the beam is incident normally on
the sample. In this experiment ∆φgas + ∆φcell + ∆φ0 is
measured when the beam is incident normally. In this
orientation the phase shift is insensitive in first order
to the misalignment angles ∆ε and ∆γ. However the
phase shift due to the empty aluminum cell is two or-
ders of magnitude larger than the gas. If the cell was
present in only one of the interferometer beams, a small
unknown misalignment would lead to a large systematic
uncertainty in the background phase shift. To minimize
this systematic effect a unique design was chosen for the
gas sample cell, as discussed in the next section.

C. Gas cell design

In order to minimize the phase shift due to the cell,
the cell walls were designed to extend across both beam
paths to produce compensating phase shifts for paths I
and II. Mechanically this was achieved by machining
two gas cells from a single block of aluminum. The design
of the cell is shown in Fig. 2. When the cell is perfectly
aligned the beams strike both cell compartments perpen-
dicular to their surfaces. This ensures that the effective
thicknesses along both paths are nearly equal. The phase
shift due to the cell obtained from Eqs. 14 and 18 is,

∆φcell (ε, γ) = −λNb
(DII − DI)

cos(∆ε) cos(∆γ)
(19)

where DI and DII are the cell wall thicknesses along
paths I and II. From Eq. 19 we see that the phase shift
along path I is opposite that of path II so that the total
phase shift is minimized when DI and DII are equal or
nearly equal, as is the case. In this experiment the total
phase shift of the cell was first measured before filling
with D2 gas to be (∆φcell )D2

= (2.4794 ± 0.0021) rad
and (∆φcell )H2

= (1.3788 ± 0.0021) rad. The two cell
phase shift measurements differed by a slight amount due
to thin (≈ 10 µm thick) film of thermal grease that
was present during the the D2 gas measurement, but
was removed (with acetone) prior to the H2 measure-
ment. These cell phase shift values are considerably lower
than 670 rad, which would have been seen with the cell
in only one beam. The relative uncertainty introduced
by a 17 mrad (1◦) misalignment of the cell is 0.001 %.
This is an order of magnitude below the uncertainty goal
of this experiment. In practice, it is possible to align
the cell in the beam such that both ∆ε < 2 mrad and
∆γ < 2 mrad so that the systematic alignment uncer-
tainty is completely negligible.

D. Alignment of the cell

Although the experiment is insensitive in first order to
both of the missets ∆ε and ∆γ, it is still necessary to
actually measure these values. The fact that the cell was
designed to be extremely insensitive to changes in these
angles introduces some experimental difficulties in actu-
ally performing these measurements. Aligning the cell
experimentally requires measurement of the cell phase
shift as a function of both ∆ε and ∆γ. To solve this
problem a kinematic mount was designed to allow the
cell to maintain the previous alignment ∆ε and ∆γ rela-
tive to the beam after being removed and replaced. The
alignment phase shift measurement was performed us-
ing a quartz alignment phase plate that only crossed one
beam in order to produce a noticeable phase shift. (See
Fig. 2.) This optically flat, 1.5 mm thick quartz plate
was mounted on the same flat surface as the cell. The
procedure that was used to align the quartz is much the
same as the alignment procedure described in Ref. [24]
and is described below. However, here the sample is ro-
tated by π/2 (90◦) relative to the non-dispersive phase
shift position discussed in [24].

This method of alignment required that the quartz
alignment sample be parallel translated from path I to
path II. Upon translation the horizontal misset angle
changes sign (∆ε → −∆ε) yielding a difference between
the two phase shift measurements of

Θπ/2(ε, γ) = ∆φ(ε, γ) − ∆φ(−ε, γ) (20)

≈
λNbD0

cos(∆γ) cos(θB)

×
{

2 + (∆ε)2
[

1 + 2 tan2(θB)
]}

.

Note that when ∆γ is held fixed, Eq. 20 is a quadratic
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FIG. 3: Measurement of the difference phase Θπ/2 (Eq. 20)
to obtain the minimum of the rotation alignment ∆ε and tilt
alignment ∆γ as described in the text.

function of ∆ε, which means that the center can be accu-
rately determined in order to minimize the misset angle
∆ε. Similarly Eq. 20 is a quadratic function of ∆γ when
∆γ << 1 and ∆ε is held fixed. Independently varying
the tilt for a fixed value of ∆ε allows the experimental
determination of the optimum tilt position for ∆γ = 0.
The experimental measurements of these two alignment
parabolas are plotted in Fig 3. All phase shift data were
taken with ∆ε and ∆γ at their minimum values.

E. Data Collection

Once the cell mount was aligned using the above tech-
nique, the phase plate was replaced by the gas cell on
its kinematic mount. The gas chamber on path I was
then filled with sample gas, while the compensation cell
oriented symmetrically on path II was evacuated. Inter-
ferograms with the cell first in the “cell in” position and
then translated to the “cell out” position (see Fig. 2) were
collected in order to determine the phase shift due solely
to the gas and the small difference in thickness between
the two chamber walls of the cell (discussed earlier in

FIG. 4: A typical pair of interferograms denoting the change
in intensity as the phase flag angle δ is varied (see Fig. 1).
Data are shown for both the cell filled with D2 gas in the
beam and when the cell is removed from the beam path.

section III C). Each set of interferograms (see Fig. 4) re-
quired approximately 42 min to obtain a measurement of
∆φgas +∆φcell with a relative uncertainty of 0.3 %. The
two interferograms in Fig. 4 were fitted to Eqs. 16 and 17
to obtain the time dependent phase shifts, ∆φ0, shown in
Fig. 5. The total phase shifts of the cell, the gas, and the
time dependent offset phase shifts, ∆φgas +∆φcell +∆φ0,
are plotted in Fig. 6. Since each measurement of ∆φ0 was
performed within 42 min of the previous one, the time
dependence of the phase shift could be directly measured
and removed from the total phase shift. The time depen-
dence of the empty interferometer phase shift, discussed
later in section III I, is believed to be due to slight tem-
perature fluctuations that cause small geometric shifts
between the two paths of the interferometer. The phase
shift values with the time dependence removed are plot-
ted in Fig. 7. The total amount of data taken, 353 runs
for D2 and 358 runs for H2, was based on a statistical
uncertainty target of 0.02 %.

F. Measuring the atom density N

To obtain a value for the coherent scattering length
from the phase shift data plotted in Fig. 7 using Eq. 14,
several additional measurements must be performed and
a few time-dependent density changes must be corrected
for. First, it is necessary to determine the atom density,
N , of the gas for each phase shift measurement. To do
this we employ the following form of the virial equation
for a real diatomic gas given by,

N =
2P

kBT (1 + BP (T )P + CP (T )P 2 + ... )
, (21)

where P is the pressure, kB is Boltzmann’s constant
(value taken from [28]), T is the temperature, BP is

17

TABLE III: Theoretical calculations of the quartet n-d s-wave
scattering length. Table taken from Friar et al.[55]

Potential 4and

N93[56] 6.346
NII[57] 6.343
RSC93[56] 6.353
CDB[58] 6.350
AV18[10] 6.339
Chiral PT[14] 6.33

fix these low energy constants becomes timely. We be-
lieve that the best two low energy observables in the n-d
system to determine these low energy constants are not
the triton binding energy and the doublet n-d scatter-
ing length but rather the triton binding energy and the
coherent n-d scattering length.

We can also use the coherent scattering length data in
combination with theoretical calculations of the quartet
scattering length to infer the doublet scattering length
with significantly higher precision than the currently
quoted value of 2and = (0.65 ± 0.04(expt)) fm. As is
well-known, the quartet scattering length is mainly sensi-
tive to the well-known long-range components of the NN
interaction due to pion exchange, which are fixed by mea-
surements of the s-wave component of the deuteron wave
function. So the results of NN model calculations should
give the same answer for this channel to high accuracy
independent of the details of the short-range components
of the NN interaction where 3-body forces start to mani-
fest themselves. Then this procedure can be used to more
tightly constrain the short-range interactions, including
3-body forces, which must be introduced to agree with
the triton binding energy and to calculate the doublet
scattering length.

Table III shows calculations of the quartet n-d scatter-
ing length using a new class of potentials which provide
good fits to the NN database[55]. We observe that all of
these results fit within a range 4and = (6.346±0.007) fm.
If we accept this average and range as a fair represen-
tation of the precision with which modern NN poten-
tials can calculate 4and , then we can combine this result
with our measurement of the coherent scattering length
to obtain the following value for the doublet scattering
length: 2and = (0.645±0.003(expt) ± 0.007(theory)) fm.
Compared with the direct measurement 2and = (0.65 ±
0.04(expt)) fm, we see that this approach can improve on
the precision of our knowledge of the doublet n-d scat-
tering length by a factor of 4.

At this point it would also be interesting to compare
these new results with the scattering lengths in the p-
d system. Unfortunately, there are at present no cur-
rently accepted values for the low energy p-d scatter-
ing lengths. The analysis of Black et al., did reproduce
some of the theoretically predicted energy dependence of
the p-d 2S1/2 effective range function–a singularity near
threshold–but the singularity was located at higher than
expected energies and did not match the theoretical val-

FIG. 19: Theoretical calculations of the coherent scattering
length compared with the experimental value measured here.
The central dark band is the 1σ confidence band and the
lighter band is the 2σ confidence band. Only one of the the-
ories fall within the 1σ band and only 2 fall within 2σ.

ues within quoted uncertainties[20]. None of the other
experimentally determined values for this parameter were
even close to the calculated values, and the effective range
functions did not display the expected pole. For the p-d
case, the conflict between theory and experiment persists
whether or not 3N forces sufficient to correctly bind 3He
are added to the potential.

VI. CONCLUSIONS AND FURTHER WORK

We have performed high precision measurements of
the coherent neutron scattering lengths of gas phase
molecular hydrogen and deuterium using neutron in-
terferometry. We find bH = (−3.7458 ± 0.0020) fm
and bD = (6.6649 ± 0.0040) fm. Our result for H dif-
fers from the world average of previous measurements,
bnp = (−3.7410 ± 0.0010) fm, by −0.0048 fm, which
is accounted for by the Nowak correction. Our re-
sult for the n-d coherent scattering length is in agree-
ment with the world average of previous measurements,
bnd = (6.6727 ± 0.0045) fm. We feel that the precision
of these results has yet to be properly appreciated. We
note that calculations of the doublet and quartet scat-
tering lengths of the best potential models show that
almost all known calculations are in disagreement with
the precisely-measured linear combination correspond-
ing to the coherent scattering length. Combining the
world data on bD with the modern high-precision theo-
retical calculations of the quartet n-d scattering lengths
recently summarized by Friar et al., we deduce a more
precise value for the doublet scattering length of 2and =
(0.645 ± 0.003(expt) ± 0.007(theory)) fm. This value is
a factor of 4 more precise than the previously accepted
value of 2and = (0.65±0.04(expt)) fm and is in agreement
with the Argonne AV18 potential with a 3N force.

We hope that this work will contribute to the exten-
sive theoretical and experimental efforts now underway
to understand the nuclear 3-body force. When possible,
we urge theorists who calculate both scattering lengths
in the n-d system to compare to the precisely known co-

原子核の計算モデルをセレクト
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FIG. 2. (Color online) The n-3He experiment (not to scale). (a) A monochromatic neutron beam entering from the left is polarized by a
supermirror. The polarization direction can be changed using a precession coil spin flipper. A 2-mm × 6-mm slit provided collimation just
before the interferometer. (b) Neutrons Bragg diffract in the first blade of the interferometer, coherently splitting the neutron into two separate
paths. The two paths are diffracted in separate mirror blades so that they mix and interfere at the analyzer blade of the interferometer. One
neutron path contains the 3He target cell, while the other path contains 8 mm of boron-free glass to compensate for the phase shift caused by the
target cell windows. A quartz phase flag is rotated to vary the intensity in the two 3He-filled proportional counters labeled the O- and H-beam
detectors. The 3He polarization was monitored by a third 3He detector labeled C4.

into Eq. (8) and find the phase difference

!φ0 = φ↑
sam − φ↓

sam

= −λN3D3

[(
b′

c + N+
b′

i√
3

− N−
b′

i√
3

)

−
(

b′
c − N+

b′
i√
3

+ N−
b′

i√
3

)]
, (17)

where N3 is the 3He number density and D3 is the active length
of the target cell. Here N± = (1 ± P3)/2 is the fraction of 3He
nuclei in each polarization state. Using Eqs. (11b) and (17)
one finds that the phase difference between opposite neutron
spin states is related to the triplet and singlet scattering lengths
by

b′
1 − b′

0 = −2!φ0

N3λD3P3
. (18)

The factors in the denominator of Eq. (18) are determined
simultaneously with !φ0 by measuring the spin-dependent
transmission of neutrons through the 3He cell. This is an
advantage over typical interferometric measurements of b′

in that none of the factors in the denominator need to
be determined individually; the spin-dependent transmission
asymmetry determines their product directly.

A. Neutron interferometer and facility

This experiment was done at the National Institute of Stan-
dards and Technology’s (NIST) Center for Neutron Research
(NCNR) in Gaithersburg, MD. A 20-MW reactor produces
a steady source of neutrons that are moderated by a liquid-
hydrogen cold source [33]. These moderated neutrons are
transported from the cold source to several neutron instruments
by 58Ni-coated glass guides. At the Neutron Interferometer and
Optics Facility (NIOF) a double monochromator assembly
reflects 2.35-Å neutrons into an environmentally isolated

enclosure [34]. The first monochromator is a single pyrolytic
graphite PG(002) crystal that reflects neutrons out of the
neutron guide and toward a second monochromator 3 m
away. This second monochromator vertically focuses the
beam using nine individually adjustable 1-cm ×5-cm PG(002)
crystals [35]. Further details of the facility can be found in
Ref. [36].

A schematic of the experiment inside the enclosure is
shown in Fig. 2. After the double-monochromator assem-
bly a pyrolytic graphite filter was used to remove λ/2 =
1.175-Å neutrons from the beam. Neutrons passing through
the filter were polarized by a transmission-mode supermir-
ror polarizer [37]. The polarizer consisted of two separate
0.64- and 0.73-m-long supermirrors that were slightly offset
so that no incoming neutrons had a clear line of sight to
the interferometer. Neutrons in the incorrect spin state were
reflected from the supermirror and absorbed on cadmium
shielding.

Immediately downstream of the supermirror polarizer was
a precession coil spin flipper made from two orthogonal
aluminum wire coils [38]. One coil provided a magnetic field
opposite of the guide field that created, in the absence of the
other coil, a zero-field region in the center of the coils. A
second coil created a magnetic field,

Bf = π2!2

µnmnλ
L−1, (19)

perpendicular to the neutron polarization direction. The field
Bf was tuned such that the neutron undergoes half a Larmor
precession cycle. Here L is the active length inside the coils, mn
is the neutron mass, µn = γ !σ n is the neutron magnetic dipole
moment, and γ is the gyromagnetic ratio. When energized, the
precession coil spin flipper allowed the neutron spin state to
be rotated π radians with nearly 100% efficiency.

Helmholtz coils 56 cm in diameter were centered on the
target cell and provided a field of 1.5 mT. To preserve the
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a Gaussian spectrum of λ, the measured contrast becomes
C = C0 exp [ − (NwinDwinb

′
winσλ)2/2], where C0 is the initial

contrast of the interferometer. Here Nwin, Dwin, and b′
win are

the density, thickness, and effective scattering length of the
window, respectively. This effect is negligible for the 3He itself
because the density of the gas is much lower. A more complete
description of coherence and subsequent contrast loss can be
found in a number of sources including Refs. [35,39–43]. To
minimize the loss of contrast from the cell windows, 8 mm of
compensating glass made from two target cell windows was
placed in path I of the interferometer.

Another mechanism of contrast loss in this experiment
is attributable to the fact that the 3He sample is a neutron
absorber; therefore, both c0 and c1 are decreased from what
they would otherwise be in an empty interferometer. For
absorption we have [29]

c0′ = c0

2
(1 + e−σaN3D3 ), (24)

c1′ = c1e
−σaN3D3/2, (25)

C = c1′

c0′
= C0 sech(σaN3D3/2). (26)

Absolute contrast during this experiment was a function of
the environment, effectiveness of compensation glass, neutron
spin state, and the 3He polarization and varied between 30%
and 75%.

B. Glass target cells

The NIST optical shop fabricated four geometrically
identical flat-windowed 3He cells. Two of these cells, named
Cashew and Pistachio (Pistachio is shown in Fig. 4) were
used in this experiment. Each cell was made from boron-free
aluminosilicate glass [44] and consisted of two flat 25-mm-
diameter, 4-mm-thick windows fused onto a 34-mm-long
cylindrical base. Before the cells were sealed they were filled
with between 1.7 and 1.9 bar of 3He gas. Nitrogen and
rubidium were also added to polarize the 3He using spin
exchange optical pumping (SEOP) [45]. Properties of the cells
can be found in Table I.

TABLE I. The 3He-cell properties. Spin relaxation times are
for the interferometer facility which had magnetic-field gradients.
N3σpD3 is the opacity of the cell. The pressure at 26 ◦C was
determined assuming that the transmission through the cell windows
was 88% [47]. The cell Cashew’s relaxation time was 135 h in 2008
and 150 h in the 2013 data set. Pistachio was used only in 2008.

Cell name Relaxation N3σpD3 Pressure Function
time (h) at 2.35 Å (bar)

Cashew (’08) 135 1.1 1.9 Target
Cashew (’13) 150 1.1 1.9 Target
Pistachio 35 1.0 1.7 Target
Skylight 110 3.1 3.1 Polarimetry
Haystack 80 3.0 2.94 Polarimetry
Whiteface 35 3.6 3.50 Polarimetry

The environmental constraints at the NIOF required that
the cells be polarized at a separate facility. In this facility
SEOP was employed to polarize the 3He gas over a period of
2 days to an initial 3He polarization between 65% and 75%.
It was also possible at the SEOP facility to monitor and flip
the 3He polarization by nuclear magnetic resonance (NMR)
techniques [46]. The cells were transported to the NIOF using a
portable battery-powered solenoid. Losses in 3He polarization
from transporting the cell between the two facilities were
measured to be <2%. Helmholtz coils placed around the
interferometer provided a uniform magnetic field which
minimized the loss of 3He polarization owing to magnetic-field
gradients. Cell relaxation times at the interferometer varied per
cell with a maximum of 150 h.

C. Phase data

The phase shift caused by the spin-dependent interaction
with the target 3He was measured by rotating the phase flag
from an angle of ε = 0 mrad to εmax and then from ε = εmin to
0 mrad in 2.18-mrad steps. The angles εmax and εmin varied
slightly per run, with εmax − εmin = 56.68 mrad. Each run
lasted 4 to 9 h, with a statistical mode of 4.4 h. At each angle of
the phase flag the spin flipper was operated in a off-on-on-off
sequence to reduce the effect of linear drifts. Two simultaneous
interferograms, one for each precession coil spin-flipper state,
were constructed from the background-subtracted off-on-on-
off data. A typical pair of interferograms are shown in Fig. 5.
Figure 6 shows the measured phases φ

↑
1 and φ

↓
1 over a span of

1 month that includes five cell transfers.
Comparing the two interferograms yields a measured phase

shift %φM . A correction must be applied to %φM = φ
↑
1 − φ

↓
1

to determine %b′ using Eq. (18). This is because the incident
beam is an incoherent mixture of both spin-up and spin-down
neutrons (the neutron polarization Pn &= 1). The measured
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FIG. 5. (Color online) Typical interferograms generated by a off-
on-on-off spin-flipper sequence is shown where the spin flipper is off
(blue squares) and on (red circles). Each point was counted for 150 s.
The lower intensity for the “Flipper ON” interferogram is attributable
to stronger absorption in that case. The uncertainties shown are purely
statistical. Lines are fits of the data using Eq. (20).
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FIG. 13. (Color online) Current experimental data on the n-3He
system from this work, ILL 2006 [25], NIST 2004 [24], ILL
2002 [60], ILL 1979 [65] compared to theoretical predictions [58,59].
Bands represent the experimentally determined values ±1σ .

equal to 1/σ [67]. The uncertainty of the weighted average has
been inflated in the manner described in Ref. [67].

Calculations employing models AV18 + UIX, AV18 +
UIX + V∗

3 [58,59], and AV18 + LL2 [17] have all predicted
similar values for the triplet and singlet scattering lengths. For
example, "b′(AV18 + UIX) = −5.753 ± 0.002 fm. Neither
this work nor the work of Zimmer et al. agrees with NN + 3N
calculations. Figure 13 shows a selection of measured values
of b′

1 and b′
0 beside some theoretical predictions. Four-nucleon

interactions have yet to be included into the theoretical models
owing to the difficulty in handling long-range Coulomb forces,
but should constitute only a tiny correction to NN + 3N
predictions. A calculation of pionless effective field theory to

next-to-leading order shows promise [17], but the uncertainty
of the predicted value is still too large to compare to high-
precision measurements. A recent measurement of the total
scattering cross section [68] that suggests a much larger
scattering cross section and would lie outside of Fig. 13 is
omitted for space.

The recent work on the n-3He interaction can lead to
further understanding of low-energy nucleon systems. Al-
though there are several discrepant measurements, scattering
length measurements do not match theoretical models. Taken
alone, the coherent scattering length by Ref. [24] agrees with
AV18 + UIX, but does not intersect a measurement of the
spin-dependent difference in triplet and singlet states. This
work and Ref. [60] agrees with the R-matrix prediction. More
work needs to be done to resolve the discrepancy between
different n-3He coherent scattering length measurements. The
uncertainty in the triplet absorption cross section needs to
be experimentally determined to better precision, if other
measurements of the spin-dependent quantity "b′ are to be
made. The authors hope that this work along with the previous
scattering length measurements can improve future NN + 3N
models and is part of the ongoing exploration into few-body
systems at the NIOF.
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[20] K. Sköld, C. A. Pelizzari, R. Kleb, and G. E. Ostrowski, Phys.
Rev. Lett. 37, 842 (1976).
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FIG. 2. (Color online) The n-3He experiment (not to scale). (a) A monochromatic neutron beam entering from the left is polarized by a
supermirror. The polarization direction can be changed using a precession coil spin flipper. A 2-mm × 6-mm slit provided collimation just
before the interferometer. (b) Neutrons Bragg diffract in the first blade of the interferometer, coherently splitting the neutron into two separate
paths. The two paths are diffracted in separate mirror blades so that they mix and interfere at the analyzer blade of the interferometer. One
neutron path contains the 3He target cell, while the other path contains 8 mm of boron-free glass to compensate for the phase shift caused by the
target cell windows. A quartz phase flag is rotated to vary the intensity in the two 3He-filled proportional counters labeled the O- and H-beam
detectors. The 3He polarization was monitored by a third 3He detector labeled C4.

into Eq. (8) and find the phase difference

!φ0 = φ↑
sam − φ↓

sam

= −λN3D3

[(
b′

c + N+
b′

i√
3

− N−
b′

i√
3

)

−
(

b′
c − N+

b′
i√
3

+ N−
b′

i√
3

)]
, (17)

where N3 is the 3He number density and D3 is the active length
of the target cell. Here N± = (1 ± P3)/2 is the fraction of 3He
nuclei in each polarization state. Using Eqs. (11b) and (17)
one finds that the phase difference between opposite neutron
spin states is related to the triplet and singlet scattering lengths
by

b′
1 − b′

0 = −2!φ0

N3λD3P3
. (18)

The factors in the denominator of Eq. (18) are determined
simultaneously with !φ0 by measuring the spin-dependent
transmission of neutrons through the 3He cell. This is an
advantage over typical interferometric measurements of b′

in that none of the factors in the denominator need to
be determined individually; the spin-dependent transmission
asymmetry determines their product directly.

A. Neutron interferometer and facility

This experiment was done at the National Institute of Stan-
dards and Technology’s (NIST) Center for Neutron Research
(NCNR) in Gaithersburg, MD. A 20-MW reactor produces
a steady source of neutrons that are moderated by a liquid-
hydrogen cold source [33]. These moderated neutrons are
transported from the cold source to several neutron instruments
by 58Ni-coated glass guides. At the Neutron Interferometer and
Optics Facility (NIOF) a double monochromator assembly
reflects 2.35-Å neutrons into an environmentally isolated

enclosure [34]. The first monochromator is a single pyrolytic
graphite PG(002) crystal that reflects neutrons out of the
neutron guide and toward a second monochromator 3 m
away. This second monochromator vertically focuses the
beam using nine individually adjustable 1-cm ×5-cm PG(002)
crystals [35]. Further details of the facility can be found in
Ref. [36].

A schematic of the experiment inside the enclosure is
shown in Fig. 2. After the double-monochromator assem-
bly a pyrolytic graphite filter was used to remove λ/2 =
1.175-Å neutrons from the beam. Neutrons passing through
the filter were polarized by a transmission-mode supermir-
ror polarizer [37]. The polarizer consisted of two separate
0.64- and 0.73-m-long supermirrors that were slightly offset
so that no incoming neutrons had a clear line of sight to
the interferometer. Neutrons in the incorrect spin state were
reflected from the supermirror and absorbed on cadmium
shielding.

Immediately downstream of the supermirror polarizer was
a precession coil spin flipper made from two orthogonal
aluminum wire coils [38]. One coil provided a magnetic field
opposite of the guide field that created, in the absence of the
other coil, a zero-field region in the center of the coils. A
second coil created a magnetic field,

Bf = π2!2

µnmnλ
L−1, (19)

perpendicular to the neutron polarization direction. The field
Bf was tuned such that the neutron undergoes half a Larmor
precession cycle. Here L is the active length inside the coils, mn
is the neutron mass, µn = γ !σ n is the neutron magnetic dipole
moment, and γ is the gyromagnetic ratio. When energized, the
precession coil spin flipper allowed the neutron spin state to
be rotated π radians with nearly 100% efficiency.

Helmholtz coils 56 cm in diameter were centered on the
target cell and provided a field of 1.5 mT. To preserve the
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FIG. 3. The skew symmetric interferometer made by Cliff
Holmes and others at the University of Missouri-Columbia machine
shop (on loan from Dr. Samuel A. Werner).

neutron polarization between the supermirror polarizer and
the Helmholtz coils a series of permanent magnets provided a
magnetic guide field with a minimum of 1 mT. The heat output
from the Helmholtz coils, which was not actively cooled,
increased the temperature variation for this experiment. The
temperature around the interferometer was controlled with
heating tape and calibrated platinum resistance sensors in
a closed-loop, proportional-integral-derivative operation and
typically achieved a temperature stability of ±5 mK [35].
For this experiment the interferometer enclosure was stable
to only ±20 mK because of the increased heat caused by the
Helmholtz coils.

A neutron interferometer consists of a perfect silicon crystal
machined so that there are several parallel crystal blades on
a common monolithic base. The interferometer used here is
shown in Fig. 3. Neutrons entering the interferometer Bragg
diffract in the first (splitter) blade of the interferometer. This
coherently separates the neutron into two spatially separate
paths labeled I and II [see Fig. 2(b)]. Both neutron paths are
Bragg diffracted in a second (mirror) blade and interfere in the
final (analyzer) blade of the interferometer. Conceptually, this
is analogous to a Mach-Zehnder interferometer in light optics.
The two beams exiting the interferometer are historically
labeled the O and H beams. Neutrons are detected with
near 100% efficiency using 25.4-mm-diameter cylindrical
3He-filled proportional counters.

The target was a sealed glass cell containing 3He gas (see
Fig. 4) placed in path I of the interferometer. A phase flag,
which consisted of 2-mm-thick quartz, was placed in both
paths of the interferometer. Rotating the phase flag by an
angle ε varied the relative phase shift between the two neutron
paths and thus modulated the intensity in the O- and H-beam
detectors. For the O- and H-beam detectors, the intensity can
be written for a neutron with spin state ↑ (↓) as

I0(ε) = c
↑(↓)
0 + c

↑(↓)
1 cos[φflag(ε) + φ↑(↓)], (20)

IH (ε) = c
↑(↓)
3 − c

↑(↓)
1 cos[φflag(ε) + φ↑(↓)], (21)

where I0 + IH = constant. (22)

FIG. 4. Two 3He cells. The larger of the two cells, called Skylight,
was used in the polarimetry measurements. The smaller flat-window
cell called Pistachio was used as a target cell. Rubidium deposits can
be seen as dark spots along the walls of the cell.

The coefficients c
↑(↓)
i for i = 0,1,2,3 are treated as fit param-

eters. Here [φflag(ε) + φ↑(↓)] is the relative phase difference
between the two paths. The phase φ↑(↓) includes both φsam
and any initial relative phase difference between paths I and
II. The term φflag(ε) = c2f (ε) is the phase shift owing to the
phase flag, where

f (ε) = sin(θB) sin(ε)
cos2(θB) − sin2(ε)

(23)

is the difference in optical path length for paths I and II. Here
θB = 37.73◦ is the Bragg angle for the interferometer. Because
3He has spin-dependent absorption, c

↑
i %= c

↓
i for i = 0,1,3.

The contrast or fringe visibility C of the interferometer
is the ratio of the amplitude c1 and mean c0 in Eq. (20). In
practice, the contrast for a typical neutron interferometer is
less than unity owing to a host of reasons including small
crystal imperfections and temperature gradients. Under the
best experimental conditions, neutron interferometers have
demonstrated at most around 90% contrast. In this experiment
there are two losses of contrast that, although not unique, are
of particular interest.

The first case is attributable to the interaction of the neutron
as it passes through the glass windows of the target cell. As
a neutron passes through the glass windows it experiences
a large phase shift φwin. Although this phase shift φwin
is spin independent and is canceled when subtracting the
phase measured in both neutron spin states, φwin does affect
the measured contrast and hence overall precision of the
experiment. This is because the incident neutron beam contains
a small wavelength spread of σλ/λ = 1%. Neutrons of slightly
different wavelengths will experience slightly different φwin,
which dephases the detectable neutron beam after the interfer-
ometer. This does not affect the measured phase determined by
Eq. (20), but dephasing does decrease the contrast. Assuming
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ここで有効ポテンシャル

Veff (φ) ≡ V (φ) + ρ̃e
βφ

MPl (8)

を導入する。ポテンシャル V (φ)を単調減少関数とすると，有効ポテンシャルの形
は図 1，2のようになる。

図 1: 高密度領域 図 2: 低密度領域

物質場とスカラー場がカップリングするため，物質密度によって有効ポテンシャ
ルの関数形が異なる。有効ポテンシャルを最小にするスカラー場 φminは

V,φ(φmin) +
β

MPl
ρ̃e

βφmin
MPl = 0 (9)

を満たし，Veff (φmin)の曲率がスカラー場の質量mminを決め

m2
min = V,φφ(φmin) +

β2

M2
Pl

ρ̃e
βφmin
MPl (10)

と定義できる。ここで，V,φ ≡ dV/dφ，V,φφ ≡ d2V/dφ2である。
したがって，高密度領域ではスカラー場の質量が大きくなるため，対応するコン
プトン波長が短くなり，スカラー場の寄与が見られなくなる。これが Chameleon

機構である。次で具体的にこれを見ることにする。

3.1 Solution for a compact object

地球や太陽などの compact object でスカラー場 φがどのような解を持つかを見
る。そのために，compact object が静的球対称で，半径R，一様密度 ρc，全質量
Mc = 4πR3ρc/3 であると考える。また，compact object は孤立しており，周りの

3
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により Einsteinフレームに移ると,

Sg =

∫
d4x

√
−ḡ

[
M2

Pl

2
R̄− 1

2
(∇̄µφ)

2 − V (φ)

]
(3)

となる.ここでスカラー場 φは

e2βφ/MPl = f ′(R), β ≡ 1√
6

(4)

により定義され,ポテンシャル V (φ)は

V (φ) =
M2

Pl

2

Rf ′(R)− f(R)

f ′(R)2
(5)

で与えられる (φ依存性が顕わでないが,式 (4)を通
じて φの関数となっている).また, Smに含まれる計
量テンソルを通じて, φ は物質場と結合することに
なる.

3 Chameleon Mechanism

式 (3)を φについて変分すると

!̄φ = V ′(φ) +
β

MPl
e4βφ/MPlgµν

∑

i

T (i)
µν (6)

を得る.ただし T (i)
µν は, Jordanフレームにおける i番

目の物質のエネルギー運動量テンソルである.以下で
は簡単のため, 1種類の非相対論的物質のみが存在す
る場合を考える.

Einsteinフレームでは, φと物質場との結合により
ρそのものは保存しないが, ρ̃ ≡ e3βφ/MPlρという組
合せが保存する.つまり ρ̃は φと独立である.これを
用いると,式 (15)は以下のように書ける.

!̄φ = V ′(φ) +
β

MPl
ρ̃eβφ/MPl (7)

この式の右辺から, φの運動は物質場に依存した実効
ポテンシャル

Veff(φ) ≡ V (φ) + ρ̃eβφ/MPl (8)

により決まることがわかる.以下

V ′(φ) < 0, V ′′(φ) > 0, V ′′′(φ) < 0 (9)

を要請する.このとき Veff(φ)の概形は図 1のように
なり,極小を持つ.

図 1: 実効ポテンシャル Veff(φ)

Veff を極小にするような φ = φmin は

V ′(φmin) +
β

MPl
ρ̃eβφmin/MPl = 0 (10)

を満たし,その極小のまわりの摂動に対応する質量は

m2 = V ′′(φmin) +

(
β

MPl

)2

ρ̃eβφmin/MPl (11)

となる.式 (9)の要請の下では,密度 ρの増加ととも
にmも増加することがわかる.

コンパクト天体近傍のカメレオン場の形状は,天体
があまり小さくない場合には,内側では天体の密度 ρc

から,外側では背景密度ρbからそれぞれ決まるVeff(φ)

の極小をとると考えられる.この場合には,カメレオン
場の値の変化は天体表面にごく近い領域 (thin-shell)

でのみ起こる (J. Khoury and A. Weltman. 2004).

天体内外で滑らかに接続するような静的な解は,次の
ようになる.

φ =






φc , inside
βρc

3MPl

(
r2

2 + R3
s
r − 3

2R
2
s

)
+ φc , shell

− βρc

MPl
εR

3
c
r e−mb(r−Rc) + φb , outside

ここで ρc, Rcはそれぞれ天体の密度と半径, φc,φbは
天体の充分内側, 外側における φmin の値である. ま
た, εは thin-shellパラメータと呼ばれ, shellの厚さ
Rc − Rs および δφc ≡ φc − φb と, 次のように関係
する.

ε =
MPl

β

|δφc|
R2

cρc
≈ Rc −Rs

Rc
(12)

本研究では, ε & 1の場合のみ考える.
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ここで ρc, Rcはそれぞれ天体の密度と半径, φc,φbは
天体の充分内側, 外側における φmin の値である. ま
た, εは thin-shellパラメータと呼ばれ, shellの厚さ
Rc − Rs および δφc ≡ φc − φb と, 次のように関係
する.
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本研究では, ε & 1の場合のみ考える.
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栄光の歴史

中性子干渉計

G. Sulyok, et. al., Phys. Rev. A 88, 022110 (2013)

量子力学基礎

Figure 8. Sketch of the experimental setup for the contextuality experiment. The phase � and
the polarization rotation a could be varied independently [50].

E(↵,�) =
N(↵,�) +N(↵+ ⇡,�+ ⇡)�N(↵,�+ ⇡)�N(↵+ ⇡,�)

N(↵,�) +N(↵+ ⇡,�+ ⇡) +N(↵,�+ ⇡) +N(↵+ ⇡,�)
. (23)

The maximal violation of this inequality due to quantum mechanics happens for the following
parameters: ↵1 = 0, ↵2 = ⇡/2, �1 = ⇡/4 and �2 = �⇡/4 and amounts to S = 2

p
2 = 2.82.

The measurement scheme is shown in Fig. 8. The entangled neutron state has been produced
by rotating the neutron spin in beam path I into the |-y> and in beam path II into the |y>
direction respectively. The precise determination of the related counting rates at the parameter
values given above yielded a value for S of [50]:

S = 2.051± 0.019,

which is by a 3s-limit above 2, verifying for the first time the contextuality principle of quantum
mechanics. The maximal violation of S = 2.82 has not been achieved because the contrast
of the interference pattern and the neutron polarization were below unity. In this kind of
measurements these quantities play a similar role than the finite e�ciency of the photon detectors
in entangled photon experiments. In a subsequent and improved experiment a violation up to
S = 2.291± 0.008 has been measured [61].

The same set-up as shown in Fig. 8 has been used to perform experiments related to the
Kochen-Specker theorem [62] and the Mermin inequalities [63], where even stronger violations
of classical hidden variable theories can be verified. For neutron matter-waves a related proposal
came from Basu et al. [49]. In this experiment the beam paths could be closed alternatively by
means of an absorber sheet [64]. The measurement of the product observable (�s

x�
p
y) ·(�s

y�
p
x) was

done by measuring (�s
z�

p
z) and using a priori the non-contextuality relation. The measurable

quantity is defined by a sum of product observables

C = Î � �
s

x�
p

x � �
s

y�
p

y � (�s

x�
p

y) · (�s

y�
p

x). (24)
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Bell-like experiment

Y. Hasegawa, et. al., Nature 425, 46 (2002).

小澤の不等式の検証

GEORG SULYOK et al. PHYSICAL REVIEW A 88, 022110 (2013)

Obviously, for the expectation value of A we can also turn
off A2 and only use the two output ports of A1 in the same
manner. For the actual experiment we favor this method
since increasing the number of involved components usually
increases the experimental error.

A final remark concerns the principle aim of our experi-
ment. We do not seek to minimize the measurement error ε(A)
as one may assume at first sight. By the way, measuring the spin
of a spin- 1

2 particle along any direction is easily achievable with
a high degree of precision. We are interested in a controlled
variation of OA and a systematic investigation of the resulting
measurement error ε(A) and disturbance η(B), which are given
by Eqs. (32) and (33), in order to demonstrate the behavior
of Heisenberg’s relation [Eq. (4)] in comparison to Ozawa’s
relation [Eq. (5)].

V. NEUTRON SPIN MEASUREMENT SETUP

In the previous section, we have outlined the idea behind
the experiment. We now want to turn to the actually performed
measurements on neutron spins. The experiment was carried
out at the tangential beam port of the research reactor facility
TRIGA Mark II of the Vienna University of Technology. The
whole setup is depicted in Fig. 6.

A monochromatic, thermal neutron beam with a mean
wavelength of 1,96 Å and a cross section of about

10 (vertical) × 5 (horizontal) mm2 propagates in the y
direction. In the so-called preparation stage, it first crosses
a bent Co-Ti supermirror resulting in an approximately 99%
polarization in the +z direction. For the further manipulation
of the spin state we use magnetic fields which interact with
the neutron via the Zeeman Hamiltonian µ"σ "B. For thermal
neutrons the effect of the magnetic fields on the spatial part
of the wave function can be neglected [35] and the action of a
static magnetic field pointing in direction "nB on the spin state
is described by a unitary transformation UR:

UR = eiα"nB ·"σ , α = µ|B|T/h̄, (39)

where µ denotes the magnetic moment of the neutron, |B|
the modulus of the magnetic field strength, and T the time of
flight through the field region. The magnetic field thus induces
a rotation of the neutron polarization around the axis "nB with
an angle α, commonly referred to as Larmor precession. In
order to obtain any arbitrary spin state we combine the action
of a 10 G guide field pointing in the z direction and so-called
spin flippers. The spin flipper produces a field in the negative
z direction which compensates the guide field, and a second
field Bx that points in the x direction. When the z-polarized
neutrons propagate through the spin flipper their polarization
obtains a polar angle depending on the strength of Bx . In the
guide field, Larmor precession around the z axis is induced.
Since the strength of the guide field is fixed, the azimuthal

>

>
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y

z
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.

<

z

POLARIZER

DETECTOR

PREPARATION

APPARATUS A1:
FROM

MONOCHROMATOR

 DC-1          D
C-2  ANALYZER 1  DC-3      DC-4     ANALYZER 2

 B x. 

<

 B x. 

<  B x. 

<

 B x. 

<

A2:

>−ψ
B

A

B

Ο  Ο  Α

Ο  Ο   Α

FIG. 6. (Color online) Illustration of the experimental apparatus. The setup is designed for the demonstration of error and disturbance in
neutron spin measurements. The neutron optical setup consists of three stages: preparation (blue region), apparatus A1 measuring OA (pink
region), and apparatus A2 measuring B (green region). A monochromatic neutron beam is polarized in the +z direction by passing through
a supermirror spin polarizer. By combining the action of four spin-flipper coils, the magnetic guide field, and the analyzing supermirrors, the
successive measurements of OA and B are made for the required input states.
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Violation of Heisenberg’s error-disturbance uncertainty relation in neutron-spin measurements

Georg Sulyok,1 Stephan Sponar,1 Jacqueline Erhart,1 Gerald Badurek,1 Masanao Ozawa,2 and Yuji Hasegawa1
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In its original formulation, Heisenberg’s uncertainty principle dealt with the relationship between the error of
a quantum measurement and the thereby induced disturbance on the measured object. Meanwhile, Heisenberg’s
heuristic arguments have turned out to be correct only for special cases. An alternative universally valid
relation was derived by Ozawa in 2003. Here, we demonstrate that Ozawa’s predictions hold for projective
neutron-spin measurements. The experimental inaccessibility of error and disturbance claimed elsewhere has
been overcome using a tomographic method. By a systematic variation of experimental parameters in the
entire configuration space, the physical behavior of error and disturbance for projective spin- 1

2 measurements is
illustrated comprehensively. The violation of Heisenberg’s original relation, as well as the validity of Ozawa’s
relation become manifest. In addition, our results conclude that the widespread assumption of a reciprocal relation
between error and disturbance is not valid in general.

DOI: 10.1103/PhysRevA.88.022110 PACS number(s): 03.65.Ta, 03.75.Dg, 42.50.Xa, 03.67.−a

I. INTRODUCTION

The uncertainty principle, proposed by Heisenberg [1] in
1927, ranks without doubt among the most famous statements
of modern physics. The content of the principle is often
explained by simply saying “The more precisely the position
is determined, the less precisely the momentum is known, and
conversely [1].” It is usually understood that this leads to the
impossibility of simultaneous measurements of the position
and momentum of a particle and consequently to the rejection
of determinism of the Newtonian mechanics in determining
the future motion from the past state. However, the quantitative
formulation of the uncertainty principle has been a target of
debate for a long time ( [2–10], and references therein).

Heisenberg’s original formulation [1,11] can be read as the
relation

ε(Q)η(P ) ! h̄

2
(1)

for the root-mean-square error ε(Q) of a measurement of the
position observable Q and the root-mean-square disturbance
η(P ) of the momentum observable P induced by the position
measurement. However, modern textbooks usually explain the
“uncertainty principle” as the relation

σ (Q)σ (P ) ! h̄

2
, (2)

originally proved by Kennard [12] in 1927, for the standard
deviations σ (Q) and σ (P ) of the position observable Q and
the momentum observable P in an arbitrary state ψ where
the standard deviation is defined by σ (A)2 = 〈ψ |A2|ψ〉 −
〈ψ |A|ψ〉2 for an observable A and a state ψ . Experimental
investigations of the above relation can be found in [13–16].

Heisenberg actually derived Kennard’s relation, Eq. (2), for
Gaussian wave functions ψ , applied this relation to the state
just after the Q measurement with error ε(Q) and disturbance
η(P ), and concluded relation, Eq. (1), from the additional, im-
plicit assumptions ε(Q) ! σ (Q) and η(P ) ! σ (P ). However,
his assumption ε(Q) ! σ (Q) holds only for a restricted class
of measurements [17]. The assumption η(P ) ! σ (P ) holds if
the initial state is the momentum eigenstate state [18], but it

does not hold generally. Thus, his argument did not establish
the universal validity of Eq. (1).

In 1929, Robertson [19] extended Kennard’s relation,
Eq. (2), to an arbitrary pair of observables A and B as

σ (A)σ (B) ! 1
2 |〈ψ |[A,B]|ψ〉|. (3)

The generalized form of Heisenberg’s original relation,
Eq. (1), would read

ε(A)η(B) ! 1
2 |〈ψ |[A,B]|ψ〉|. (4)

The validity of this relation is known to be limited to specific
circumstances [2,20–22]. In 2003, Ozawa [17,23–25], one of
the authors of the present paper, thus proposed a new error-
disturbance uncertainty relation

ε(A)η(B) + ε(A)σ (B) + σ (A)η(B) ! 1
2 |〈ψ |[A,B]|ψ〉|

(5)

and proved the universal validity in the general theory of
quantum measurements, where ε(A) is the root-mean-square
error of an arbitrary measurement for an observable A, η(B)
is the root-mean-square disturbance on another observable B
induced by the measurement, and σ (A) and σ (B) stand for the
standard deviations of A and B in the state ψ just before the
measurement.

Questions appeared on the accessibility of errors and distur-
bances in practical experiments, e.g., [26,27]. This difficulty
has been overcome in two ways: the “three-state method” and
the weak-measurement method. The tomographic three-state
method is based on a formula to statistically determine error
and disturbance, respectively, in a given initial state from the
experimentally accessible data from three different auxiliary
input states generated from the initial state [24]. The three-state
method has already been successfully implemented in our
previous publication [28]. The weak-measurement method is
proposed [29] to quantify the error and disturbance exploiting
the weak-measurement technique [30] based on the relation
between mean-square differences and weak joint distributions
[31]; an optical experiment was carried out recently [32].

022110-11050-2947/2013/88(2)/022110(15) ©2013 American Physical Society

Figure 7. Diagonal and o↵-diagonal geometric phases drawn on Poincaré spheres and results
for a non-adabatic and non-cyclic excursion measurement [51].

sphere

�g = �⌦

2
, (22)

This has been verified recently with a high accuracy with ultra-cold neutrons guided by slowly
varying magnetic fields �g = �0.51(1)⌦ [54].
O↵-diagonal and non-adiabatic geometrical phases have been predicted as well [43, 48]. Detailed
proposals and related experiments have been done [49, 50]. In a Poincaré representation diagonal
phases are given by the solid angle opened up by the excursion line | i > to | f > and their
geodesics to the pole, whereas o↵-diagonal phases are given by two excursion lines and their
connection line in form of geodesics. In a related experiment non-adiabatic and non-cyclic
phases have been verified with a double loop interferometer where two phase shifters (PS) and
an absorber (A) permit quite peculiar state excursions as shown in Fig 7 [51].
It should be mentioned that just geometric phases show a high robustness against fluctuation
and dissipative e↵ects as predicted by DeChiara and Palma [59]. This has been verified
experimentally by Filipp et al. [47], which may have remarkable consequences for quantum
communication systems.

5. Quantum contextuality
A. Einstein, B. Podolsky and N. Rosen [53] argued that quantum mechanics may not be
complete since non-local correlations between spatially separated systems are predicted, which
stimulated the discussion about “hidden” variables and a more “realistic” theory. J. Bell [54]
formulated inequalities which can decide between the quantum mechanical and the “realistic”
view [55, 56]. Related experiments with entangled photons verified the non-local view of quantum
mechanics [57, 58, 59, 60]. Entanglement does not only exist between two particles (photons), but
also between di↵erent degrees of freedom of a single system (neutron). This yields to the concept
of “contextuality”, which states that independent measurements of independent observables are
correlated. In our case the beam path through the interferometer and the spin states are taken
as independent observables. In this case a Bell-like inequality can be formulated, which can be
measured from the counting rates N at di↵erent values of the phase shift � and the spin rotation
angle a [50].

�2  S  2,

S = E(↵1,�1) + E(↵1,�2)� E(↵2,�1) + E(↵2,�2),

11
S = 2.051 ± 0.019

> 2 (Classical)
(Measured)
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利点

単結晶による中性子干渉計

単結晶インゴッドから切り出すことで、 
各ミラーが 
自動的に 
整列している。

Si perfect crystal interferometer

L <10cm~

thermal neutrons
reflection off 
the lattice

 ~1A

限界
利用波長が格子定数で決まってしまう 
　　単色中性子しか使えない 利用できる中性子強度が極端に減る

相互作用させる距離が育成可能な結晶のサイズで決まってしまう 
　　大型化できない （将来の）高感度実験に制限がある

単結晶の動力学的回折を理解するのが難しい 
　　経路を特定するのが難しい 系統的不確かさが残る

F(h k l)中性子

ペンデル干渉

d
反射波

Δϕ = 2π
mλnL

h2 ΔE
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多層膜中性子ミラー

多層膜中性子干渉計

中性子に対するポテンシャルの異なる物質の多層膜 
人工格子としてBragg反射 
波長・帯域・反射率を自由に設計できる 
多数回反射が少なく動力学的回折を無視できる

中性子磁気ミラー

中性子スーパーミラー
格子定数を徐々に変化させる 
幅広い波長の中性子を反射できる

多層膜の一方の膜に磁性体を使用する 
中性子スピンに対し選択的に反射する 
外場を制御してスイッチング機能も付けられる

ポテンシャル
Bragg 反射

ポテンシャル
スピン選択的に反射
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多層膜中性子干渉計
困難
中性子は可干渉長が短く、鏡の高い設置精度が要求される

中性子は強度が弱い 厳しい単色化・コリメートできない
設置誤差で位相が混ざり込む ～変位雑音

Γ = exp (− 1
2 (σk L)2)

波長 1nm、波長分解能 3% L < 15 nm
～エコー条件

単結晶では自動的に 
アラインメントされていた 多層膜ミラーを人工的にアラインメントできるか？

Si perfect crystal interferometer

L <10cm~

thermal neutrons
reflection off 
the lattice

 ~1A
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実証

多層膜中性子干渉計
困難
中性子は可干渉長が短く、鏡の高い設置精度が要求される

Interferometer for cold neutrons using multilayer mirrors

Haruhiko Funahashi,1,* Toru Ebisawa,1 Tomohito Haseyama,2 Masahiro Hino,3 Akira Masaike,2 Yoshié Otake,4
Tsuguchika Tabaru,2 and Seiji Tasaki1

1Research Reactor Institute, Kyoto University, Kumatori, Osaka 590-04, Japan
2Department of Physics, Kyoto University, Kyoto 606-01, Japan
3Department of Physics, Kyushu University, Fukuoka 812, Japan

4Ibaraki National College of Technology, Hitachinaka, Ibaraki 312, Japan
~Received 7 August 1995!

We report a successful experimental test of an interferometer for cold neutrons using multilayer mirrors.
Interference fringes that are analogous to the Brewster’s fringes in classical optics have been clearly observed
using the cold neutron beam with a wavelength of 12.6 Å and a bandwidth of 3.5% at full width at half
maximum. The observed interference fringes demonstrate the coherence of the reflection off the multilayer
neutron mirror and confirm the feasibility of cold neutron interferometry using multilayer mirrors. @S1050-
2947~96!02806-5#

PACS number~s!: 03.75.Dg

The neutron interferometer is one of the most powerful
tools for direct tests of quantum-mechanical laws and inves-
tigations of various weak neutron interaction effects. Numer-
ous interesting experiments @1# have been performed since
the first successful test of a single-crystal neutron interferom-
eter @2#. However, the single-crystal interferometer is inher-
ently not able to deal with a neutron that has a wavelength
longer than twice its lattice constant, namely the Bragg cut-
off wavelength. In order to investigate problems of funda-
mental physics, including tests of quantum measurement
theories and searches for non-Newtonian effects of gravita-
tion, the interferometry of cold neutrons is of vital impor-
tance, since the wave property of the neutron, the massive
matter wave, is more significant at lower energy. Several
attempts have been made to develop neutron interferometers
for the cold and very cold neutrons. Ioffe et al. obtained the
convincing results showing diffraction gratings to be appli-
cable to neutron interferometry @3#. Gruber et al. developed a
phase-grating interferometer for very cold neutrons @4#.
In cold and very cold neutron optics, the multilayer neu-

tron mirror is one of the most useful devices. Multilayer
neutron mirrors consist of alternating layers of two materials
with different potential energies for the neutron. The incident
neutron is partially reflected at each interface of alternating
layers. A convenient way of understanding the behavior of
such a multilayer device is to think of it as a one-dimensional
crystal in which the unit bilayer thickness is the lattice con-
stant. The reflected intensity should be a maximum when
Bragg’s law is satisfied. The reflectivities of multilayer mir-
rors can be controlled by adjusting the total number of lay-
ers, the unit bilayer thickness, or the difference of the poten-
tial energies between the two materials. The unit bilayer
thickness of a multilayer mirror is available in the range
from 50 to 500 Å. The multilayer mirror with such a lattice
constant is suitable for the Bragg reflection of cold and very
cold neutrons with larger angle than the angle of diffraction

using gratings. A magnetic multilayer mirror, in which one
of the materials in the unit bilayer is ferromagnetic, is useful
to polarize the Bragg-reflected beam. Depending on the po-
larity of the external magnetic field, a magnetic multilayer
mirror functions either as a reflective mirror or as a transpar-
ent mirror for a beam of polarized neutrons.
We have proposed an interferometer for cold neutrons

using multilayer mirrors @5#, which is analogous to the
Mach-Zehnder interferometer in classical optics. Owing to
the features of multilayer mirrors mentioned above, the
multilayer interferometer has advantages over other interfer-
ometers developed so far. In addition, in principle, the di-
mension of the multilayer interferometer is much larger than
that of the single-crystal interferometer. The sensitivity of
the interferometer improves with its larger dimension. How-
ever, the four multilayer mirrors must be aligned indepen-
dently as optical elements, in contrast with the single-crystal
interferometer in which parallel alignment of all elements is
ensured by the fact that each element is cut from the same
single crystal.
The purpose of the present paper is to report the success-

ful test of a type of multilayer interferometer for cold neu-
trons, which is free from the difficulty in aligning the el-
ements. The schematic diagram of the interferometer
reported here is shown in Fig. 1. It consists of two pairs of

*Present address: Department of Physics, Kyoto University,
Kyoto 606-01, Japan.

FIG. 1. Schematic diagram of the multilayer interferometer. The
glancing angles off the first and the second pairs are denoted by u1
and u2 , respectively.
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multilayer mirrors. Each pair contains two multilayer mir-
rors; between each multilayer mirror there is an intermediate
monolayer with a thickness of T . The intermediate layer en-
sures the parallelism of the two multilayer mirrors. This is
the advantage of the present multilayer interferometer over
the Mach-Zehnder type, though the waves Cb and Cc in Fig.
1 overlap each other. For the following calculation, the ef-
fective distance D between the two multilayer mirrors con-
tained in a single pair is defined as

D[T1Nd , ~1!

where N is the number of bilayers in the single multilayer
mirror and d is the unit bilayer thickness.
The first pair divides the incident neutron into two coher-

ent parts and gives the phase difference of Df1 between each
part. When the incident neutron with the wavelength of l is
reflected with the glancing angle of u1 , Df1 is given approxi-
mately as

Df152p
2D sinu1

l
, ~2!

assuming the neutron refractive index of the intermediate
layer to be unity. The phase difference Df1 should cause the
‘‘interference of equal inclination’’ between the waves Cb
and Cc in Fig. 1 @6#. However, the interference fringes are
not clear when Df1 is much larger than 2p~l/Dl!, where Dl
is the width of the wavelength @7#.

Df1 can be compensated with Df2 , which is the phase
difference given in the reflection off the second pair. Df2 is
expressed as

Df252p
2D sinu2

l
, ~3!

in the same way as the first pair. The two interfering waves
Cb8 and Cc8 in Fig. 1 are superposed with the total phase
difference, Df12Df2 , after the second reflection, which is
given as

Df12Df2'2p
2D
l

du , ~4!

where du is u12u2 . When du is scanned from 2~l/2D!~l/
Dl! to ~l/2D!~l/Dl!, the interference fringes are observed
with the periodicity of l/2D according to Eq. ~4!, since the
total phase difference between Cb8 and Cc8 is within the
range of 2p~l/Dl!, even if Df1 and Df2 are very large. Such
kinds of interference fringes are analogous to Brewster’s
fringes in classical optics @7#. In the case of the present op-
tical system, the divergent angle of the incident beam has no
influence on the disappearance of the visibility since it has
the advantage of being nondispersive and the glancing angle
of the incident beam is small enough. This feature permits us
to observe intense interference signals without fine collima-
tion.
The experiment has been performed using the new beam-

line, MINE ~multilayer interferometer for neutron experi-
ments! @8#, at the cold neutron guide tube of the reactor
JRR-3M at the Japan Atomic Energy Research Institute
~JAERI!. MINE provides the cold neutron beam with a

wavelength of 12.6 Å and a bandwidth of 3.5% at full width
at half maximum ~FWHM!, employing the monochromator
system QUAD. QUAD has four multilayer mirrors to extract
the neutrons from the guide tube by means of four consecu-
tive reflections. Two slits separated by 2.6 m define the col-
limation of the incident neutron beam. The upstream slit is 3
mm wide by 40 mm high and the downstream slit is 1.8 mm
wide by 40 mm high. The beam divergence is collimated
within 61 mrad in the horizontal direction and 615 mrad in
the vertical. The beam intensity is 3800 neutrons/sec.
The two pairs of multilayer mirrors are fabricated simul-

taneously by the successive vacuum evaporations of
multilayer mirror A in Fig. 1, the intermediate layer, and
finally multilayer mirror B on polished silicon substrates.
These substrates have a flatness of about 6000 Å in peak-to-
valley and a roughness of about 2 Å in root mean square
within the diameter of 60 mm. Each multilayer mirror has
five bilayers made of germanium-titanium. The thickness of
bilayer d is 180 Å. The intermediate layer is made of ger-
manium whose thickness T is 9200 Å. Since N is 5, D is
calculated to be 10 100 Å. The accuracy of the parallelism
between the two multilayer mirrors is estimated to be within
1027 rad from the geometry of our vacuum evaporation sys-
tem @9#. The distance between the two pairs is 13 cm.
As shown in Fig. 2~b!, interference fringes have been

clearly observed with the periodicity of 0.035° when the
relative angle between the two pairs du changes. The ob-
served periodicity is consistent with the expected value. The
visibility of the interference pattern is 30%.
We have obtained another interference pattern, as shown

in Fig. 3, using a set of two pairs, with the following param-
eters: N is 10, d is 140 Å, and T is 2300 Å. D is 3700 Å
according to Eq. ~1!. Both beam collimation slits of MINE
are 1 mm wide by 40 mm high. The beam intensity is 790
neutrons/sec. In Fig. 3~a!, we see a slight pattern of the ‘‘in-
terference of equal inclination’’ in the single reflection. This
can be understood from the fact that Df1 is not so large
compared with 2p~l/Dl!. As shown in Fig. 3~b! the ob-
served periodicity of ‘‘Brewster’s fringes’’ is 0.10°, which is
also consistent with the expected value of l/2D . The visibil-

FIG. 2. Effective distance D between the two multilayer mirrors
contained in a single pair is 10 100 Å and the unit bilayer thickness
of each multilayer mirror d is 180 Å. ~a! Intensity of neutrons
reflected off a single pair. ~b! Interference fringes observed by
changing the relative angle between the first and second pairs.
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多層膜ミラーをギャップ層を挟んで積層 設置精度要求を緩和浅い角度で射入射

中性子は強度が弱い 厳しい単色化・コリメートできない
設置誤差で位相が混ざり込む ～変位雑音
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多層膜中性子干渉計
改良
2経路の空間的分離は 1μm以下だった
高精度光学素子「エタロン」を用いてギャップを拡大、経路を空間的に分離

Fabry-Perot etalon

平滑、平行、平面 
合成石英 
roughness RMS < 0.3 nm 
λHe-Ne /150  matched front surfaces
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多層膜中性子干渉計
ビームスプリッティングエタロンを用いた多層膜中性子干渉計

Cold neutron beam line 
‘MINE2’ at JRR-3 in JAEA 
λn = 0.88 nm 
Δλ/λ = 2.4% (FWHM)

ミラーの一方を磁気ミラーにすることで高コントラストと制御のしやすさを実現

2経路の空間的分離 20μm

M. Kitaguchi et al., Phys. Rev. A67 033609 (2003).
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多層膜中性子干渉計

M. Kitaguchi et al., Phys. Rev. A67 033609 (2003).

多層膜冷中性子干渉計
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ビームスプリッティングエタロンを用いた多層膜中性子干渉計
2経路の空間的分離 20μm ビーム幅は0.3mm 

まだオーバーラップしている

干渉計開発の現状
Jamin型干渉計
Beam Splitting Etalon を使った干渉計

２経路は空間的に
重なっているビー

ム幅

<10 m

10 m~200 m

２つの経路の間に
装置を挿入できない
ある種の相互作用は
経路間隔にも依存する

ギャップを拡大 

ギャップを
大きくしたい
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多層膜中性子干渉計

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

ビームスプリッティングエタロンを用いた多層膜中性子干渉計
2経路の空間的分離 330μm 完全に分離 大きな“すきま”をもつ大きな“すきま”をもつBSEBSE

I54 mm

ĉěĩĆĩīZERODUREĬ

189 Pm

14 mm

JÆK OHe-Ne/100

J£K OHe-Ne/100 8

干渉計開発の現状
Jamin型干渉計
Beam Splitting Etalon を使った干渉計

２経路は空間的に
重なっているビー

ム幅

<10 m

10 m~200 m

２つの経路の間に
装置を挿入できない
ある種の相互作用は
経路間隔にも依存する

ギャップを拡大 

ギャップを
大きくしたい
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多層膜パルス中性子干渉計

波長帯域を広げられる
多層膜スーパーミラーを用いれば 
幅広い波長帯域に対応できる

大強度パルス中性子ビーム 
J-PARCへ

パルス中性子と飛行時間法を用いれば、各波長の干渉を同時に測定できる
波長方向にも干渉縞が出るので、原理的に１パルスごと干渉縞を得られる

位相不安定を、パルスごとにモニターできる 

波長分解能が良いので干渉縞のコントラストも高くなる
原子炉の連続ビームでは波長の分解ができないので、縞が潰れる

原子炉では：位相シフタ（phase flag）をスキャンして縞を作るので 
　　　　　　１点よりも遅い擾乱があると位相が動いてしまう

Δϕ = 2π
mL
h2 ΔE λn ∝ ttof
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BL05 NOPビームライン

多層膜パルス中性子干渉計
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BL05 NOPビームライン

多層膜パルス中性子干渉計

TOF方向の干渉縞を 
観測できた
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散乱長測定装置として実用化へ

多層膜パルス中性子干渉計

試料出し入れステージ
試料

試料

環境の整備 
実際の試料を用いた実証 
など　現在進行中

試料

Δϕ = (n − 1)knd = Nbdλn

T = 2π
Nbd

位相変化

縞の周期 周期の変化を見れば 
散乱長が求まる



極冷中性子干渉計による物理の可能性 
Fundamental Physics using Reactors 
2022年5月31日　名古屋大学　北口雅暁 page 27

散乱長測定装置として実用化へ

多層膜パルス中性子干渉計

T = 2π
Nbd

Al 0.965 mmt

b = -0.408 fm
(1976 Rauch)

b = -0.47 fm
(1950 Mcreynolds)
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b = 4.1491 fm
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各種試料による位相差測定

Out

In; Si 0.287 mmt

Out

実験で得られた位相差は理論計算と 
比例関係にあり, 無矛盾  バナジウムだけ合わない？

試料有無の位相差を求める測定例　シリコン板 0.287 mm

In
Out

試料
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核散乱長測定

/ XX
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Sample Out

Sample In (Si 0.287 mmt)sample

本装置で試料挿入による位相変化を初めて測定 
試料による位相変化を明瞭に確認

核散乱長は中性子実験における基礎パラメータ

干渉計の片方経路に測定試料を挿入することで測定できる

Δϕ = NbcDλ bc; 核散乱長

λn;  中性子波長

D;  試料厚さ

N;  数密度

Path1

Path2

O BeamH Beam

超精密加工で d の精度向上

周期の変化を見れば 
散乱長が求まる
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0.55− 0.5− 0.45− 0.4−
Vb

MCreynolds (1950)

Penterson (1952)

Rauch (1972)

NIST database (1978)

Knopf (1990)

Koester (1993)

this work
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各種試料の核散乱長測定

/ XX

b = -0.3824 fm
(NIST database)

b = -0.408 fm
(1976 Rauch)

b = -0.47 fm
(1950 McReynolds)
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Si 0.287 mmt
b = 4.1491 fm

Al 0.965 mmt

各種試料によって得られた位相差φは文献値から得られる位相差に一致

それらは比例関係にある → 測定は過去の実験に対して無矛盾

Preliminary

バナジウムのみ合わない？

系統誤差の評価中

28

散乱長測定装置として実用化へ

多層膜パルス中性子干渉計

赤線に乗っている 
＝測定した散乱長が文献値とほぼ一致

バナジウムがずれている？？
系統的不確かさなど評価中

今
回
の
位
相
変
化
測
定
値

文献値から計算した位相変化
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最新の整備状況

多層膜パルス中性子干渉計

6
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実験体系
実験はJ-PARC MLF BL05 “NOP”にて行って
いる, BL04側の低発散ブランチを用いる

Proton Beam →

Low divergence
Unpolarized

Polarized干渉計アセンブリ

2次元検出器

恒温ブース

徐震台

恒温フード

2次元検出器

除震台
36 38 40 42 44 46 48 50

Time of flight (ms)

～ 70 cps

JRR-3 単色 0.88 nm
～ 1 cps

J-PARC パルス（0.8~1.1nm）

温度変化や振動など 
の擾乱はパルスごとに 
モニターできるので 
大規模な装置環境が 
必要ない
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波長帯域拡大へ

多層膜パルス中性子干渉計

36 38 40 42 44 46 48 50
Time of flight (ms)

～ 70 cps
J-PARC パルス（0.8~1.1nm）

BL05波長スペクトル

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

波長 (nm)

現在の 
利用帯域広帯域 

ミラー 
利用時（予想）

20倍

干渉計開発の現状
Jamin型干渉計
Beam Splitting Etalon を使った干渉計

２経路は空間的に
重なっているビー

ム幅

<10 m

10 m~200 m

２つの経路の間に
装置を挿入できない
ある種の相互作用は
経路間隔にも依存する

ギャップを拡大 

ギャップを
大きくしたい

スーパーミラー

BSE with  
スーパーミラー

スーパーミラー化
して波長幅拡大

京大複合研にてミラー開発中
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位相変化決定精度

多層膜パルス中性子干渉計多層膜冷中性子干渉計
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波長0.88 nm 
（今回の実証機の中心波長） 
相互作用距離 1m の場合
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位相変化決定精度

多層膜パルス中性子干渉計多層膜冷中性子干渉計
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波長0.88 nm 
（今回の実証機の中心波長） 
相互作用距離 1m の場合

JRR-3実証機 
24時間測定

JRR-3の実証 
30分測定

J-PARC実証機 
5分測定

J-PARC実証機 
24時間測定

サブfeV

J-PARCスーパーミラー化 
1時間測定
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COW実験（再）

次世代中性子干渉計で拓く新しい物理

θ
A

【１　研究目的、研究方法など（つづき） 】 基盤研究（Ｂ）（一般） ４
る位相ドリフトを追跡することができる。本研究では、この測定・解析手法を確立し、高剛性ジ
グの使用や恒温室の設置などとあわせて、系統的不確かさを抑制し、詳細に評価する。
干渉計での測定は一般的に、2経路の一方に測定対象物を挿入し 2経路間のポテンシャル差を

生み出す必要がある。また挿入の際の試料傾きや試料の形状精度は干渉計が測定する位相差に直
接影響する。本研究では、超精密加工により測定試料の形状精度を高める。試料の精密位置合わ
せを可能にする試料挿入ステージを開発する（図 5）。
2. 核力相互作用を精密測定し、暗黒エネルギーを探索する
中性子と物質との相互作用を精密に測定した際に、最も大きいのは原子核と中性子の間に働く

核力である。その次が電子-中性子散乱であり、核力に比べて 3桁小さい。暗黒エネルギー由来の
未知相互作用の探索のためには、これらを除去する必要がある。電子-中性子散乱については、現
在申請者らのグループが希ガス原子による中性子の散乱を相対精度 10−2を目指して測定する実験
を、J-PARC中性子ビームラインにて開始している。

図 6: 物体挿入による位相変化。

一方、核力の測定精度は現在 10−3 ∼ 10−5程度であり、電子-

中性子散乱の精度が向上した後には不確かさの大きな要因になっ
てくる。未知力探索の感度向上のためには核力相互作用の精度向
上が欠かせない。干渉計の一方の経路に物体を挿入した際に観測
する位相差（図 6）は次のように書ける。

∆φ = λnNbD (3)

ここで bが中性子散乱長、N は粒子数密度、Dは試料厚さである。本研究では長波長中性子を用
い、試料を超精密加工することで散乱長の測定精度を向上させ、未知相互作用の探索する。
3. 地球重力による量子力学的干渉を精密測定し、暗黒エネルギーを探索する

θ

A

図 7: 地球重力ポテンシャルに
よる位相変化。

干渉計の 2経路が高さが違う場合、地球の重力ポテンシャルの
差で干渉縞の位相は変化する（図 7）。

∆φ = −2πmn
2 g

h2
λnA sin θ (4)

ここで gは重力加速度、hはプランク定数、Aは干渉計の経路が
囲む面積、θは干渉計の傾きである。先行研究では、1% の精度
で中性子とマクロな物体とは同じ重力加速度を感じていることが確かめられている。本研究では、
この測定の精度を向上させることで量子力学的波動とマクロな物体との間に重力の働き方に違い
がないかを検証する。また干渉計にスピン偏極した中性子を入射することで、重力のスピン依存
性を探索する。
4. 短距離相互作用探索実験を行い、暗黒エネルギーを探索する

重力源

図 8: 重力源接近による未知相
互作用探索。

ビームスプリッティングエタロンを用いた干渉計は、分離した
2経路は平行になっている。その一方に重力源を近づけることで
短い到達距離の相互作用を探索することができる（図 8）。この
方法ではビームの幅程度の到達距離の相互作用に感度がある。重
力源の長さが 1m程度にまで大きくできると、λ ∼ 10−6mの距
離スケールで α ∼ 1程度にまで到達できると見積もっている。

重力源

カメレオン場探索

散乱長高精度化
未知相互作用探索
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Figure 4.28 Experimental limits (90% confidence interval) on the coupling strength of a BSM force medi-
ator that couples to mass. Area above the lines excluded. Shown are limits assuming the PDG value and
uncertainty for the neutron charge radius, as well as limits where hr2

n
i is unconstrained. The region on the

plot where the electronic and BSM form factors have a similar shape is shaded. This is well-illustrated
by the bump in the limit with the charge radius unconstrained. Each experiment making up the PDG
charge radius value would also have a bump, the location of which depends on the mass and charge of the
scattering target, as well as the Q-range of the experiment.

4.5.1 Limits on Ångström-Scale Fifth Forces

The data was also used to constrain the coupling strength of a BSM force mediator with length scale
�5 = 1/m5 and coupling to mass g2, which may also be written relative to the strength of gravity
using the dimensionless parameter ↵G. See Section 4.2.3.3. Limits are again computed by minimizing
the �2 sum of weighted residuals. This is repeated with values of �5 fixed (see Equation 4.52),
resulting in the 90% confidence exclusion plot shown in Figure 4.28. For this analysis a residual
for B was added to the �2, with B = 0.475(15), the large uncertainty of which encompasses the
somewhat disparate set of B from x-ray measurements [Spa86], as well as the BvK lattice dynamical
value [FS99].

The decision of whether to constrain the neutron charge radius is more difficult. Any given
experiment that is sensitive to the neutron charge radius may be “fooled” out of measuring a fifth
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原子炉中性子ビームでは、、、

定常ビームなので飛行時間法で波長方向の縞をとれない 
（さまざまな波長が混ざってずっと供給されている）

時間平均強度は強い

減速体によっては長波長をたくさん出せる、かも 
（UCNコンバーター周りの減速体から取り出す、とか）
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長波長で（こそ）可能になる実験

極冷中性子干渉計の可能性

・長波長によって感度が向上する測定 
・大きいビーム分離が必要な測定 
・特定の波長でのみ効果が現れるような測定
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地球重力による位相シフト Δϕ = − 2πm2 g
h2 λnA sin θ

波長で10倍 
開き角が10倍、ミラー間距離を10倍に 
面積100倍 
→ 感度３桁向上

ただし素直に考えると強度が2桁以上弱い 
ので、どこまで強度と時間が取れるかが重要

→ VCNポート？　→ 白色干渉計？
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極冷中性子干渉計の可能性
地球重力による位相シフト Δϕ = − 2πm2 g

h2 λA sin θ

post-Newtonianを含むスピン1/2の粒子のハミルトニアン

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

M: mass of Earth  
R: Earth radius

ω: angular velocity of Earth  
φ: Newtonian gravitational potential

m: neutron mass

HpN
1 2

3 4 6 75

Δφ1 = 3 Δφ2 = 0.5

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

Δφ6 = 5 × 10−24 Δφ7 = 5 × 10−24

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

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

(∝ λ ⋅ Α) (∝ Α)

Example :
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未知短距離力の探索

極冷中性子干渉計の可能性
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Neutron interferometric method to provide improved constraints on
non-Newtonian gravity at the nanometer scale
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In recent years, an energetic experimental program has set quite stringent limits on a possible “non-1/r2”
dependence on gravity at short length scales. This effort has been largely driven by the predictions of theories
based on compactification of extra spatial dimensions. It is characteristic of many such theories that the strength
and length scales of such anomalous gravity are not clearly determined from first principles. As a result, it is
productive to extend the current limits the range and strength of such hypothetical interactions. As a heavy, neutral,
and (almost) stable particle, the neutron provides an ideal probe for the study of such hypothetical interactions at
very short range. In this work, we describe methods based on neutron interferometry which have the capability
to provide improved sensitivity non-Newtonian forces down to length scales at and below an nanometer.

DOI: 10.1103/PhysRevC.75.015501 PACS number(s): 28.20.−v, 03.75.Be, 04.80.Cc

I. INTRODUCTION

1n 1986, Fischbach et al. [1] suggested that apparent
anomalies in the classic experiments of Eötvös [2] could be
explained by hypothesizing a “non-1/r2” term in gravity at
laboratory scales. While this conjecture was not supported by
subsequent study, the observation that detailed experimental
verification of Newtonian gravity at short range was, at that
time, nearly nonexistent was striking. Since then, a vigorous
enterprise in the study of short range gravity has emerged
and there is now an extensive experimental literature (see
Adleberger et al. [3] for a comprehensive review). More
recently, short-range gravitation has attracted attention with the
development of theoretical models which specifically suggest
the possible existence of “non-1/r2” gravitational forces at
distances from the sub-millimeter down to the sub-fermi scale.
These forces can arise in several different models (see, for
example Refs. [3,4] and references therein) which allowed
gravity to propagate in a whole space (bulk) with extra
dimensions while particles and interactions of the standard
models are confined inside of our three dimensional space
(three-brane). One class of models proposes a mechanism of
gravitational unification based on a compactification of extra
dimensions which leads to existence of massive gravitons.
For these of models [5,6] with d extra dimensions, a simple
estimate gives the scale of a radius of gravitational interaction
as

R ∼ M−1
(

MPl

M∗

)2/d

∼ 1032/d-17 cm, (1)

where MPl and M∗(M∗ ∼ 1 TeV) are the Planck mass and the
mass of the scale of fundamental multidimensional gravitation
in (d + 4) space, respectively. The radius gives a characteristic
scale of the distances where gravitational law can be different
from Newton’s law. The case with extra dimensionality d =
1 appears to be excluded by existing data, d = 2 leads to

R ∼ 1 − 10 µm, and d = 3 corresponds to R ∼ 10−6 cm. It
should be noted that the compactification radius need not be
the same for all extra coordinate. Therefore, the scale with
R ∼ 1 − 10 µm can coexist even with large number of d.

Models with extra dimensions may help in resolving
cosmological problems [7] and lead to a hint for an expla-
nation of the origin of neutrino masses. For example [8],
if standard model particles “live” in three-brane, but right-
handed neutrinos exist in five-dimensional brane, then, after
compactification of extra dimension, the neutrino mass must be
rescaled by a factor M∗/MPlanck compared to a natural leptonic
mass scale. Such a large reduction could explain the small
neutrino mass. For these, and other reasons, it is desirable to
test predictions of these models for the modified gravitational
forces in the widest possible range.

For distances larger than the radius R(r ! R) the modified
gravitational interaction can be parametrized as

VG(r) = −G
mM

r
(1 + αGe−r/λ), (2)

where G is the gravitational constant, m and M are interacting
masses, αG is a dimensionless parameter and λ(λ ∼ R) is
effective range of gravitational interactions. (We use λ for
effective range to avoid confusion with the radius R estimated
for a specific model.)

As a neutral, heavy, and (almost) stable particle, the
neutron offers an attractive probe for values of λ from a nucleon
size up to a macroscopic scale. Indeed, low energy neutron
scattering and ultracold neutron experiments have been used to
set constraints on the possible magnitudes of αG and λ at short
range. [3,9–11] Other limits on nonstandard gravitation over a
wide range λ are summarized in the review [3] (see also recent
papers [11,12]). Here we consider a different approach which
uses interference in low energy neutron scattering. In particular
we propose to search for the neutron’s quantum mechanical

0556-2813/2007/75(1)/015501(6) 015501-1 ©2007 The American Physical Society
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ADD model

未知のボゾン？

質量と結合する短距離力
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未知短距離力の探索

極冷中性子干渉計の可能性

・大きいビーム分離が必要な測定 
・特定の波長でのみ効果が現れるような測定
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movable plate, this nuclear phase shift will not vary as one of
the plates is translated.

We assume a form for a short range non-Newtonian
interaction given by [3] Eq. (2).

If this potential is integrated over a plate of matter of
uniform density ρ with a thickness much greater than the
range λ, it can be shown that the potential for a neutron, as a
function of x, the distance from the surface is given by [12],

Veff = 2πGαGmnρλ2e−x/λ outside the material;

Veff = 2πGαGmnρλ2(2 − e−x/λ) inside the material.

If the separation between the two sample plates, L,is much
greater than λ, the range of the anomalous gravity, there will
be no observable change in the neutron phase as the separation
of the plates changes. However, if the separation between the
plates varies from L = 0 to L ! λ, the phase of the neutron will
change. This phase shift may be understood by recognizing
that the additional phase associated with anomalous gravity
only arises near a sample surface. When the two plates are in
contact, there are, for all practical purposes, only two surfaces.
However, when the two samples are separated by L " λ,
there will be four surfaces. The phase change associated with
these two surfaces can be estimated considering gravitational
interactions as a perturbation (see, for example Eq. (45.9) in
Landau and Lifshitz [15])

%& = 4πGαGmnρλ3

k0

(
2mn

h̄2

)
(1 − e−L/λ), (5)

where k0 =
√

2mn

h̄2 En is the neutron wave number in vacuum. It
should be noted that the L dependence in the above expression
gives the opportunity to estimate the range of the possible
gravitational interaction since the major change of the phase
occurs on a scale L ∼ λ.

If we assume an experimental phase sensitivity of
10−4 radian as the moving plate is translated, we would expect
for a gold plate (ρ = 19.6 g/cm3) and thermal neutrons with
a wavelength about 3Å to be able to detect the presence of an
anomalous gravitational force with

αGλ3 " 3 × 10−3m3. (6)

This method should be tractable down to the level of λ ≈
10 nm, at which point the surface roughness of the samples
is likely to be a limitation. At 10 nm, this could provide a
sensitivity of

αG " 3 × 1021. (7)

This estimate is supported by a complete solution of the
Schrödinger equation.

Let us consider two parallel plates of the same material
separated by distance L, assuming that the size of the plates
are much larger than both the distance L and the range of
the short gravitational interaction λ. In the absence of the
gravitational interactions, neutron is exposed only to Fermi
pseudopotential due to nuclear interactions inside the plates
and propagates without interactions in between the plates.
This process corresponds to a solution of one-dimensional
Schrödinger equation for a square potential well/barrier of
range L and the potential value equal to the Fermi potential

VF = 2πh̄2

mn
Nb. Then, defining the neutron wave number

in the material as k =
√

2mn

h̄2 (En − VF ), one can write the
transmission coefficient for neutron propagation through the
vacuum space between two plates as

T0 = 2k0ke−ikL

2k0k cos(k0L) − i
(
k2 + k2

0

)
sin(k0L)

. (8)

The argument of this expression gives a corresponding
phase shift of the neutron wave. If a short-range gravitational
interaction exists, the square potential well/barrier will be
modified. Choosing the origin of the reference frame for
neutron propagation along axis x at the surface of the first
plate, the modification will lead to the changes in the first
plate of

k2 → k2 + 2a2 − a2e(x−d)/λ[1 − e−L/λ], (9)

between the plates as

k2
0 → k2

0 + a2(e−x/λ + e(x−L)/λ), (10)

and, in the second plate as

k2 → k2 + 2a2 + a2e(d−x)/λ[eL/λ − 1], (11)

where a2 = 2πGαGmnρλ2. To obtain a transmission coeffi-
cient in the presence of gravitation, it is necessary to solve
Schrödinger equations with potentials proportional to the hy-
perbolic cosine. This leads to Mathieu’s modified differential
equations which can be solved analytically. The solutions for
these equations are given in terms of Mathieu functions rather
than exponential functions (as for the case of the square-well
potential). The expression for the transmission coefficient is
rather long will not be provided here. The numerical results
obtained from this expression are in a good agreement with
the perturbation theory estimate. However, we note that it can
lead to significant deviations from these estimates in the case
of perfect surfaces of the plates and for neutrons with large
wavelengths. This relates to the fact that classical solutions
of Mathieu’s equation are often used to describe parametric
resonances. Therefore, one anticipates resonance enhancement
of the gravitation interactions during neutron propagation
through the slabs provided the proper resonance conditions
would be satisfied. Unfortunately, surfaces of real materials
are probably not perfect enough to satisfy these resonance
conditions for thermal neutrons. (For the case of neutrons
with very long wavelength the surface related requirement
is not so important. It could be illustrated, for example, by
the existence [16] of quasibound states of ultracold neutrons
in a double-hump potential barrier formed by two pieces of
materials.)

The sensitivity of this method to the anomalous gravita-
tional parameters α and λ are presented on Fig. 1. For the
comparison we show at the same plot experimental result of
Ref. [11] and constraints obtained in Ref. [12] from neutron
scattering experimental data. These are discussed in more
detail in the final section of this paper.
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２枚の物質を「隙間」をあけて配置

界面から「重力」ポテンシャルが 
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based on compactification of extra spatial dimensions. It is characteristic of many such theories that the strength
and length scales of such anomalous gravity are not clearly determined from first principles. As a result, it is
productive to extend the current limits the range and strength of such hypothetical interactions. As a heavy, neutral,
and (almost) stable particle, the neutron provides an ideal probe for the study of such hypothetical interactions at
very short range. In this work, we describe methods based on neutron interferometry which have the capability
to provide improved sensitivity non-Newtonian forces down to length scales at and below an nanometer.
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I. INTRODUCTION

1n 1986, Fischbach et al. [1] suggested that apparent
anomalies in the classic experiments of Eötvös [2] could be
explained by hypothesizing a “non-1/r2” term in gravity at
laboratory scales. While this conjecture was not supported by
subsequent study, the observation that detailed experimental
verification of Newtonian gravity at short range was, at that
time, nearly nonexistent was striking. Since then, a vigorous
enterprise in the study of short range gravity has emerged
and there is now an extensive experimental literature (see
Adleberger et al. [3] for a comprehensive review). More
recently, short-range gravitation has attracted attention with the
development of theoretical models which specifically suggest
the possible existence of “non-1/r2” gravitational forces at
distances from the sub-millimeter down to the sub-fermi scale.
These forces can arise in several different models (see, for
example Refs. [3,4] and references therein) which allowed
gravity to propagate in a whole space (bulk) with extra
dimensions while particles and interactions of the standard
models are confined inside of our three dimensional space
(three-brane). One class of models proposes a mechanism of
gravitational unification based on a compactification of extra
dimensions which leads to existence of massive gravitons.
For these of models [5,6] with d extra dimensions, a simple
estimate gives the scale of a radius of gravitational interaction
as

R ∼ M−1
(

MPl

M∗

)2/d

∼ 1032/d-17 cm, (1)

where MPl and M∗(M∗ ∼ 1 TeV) are the Planck mass and the
mass of the scale of fundamental multidimensional gravitation
in (d + 4) space, respectively. The radius gives a characteristic
scale of the distances where gravitational law can be different
from Newton’s law. The case with extra dimensionality d =
1 appears to be excluded by existing data, d = 2 leads to

R ∼ 1 − 10 µm, and d = 3 corresponds to R ∼ 10−6 cm. It
should be noted that the compactification radius need not be
the same for all extra coordinate. Therefore, the scale with
R ∼ 1 − 10 µm can coexist even with large number of d.

Models with extra dimensions may help in resolving
cosmological problems [7] and lead to a hint for an expla-
nation of the origin of neutrino masses. For example [8],
if standard model particles “live” in three-brane, but right-
handed neutrinos exist in five-dimensional brane, then, after
compactification of extra dimension, the neutrino mass must be
rescaled by a factor M∗/MPlanck compared to a natural leptonic
mass scale. Such a large reduction could explain the small
neutrino mass. For these, and other reasons, it is desirable to
test predictions of these models for the modified gravitational
forces in the widest possible range.

For distances larger than the radius R(r ! R) the modified
gravitational interaction can be parametrized as

VG(r) = −G
mM

r
(1 + αGe−r/λ), (2)

where G is the gravitational constant, m and M are interacting
masses, αG is a dimensionless parameter and λ(λ ∼ R) is
effective range of gravitational interactions. (We use λ for
effective range to avoid confusion with the radius R estimated
for a specific model.)

As a neutral, heavy, and (almost) stable particle, the
neutron offers an attractive probe for values of λ from a nucleon
size up to a macroscopic scale. Indeed, low energy neutron
scattering and ultracold neutron experiments have been used to
set constraints on the possible magnitudes of αG and λ at short
range. [3,9–11] Other limits on nonstandard gravitation over a
wide range λ are summarized in the review [3] (see also recent
papers [11,12]). Here we consider a different approach which
uses interference in low energy neutron scattering. In particular
we propose to search for the neutron’s quantum mechanical
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movable plate, this nuclear phase shift will not vary as one of
the plates is translated.

We assume a form for a short range non-Newtonian
interaction given by [3] Eq. (2).

If this potential is integrated over a plate of matter of
uniform density ρ with a thickness much greater than the
range λ, it can be shown that the potential for a neutron, as a
function of x, the distance from the surface is given by [12],

Veff = 2πGαGmnρλ2e−x/λ outside the material;

Veff = 2πGαGmnρλ2(2 − e−x/λ) inside the material.

If the separation between the two sample plates, L,is much
greater than λ, the range of the anomalous gravity, there will
be no observable change in the neutron phase as the separation
of the plates changes. However, if the separation between the
plates varies from L = 0 to L ! λ, the phase of the neutron will
change. This phase shift may be understood by recognizing
that the additional phase associated with anomalous gravity
only arises near a sample surface. When the two plates are in
contact, there are, for all practical purposes, only two surfaces.
However, when the two samples are separated by L " λ,
there will be four surfaces. The phase change associated with
these two surfaces can be estimated considering gravitational
interactions as a perturbation (see, for example Eq. (45.9) in
Landau and Lifshitz [15])

%& = 4πGαGmnρλ3

k0

(
2mn

h̄2

)
(1 − e−L/λ), (5)

where k0 =
√

2mn

h̄2 En is the neutron wave number in vacuum. It
should be noted that the L dependence in the above expression
gives the opportunity to estimate the range of the possible
gravitational interaction since the major change of the phase
occurs on a scale L ∼ λ.

If we assume an experimental phase sensitivity of
10−4 radian as the moving plate is translated, we would expect
for a gold plate (ρ = 19.6 g/cm3) and thermal neutrons with
a wavelength about 3Å to be able to detect the presence of an
anomalous gravitational force with

αGλ3 " 3 × 10−3m3. (6)

This method should be tractable down to the level of λ ≈
10 nm, at which point the surface roughness of the samples
is likely to be a limitation. At 10 nm, this could provide a
sensitivity of

αG " 3 × 1021. (7)

This estimate is supported by a complete solution of the
Schrödinger equation.

Let us consider two parallel plates of the same material
separated by distance L, assuming that the size of the plates
are much larger than both the distance L and the range of
the short gravitational interaction λ. In the absence of the
gravitational interactions, neutron is exposed only to Fermi
pseudopotential due to nuclear interactions inside the plates
and propagates without interactions in between the plates.
This process corresponds to a solution of one-dimensional
Schrödinger equation for a square potential well/barrier of
range L and the potential value equal to the Fermi potential

VF = 2πh̄2

mn
Nb. Then, defining the neutron wave number

in the material as k =
√

2mn

h̄2 (En − VF ), one can write the
transmission coefficient for neutron propagation through the
vacuum space between two plates as

T0 = 2k0ke−ikL

2k0k cos(k0L) − i
(
k2 + k2

0

)
sin(k0L)

. (8)

The argument of this expression gives a corresponding
phase shift of the neutron wave. If a short-range gravitational
interaction exists, the square potential well/barrier will be
modified. Choosing the origin of the reference frame for
neutron propagation along axis x at the surface of the first
plate, the modification will lead to the changes in the first
plate of

k2 → k2 + 2a2 − a2e(x−d)/λ[1 − e−L/λ], (9)

between the plates as

k2
0 → k2

0 + a2(e−x/λ + e(x−L)/λ), (10)

and, in the second plate as

k2 → k2 + 2a2 + a2e(d−x)/λ[eL/λ − 1], (11)

where a2 = 2πGαGmnρλ2. To obtain a transmission coeffi-
cient in the presence of gravitation, it is necessary to solve
Schrödinger equations with potentials proportional to the hy-
perbolic cosine. This leads to Mathieu’s modified differential
equations which can be solved analytically. The solutions for
these equations are given in terms of Mathieu functions rather
than exponential functions (as for the case of the square-well
potential). The expression for the transmission coefficient is
rather long will not be provided here. The numerical results
obtained from this expression are in a good agreement with
the perturbation theory estimate. However, we note that it can
lead to significant deviations from these estimates in the case
of perfect surfaces of the plates and for neutrons with large
wavelengths. This relates to the fact that classical solutions
of Mathieu’s equation are often used to describe parametric
resonances. Therefore, one anticipates resonance enhancement
of the gravitation interactions during neutron propagation
through the slabs provided the proper resonance conditions
would be satisfied. Unfortunately, surfaces of real materials
are probably not perfect enough to satisfy these resonance
conditions for thermal neutrons. (For the case of neutrons
with very long wavelength the surface related requirement
is not so important. It could be illustrated, for example, by
the existence [16] of quasibound states of ultracold neutrons
in a double-hump potential barrier formed by two pieces of
materials.)

The sensitivity of this method to the anomalous gravita-
tional parameters α and λ are presented on Fig. 1. For the
comparison we show at the same plot experimental result of
Ref. [11] and constraints obtained in Ref. [12] from neutron
scattering experimental data. These are discussed in more
detail in the final section of this paper.
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L ∼ λ の時、位相変化が大きく現れる。
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極冷中性子干渉計の可能性

L ∼ λ ∼ λn

実際に界面とギャップを作るには　波長 10 nm 程度が必要
CNではギャップを作れない、UCNは物質を透過できない

中性子波長がギャップ幅と同じ（定数倍）時に 
異常透過が起こって位相シフトが大きくなる

→ 極冷中性子干渉計

kek50th anniversary
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pamametric resonance

Anomalous Gravity in the vicinity of Material Surface

染み出しの相互作用が小さい場合
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FIG. 6. (Color online) Schematic view of the proposed Kitaguchi-type interferometer. The interferometer comprises (a) a neutron spin
polarizer and neutron beam optics to match the phase space distribution shown in the left inset, (b) a π/2 flipper, (c) an etalon set with multilayer
mirrors deposited on the inner surface of the air gap, (d) a π flipper, (e) a material plate with a thin gap, and (f) a neutron spin analyzer. The
left inset shows the acceptance of the interferometer to avoid the beam path overlap between two etalon sets. The middle and right insets are
enlarged drawings of an etalon set and the material plate, respectively.

that the thickness of the etalon substrate is tE = 1 cm. In
Ref. [32], the air gap was gE = 9.75 × 10−4 cm, and the
distance between two etalon sets was D = 34 cm.

The effective lattice constant of the multilayer mirror
was d = 24 nm, which corresponded to sinθ = h/(2mvzd) =
0.63, where θ is the grazing angle to the etalon surface, h is
Planck’s constant, and m is the neutron mass. In this estimate,
the neutron refraction and the energy change on the material
surface must be taken into account since the neutron kinetic
energy E ∼ 9.1 × 10−7 eV is close to the Fermi potential of
the etalon substrate U ∼ 1.0 × 10−7 eV (SiO2). The grazing
angle of the etalon substrate # is given as sin# = 0.56 through
the relation

sin2 θ =
(

1 − U

E

)
sin2 # + U

E
.

We take the effective lattice constants of nonmagnetic and
magnetic mirrors as d = 24 nm and d ′ = 28 nm, respectively.

The spatial separation of individual beam paths between
two etalon sets is wx = 2gE cos θ . We assume the spatial
acceptance along the y axis is filled (wy = wM ). Consequently,
the hatched region in the left inset of Fig. 6 is the allowed

region, and the acceptance is given as

VXY =
(

wx

wxvz

D

)
×

(
wM

wMvz

D

)
,

under the condition that the etalon size is small compared with
the distance between two etalons.

The overall transmittance for two beam paths is given as

T = 1
2

(1 − R1)2(1 − R2)2 exp (−nσabstP )

×
[

exp
(

−nσabs
tE

sin #

)]4

,

where the factor of 1/2 is the transmittance of the ideal
polarizer, R1 = 7.3 × 10−3 and R2 = 1.7 × 10−2 are the
reflectivities on the etalon surface for neutrons entering into
the and exiting from the substrate, tP is the thickness of
the material plate, n is the number density, and σabs is the
absorption cross section of the SiO2 molecule. Here it is
assumed that the coherent scattering is sufficiently suppressed
and the small-angle neutron scattering in etalon substrates
is negligibly small (reasonable for a perfect crystal SiO2).
We assumed that the reflectivity of the nonmagnetic mirror
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In recent years, an energetic experimental program has set quite stringent limits on a possible “non-1/r2”
dependence on gravity at short length scales. This effort has been largely driven by the predictions of theories
based on compactification of extra spatial dimensions. It is characteristic of many such theories that the strength
and length scales of such anomalous gravity are not clearly determined from first principles. As a result, it is
productive to extend the current limits the range and strength of such hypothetical interactions. As a heavy, neutral,
and (almost) stable particle, the neutron provides an ideal probe for the study of such hypothetical interactions at
very short range. In this work, we describe methods based on neutron interferometry which have the capability
to provide improved sensitivity non-Newtonian forces down to length scales at and below an nanometer.
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I. INTRODUCTION

1n 1986, Fischbach et al. [1] suggested that apparent
anomalies in the classic experiments of Eötvös [2] could be
explained by hypothesizing a “non-1/r2” term in gravity at
laboratory scales. While this conjecture was not supported by
subsequent study, the observation that detailed experimental
verification of Newtonian gravity at short range was, at that
time, nearly nonexistent was striking. Since then, a vigorous
enterprise in the study of short range gravity has emerged
and there is now an extensive experimental literature (see
Adleberger et al. [3] for a comprehensive review). More
recently, short-range gravitation has attracted attention with the
development of theoretical models which specifically suggest
the possible existence of “non-1/r2” gravitational forces at
distances from the sub-millimeter down to the sub-fermi scale.
These forces can arise in several different models (see, for
example Refs. [3,4] and references therein) which allowed
gravity to propagate in a whole space (bulk) with extra
dimensions while particles and interactions of the standard
models are confined inside of our three dimensional space
(three-brane). One class of models proposes a mechanism of
gravitational unification based on a compactification of extra
dimensions which leads to existence of massive gravitons.
For these of models [5,6] with d extra dimensions, a simple
estimate gives the scale of a radius of gravitational interaction
as

R ∼ M−1
(

MPl

M∗

)2/d

∼ 1032/d-17 cm, (1)

where MPl and M∗(M∗ ∼ 1 TeV) are the Planck mass and the
mass of the scale of fundamental multidimensional gravitation
in (d + 4) space, respectively. The radius gives a characteristic
scale of the distances where gravitational law can be different
from Newton’s law. The case with extra dimensionality d =
1 appears to be excluded by existing data, d = 2 leads to

R ∼ 1 − 10 µm, and d = 3 corresponds to R ∼ 10−6 cm. It
should be noted that the compactification radius need not be
the same for all extra coordinate. Therefore, the scale with
R ∼ 1 − 10 µm can coexist even with large number of d.

Models with extra dimensions may help in resolving
cosmological problems [7] and lead to a hint for an expla-
nation of the origin of neutrino masses. For example [8],
if standard model particles “live” in three-brane, but right-
handed neutrinos exist in five-dimensional brane, then, after
compactification of extra dimension, the neutrino mass must be
rescaled by a factor M∗/MPlanck compared to a natural leptonic
mass scale. Such a large reduction could explain the small
neutrino mass. For these, and other reasons, it is desirable to
test predictions of these models for the modified gravitational
forces in the widest possible range.

For distances larger than the radius R(r ! R) the modified
gravitational interaction can be parametrized as

VG(r) = −G
mM

r
(1 + αGe−r/λ), (2)

where G is the gravitational constant, m and M are interacting
masses, αG is a dimensionless parameter and λ(λ ∼ R) is
effective range of gravitational interactions. (We use λ for
effective range to avoid confusion with the radius R estimated
for a specific model.)

As a neutral, heavy, and (almost) stable particle, the
neutron offers an attractive probe for values of λ from a nucleon
size up to a macroscopic scale. Indeed, low energy neutron
scattering and ultracold neutron experiments have been used to
set constraints on the possible magnitudes of αG and λ at short
range. [3,9–11] Other limits on nonstandard gravitation over a
wide range λ are summarized in the review [3] (see also recent
papers [11,12]). Here we consider a different approach which
uses interference in low energy neutron scattering. In particular
we propose to search for the neutron’s quantum mechanical
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FIG. 2. (Color online) Exclusion plot for λn = 30 nm and the
experimental sensitivity to the phase at the level of 10−3 rad by
scanning the distance between the slabs from L = 0.5λ to L = 5λ

with a step 0.5λ. The solid line shows current exclusion [1], and
the dashed line shows a possible exclusion from a Bragg scattering
experiment [17]; the white area above the shaded regions can be
excluded by the proposed experiment.

For Figs. 1 and 2 we assumed monochromatic neutrons.
To show how the parametric resonance is sensitive to the
nonmonochromaticity of the beam, we calculated the phase
of the transmission amplitude for a small value of α = 105.5

(where PR became extremely narrow), with L = 2λ as
a function of the range of “gravitational” interaction for
monochromatic neutrons of λn = 30 nm [Fig. 3)], and for a
1% energy spread assuming a flat distribution [Fig. 3)].

One can see that the number of parametric resonances
and their positions are changed. It is particularly notable
that the phenomenon of parametric resonances exists even
for a nonmonochromatic beam. The typical behavior of the
“gravitational phase” as a function of separation L for two
values of λ is shown in Fig. 4. Figure 5 shows the gravitational
phase as a function of αG for a fixed L and λ.

It should be noted that when the neutron energy is very low,
there are a number of “regular” Fabri-Perot-type resonances
that exist for the given experimental setup without short-range
“gravity.” This Fabri-Perot multiple reflection of the neutron
beam in between the slabs is modulated by the short-range
interaction resulting in the parametric resonance, provided the
resonance conditions are satisfied.

Such resonances can mimic the PR enhanced gravitational
effects. Fortunately, these two types of resonances have
essentially different dependences on the parameters (geometry,
neutron wavelength, and αλ2) and can therefore be separated
if the experiment is done with two or more different neutron
wavelengths.
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FIG. 3. (Color online) Gravitational phase for α = 105.5 and
L = 2λ as a function of the range of “gravitational” interaction
(a) for monochromatic neutrons with λn = 30 nm and (b) for 1% of
energy resolution for neutrons.

These numerical results confirm the simplified toy analysis
and provide the first detailed exploration of phase parametric
resonance in neutron interferometry. We note that although
the effects suggested by the above analysis are very small,
they may be accessible by using a new type of neutron
interferometer. In the next section we discuss a possible
experimental approach that looks promising for observing
parametric resonance enhancement of neutron transmission
phase.
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FIG. 4. (Color online) Gravitational phase as a function of
separation L for the values of λ= 100 nm and λ= 50 nm (λn = 30 nm,
and α = 1019).
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I. INTRODUCTION

1n 1986, Fischbach et al. [1] suggested that apparent
anomalies in the classic experiments of Eötvös [2] could be
explained by hypothesizing a “non-1/r2” term in gravity at
laboratory scales. While this conjecture was not supported by
subsequent study, the observation that detailed experimental
verification of Newtonian gravity at short range was, at that
time, nearly nonexistent was striking. Since then, a vigorous
enterprise in the study of short range gravity has emerged
and there is now an extensive experimental literature (see
Adleberger et al. [3] for a comprehensive review). More
recently, short-range gravitation has attracted attention with the
development of theoretical models which specifically suggest
the possible existence of “non-1/r2” gravitational forces at
distances from the sub-millimeter down to the sub-fermi scale.
These forces can arise in several different models (see, for
example Refs. [3,4] and references therein) which allowed
gravity to propagate in a whole space (bulk) with extra
dimensions while particles and interactions of the standard
models are confined inside of our three dimensional space
(three-brane). One class of models proposes a mechanism of
gravitational unification based on a compactification of extra
dimensions which leads to existence of massive gravitons.
For these of models [5,6] with d extra dimensions, a simple
estimate gives the scale of a radius of gravitational interaction
as

R ∼ M−1
(

MPl

M∗

)2/d

∼ 1032/d-17 cm, (1)

where MPl and M∗(M∗ ∼ 1 TeV) are the Planck mass and the
mass of the scale of fundamental multidimensional gravitation
in (d + 4) space, respectively. The radius gives a characteristic
scale of the distances where gravitational law can be different
from Newton’s law. The case with extra dimensionality d =
1 appears to be excluded by existing data, d = 2 leads to

R ∼ 1 − 10 µm, and d = 3 corresponds to R ∼ 10−6 cm. It
should be noted that the compactification radius need not be
the same for all extra coordinate. Therefore, the scale with
R ∼ 1 − 10 µm can coexist even with large number of d.

Models with extra dimensions may help in resolving
cosmological problems [7] and lead to a hint for an expla-
nation of the origin of neutrino masses. For example [8],
if standard model particles “live” in three-brane, but right-
handed neutrinos exist in five-dimensional brane, then, after
compactification of extra dimension, the neutrino mass must be
rescaled by a factor M∗/MPlanck compared to a natural leptonic
mass scale. Such a large reduction could explain the small
neutrino mass. For these, and other reasons, it is desirable to
test predictions of these models for the modified gravitational
forces in the widest possible range.

For distances larger than the radius R(r ! R) the modified
gravitational interaction can be parametrized as

VG(r) = −G
mM

r
(1 + αGe−r/λ), (2)

where G is the gravitational constant, m and M are interacting
masses, αG is a dimensionless parameter and λ(λ ∼ R) is
effective range of gravitational interactions. (We use λ for
effective range to avoid confusion with the radius R estimated
for a specific model.)

As a neutral, heavy, and (almost) stable particle, the
neutron offers an attractive probe for values of λ from a nucleon
size up to a macroscopic scale. Indeed, low energy neutron
scattering and ultracold neutron experiments have been used to
set constraints on the possible magnitudes of αG and λ at short
range. [3,9–11] Other limits on nonstandard gravitation over a
wide range λ are summarized in the review [3] (see also recent
papers [11,12]). Here we consider a different approach which
uses interference in low energy neutron scattering. In particular
we propose to search for the neutron’s quantum mechanical
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FIG. 2. (Color online) Exclusion plot for λn = 30 nm and the
experimental sensitivity to the phase at the level of 10−3 rad by
scanning the distance between the slabs from L = 0.5λ to L = 5λ

with a step 0.5λ. The solid line shows current exclusion [1], and
the dashed line shows a possible exclusion from a Bragg scattering
experiment [17]; the white area above the shaded regions can be
excluded by the proposed experiment.

For Figs. 1 and 2 we assumed monochromatic neutrons.
To show how the parametric resonance is sensitive to the
nonmonochromaticity of the beam, we calculated the phase
of the transmission amplitude for a small value of α = 105.5

(where PR became extremely narrow), with L = 2λ as
a function of the range of “gravitational” interaction for
monochromatic neutrons of λn = 30 nm [Fig. 3)], and for a
1% energy spread assuming a flat distribution [Fig. 3)].

One can see that the number of parametric resonances
and their positions are changed. It is particularly notable
that the phenomenon of parametric resonances exists even
for a nonmonochromatic beam. The typical behavior of the
“gravitational phase” as a function of separation L for two
values of λ is shown in Fig. 4. Figure 5 shows the gravitational
phase as a function of αG for a fixed L and λ.

It should be noted that when the neutron energy is very low,
there are a number of “regular” Fabri-Perot-type resonances
that exist for the given experimental setup without short-range
“gravity.” This Fabri-Perot multiple reflection of the neutron
beam in between the slabs is modulated by the short-range
interaction resulting in the parametric resonance, provided the
resonance conditions are satisfied.

Such resonances can mimic the PR enhanced gravitational
effects. Fortunately, these two types of resonances have
essentially different dependences on the parameters (geometry,
neutron wavelength, and αλ2) and can therefore be separated
if the experiment is done with two or more different neutron
wavelengths.
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FIG. 3. (Color online) Gravitational phase for α = 105.5 and
L = 2λ as a function of the range of “gravitational” interaction
(a) for monochromatic neutrons with λn = 30 nm and (b) for 1% of
energy resolution for neutrons.

These numerical results confirm the simplified toy analysis
and provide the first detailed exploration of phase parametric
resonance in neutron interferometry. We note that although
the effects suggested by the above analysis are very small,
they may be accessible by using a new type of neutron
interferometer. In the next section we discuss a possible
experimental approach that looks promising for observing
parametric resonance enhancement of neutron transmission
phase.
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FIG. 4. (Color online) Gravitational phase as a function of
separation L for the values of λ= 100 nm and λ= 50 nm (λn = 30 nm,
and α = 1019).
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パルス中性子ビームでは飛行時間を用いて干渉縞を観測できる

白色中性子干渉計の可能性

連続中性子ビームでも、プリズムを使って分光すれば（空間）干渉縞になる

検出器の位置分解能より大きく屈折

Δϕ = 2π
mL
h2 ΔE λn ∝ ttof

36 38 40 42 44 46 48 50
Time of flight (ms)

常に（１パルスごとに）干渉縞を観測するので 
長時間の擾乱をモニターできる。

n = 1 − νb
π

λ2
n

1 ~ 2 nm 開き角 < 0.01 deg
10 ~ 20 nm 開き角 ～ 1 deg

常に空間縞を観測して 
長時間の擾乱をモニターできる。

プリズム



極冷中性子干渉計による物理の可能性 
Fundamental Physics using Reactors 
2022年5月31日　名古屋大学　北口雅暁 page 44

白色中性子干渉計の可能性
連続中性子ビームでも、プリズムを使って分光すれば（空間）干渉縞になる

検出器の位置分解能より大きく屈折

n = 1 − νb
π

λ2
n

1 ~ 2 nm 開き角 < 0.01 deg
10 ~ 20 nm 開き角 ～ 1 deg

常に空間縞を観測して 
長時間の擾乱をモニターできる。

プリズム

極冷中性子はビーム発散が大きい → 集光系と組み合わせる

磁気レンズ
焦点面に検出器を置く
干渉計自身は 
発散角はキャンセルする
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位相変化決定精度

白色極冷中性子干渉計多層膜冷中性子干渉計
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中性子干渉計は高感度な検出器 
　・核力ポテンシャル 
　・重力ポテンシャル 
　・スピン依存ポテンシャル

まとめ

その感度は波長と相互作用距離に比例
長波長・大型化が可能な 
　多層膜ミラーを用いた中性子干渉計

パルス中性子への適用によって 
　・高統計化・安定化 
が実現し、一気に実用化に向けて進み出した
研究炉で大強度極冷中性子ビームが得られと 
・パラメトリック共鳴による未知力探索など

大強度パルス中性子

多層膜ミラー 超精密加工

多層膜 
パルス中性子 
干渉計

中性子散乱長 
基礎物理実験分光によって高統計・安定が可能に

白色 
極冷中性子 
干渉計


