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This study entailed the successful deployment of a novel neutron interferometer that utilizes multilayer
mirrors. The apparatus facilitates a precise evaluation of the wavelength dependence of interference fringes
utilizing a pulsed neutron source. Our interferometer achieved an impressive precision of 0.02 rad within a
20-min recording time. Compared to systems using silicon crystals, the measurement sensitivity was
maintained even when using a simplified disturbance suppressor. By segregating beam paths entirely, we
achieved successful measurements of neutron-nuclear scattering lengths across various samples. The values
measured for Si, Al, and Ti were in agreement with those found in the literature, while V showed a disparity
of 45%. This discrepancy may be attributable to impurities encountered in previous investigations. The
accuracy of measurements can be enhanced further by mitigating systematic uncertainties that are
associated with neutron wavelength, sample impurity, and thickness. This novel neutron interferometer
enables us to measure fundamental parameters, such as the neutron-nuclear scattering length of materials,
with a precision that surpasses that of conventional interferometers.
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Neutron interferometers, which are characterized by a
neutron wave that is divided into two paths and then
merged while sustaining its coherence [1], are used for the
precise measurement of neutron-related interactions [2].
Specifically, the Mach-Zehnder-type neutron interfero-
meter, which utilizes diffraction from a Si single crystal
and was first demonstrated by Rauch in 1974 [3], has
been broadly applied in a variety of physics experiments.
These include measurements of neutron-nuclear scattering
length [4–6], demonstrations of classical physics with
elementary particles [7,8], validations of quantum mechan-
ics [9–14], and investigations of exotic interactions as
predicted by new physics [15,16]. Recent proposals for
experiments using neutron interferometers to probe new
physics underscore their continuing significance [17–22].
The sensitivity of the interactions measured is directly

proportional to the neutron wavelength and the inter-
action length. However, neutron interferometers that use Si
crystal are limited by the lattice constant in terms of the
available neutron wavelengths and are also size constrained
by the dimensions of the ingot [1]. Progress is being
made in developing neutron interferometers capable of

high-sensitivity measurements to overcome these limita-
tions [23–25]. Among them, Jamin-type neutron interfer-
ometers, which use neutron mirrors to reflect neutrons
through an artificially fabricated multilayer structure to
separate and recombine neutron paths [26–28], offer a
significant advantage. The multilayer structure allows for
the selection of neutron wavelengths based on specific
design parameters [29].
We introduce a novel neutron interferometer, integrating

unpolarized neutron mirrors with a pulsed neutron source
capable of identifying the wavelength from the time of
flight (TOF) at J-PARC. The interferometer concurrently
measures phase shifts at diverse wavelengths, bestowing a
significant statistical advantage. It also enables tracking and
rectification of time-varying disturbances beyond the pulse
interval [30], thus circumventing the issues encountered
by conventional systems using multilayer mirrors [31].
This Letter accentuates that the developed interferometer
achieved phase shift measurements with sensitivity com-
parable to systems employing Si crystals, even with simple
disturbance suppressors. We also successfully conducted
measurements of the neutron-nuclear scattering lengths for
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several nuclei. This breakthrough underscores a crucial
advancement in neutron interferometry, enhancing sensi-
tivity for fundamental physics involving neutrons.
The experiment was conducted at the low-divergence

branch of BL05 (NOP) within the Materials and Life
Science Experimental Facility at J-PARC [32–35].
Pulsed neutrons, generated through the spallation reaction
at a repetition frequency of 25 Hz, were moderated by a
liquid hydrogen moderator and directed to the experimental
setup via a neutron mirror bender, a four-blade slit, and a
vacuum guide tube. The beam power sustained during the
experiments was 620 kW.
Our interferometer comprised two beam-splitting etalons

(BSEs) [Fig. 1(a)] that split neutron waves into two parallel
paths and later recombined them [Fig. 1(b)]. The BSEs
were designed with half and total reflection mirrors
separated by an air gap of D ¼ 189 μm [28,36]. The
mirrors, deposited on a flat SiO2 substrate, were bonded
by optical contact to maintain parallelism. The parallelism
was preserved at approximately 30 nm, roughly in the
range of typical transverse coherence length of the neutrons
in this setup. The neutron mirror, made from a Ni and Ti
multilayer structure, can reflect momentum transfers in the
range of 0.232 < Q < 0.292 nm−1 [37]. The BSEs were
positioned at an incident angle θ1 of 1.05° with respect to
the neutrons, with the centers of the two BSEs distanced
140 mm apart. The neutron wave, having been divided into
two paths, passed through a double slit situated 60 mm
away from the center of the first BSE before being
redirected toward the second BSE. This double-slit con-
figuration consisted of two grooves, each 130 μm wide,
separated by a center-to-center distance of 326 μm. This
design was optimized based on the incident angle and
refraction characteristics of the BSEs. The interference
pattern of the neutron waves was detected by a neutron
detector equipped with time and two-dimensional position
detection capabilities [38]. The detector was placed
400 mm away from the center of the second BSE. To
minimize external disturbances, the interferometer and
sample insertion assembly were placed on an active
vibration isolator and maintained at a stable temperature

of 23 °C inside a thermostatic chamber. Over 9.2 h, the
temperature’s standard deviation remained at 0.035 K.
A Cd mask, 1 mm in thickness, was systematically

traversed across the two beam paths located between the
BSEs to quantify the beam profile. The mask sequentially
shielded neutron waves by scanning in the x direction using
a sample insertion assembly. The neutron intensities
pertaining to the O and H beams, along with their differ-
entials, are shown in Fig. 2. The distinct staircase pattern in
the neutron intensities indicates the complete bifurcation
of neutrons into two separate paths by the first BSE
and the double slit. A double Gaussian fitting applied to
the derivative of the neutron intensity confirmed the
path separation to be 326 μm, consistent with design
specifications.
The relative angle δθ ¼ θ2 − θ1 could be adjusted with a

resolution of 6 μrad using a micrometer affixed to the
second BSE. The parallel alignment of the second BSE was
achieved using an autocollimator with an accuracy of
3 μrad. After alignment, periodic intensity distributions
were observed in the TOF region from 35 to 50 ms [refer to
Fig. 3(a)]. The absence of oscillation patterns when a single
path was obstructed by a Cd mask indicates that these
oscillations were due to the interference of neutron waves
from the two paths.

(b)(a)

FIG. 1. Illustration drawing of the design of our interferometer. (a) BSE with neutron mirror deposited. (b) Assembly of the
interferometer, which is composed of two BSEs. Here, θ1 and θ2 signify the incident angles of the neutron wave onto the first and second
BSE, respectively. Beam size perpendicular to x was collimated to 12 mm before the first BSE.

FIG. 2. Overall neutron intensity of O and H beams in relation
to the position of the Cd mask (black) and the corresponding
differential intensity (red) that has been fit using a double
Gaussian model.
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Interference fringes were calculated from the following
equation:

IðλÞ ¼ IO=IOCd
− IH=IHCd

IO=IOCd
þ IH=IHCd

; ð1Þ

where IO and IH represent the measured TOF spectra of O
and H beams, respectively, while IOCd

and IHCd
symbolize

the spectra with a single path blocked by the Cd mask. Any
prompt event stemming from proton collision with the
mercury target within the 40 < TOF < 40.1 ms region was
deliberately excluded from the analysis. The interference
fringe, normalized by Eq. (1), is shown in Fig. 3(b). This
interference fringe can be fitted by the following equation:

IðλÞ ¼ A cos

�
PL

λ
þ PRλ − PSλ

�
þ B; ð2Þ

where λ denotes the neutron wavelength (the derivation is
provided in Supplemental Material [39]). The initial term in
the cosine function signifies the geometric optical
length difference, PL ¼ 4πDδθ, between the two paths,
where D is the BSE’s air gap. The second term,
PR ¼ −4πDδθmU=ðh2θ21Þ, denotes the path difference
multiplied by the refractive index in SiO2 of the BSE.

Here, U represents the Fermi pseudopotential of SiO2, m is
the neutron mass, and h is Planck’s constant. The third
term, PS ¼ Nbct, corresponds to the interaction with the
inserted sample, where N is the atomic number density, bc
is the neutron-nuclear scattering length, and t is the
thickness. The phase shifts, depicted as the third term,
are directly linked to the sensitivity of the measured
interactions. The visibility, represented by A, typically
approximated 60%. The effects of discrepancies between
paths, such as differences in mirror reflectivity and neutron
absorption by the sample, appear in the B term. Typically, it
was about 3%, but this does not affect the determination of
the scattering length. The fitting region was identified as the
TOF range from 37 to 49 ms, where the interference fringes
were clearly discernible.
Figure 3(c) shows the interference fringe produced upon

inserting a 0.3-mm-thick Si sample into one of the paths. A
significant phase change occurred from the configuration
without the sample. The uncertainty in the measured phase
shift caused by the sample was obtained to be 0.02 rad per
20 min. This sensitivity exceeded that measured by NIST
(0.31 rad per min) [31] by a factor of 3 and was comparable
to that measured by ILL (0.08 rad per min) [11]. Contrary
to the Si interferometer’s requirement for a 5 mK tempera-
ture accuracy [43], which is an order of magnitude more
stringent, the precision in phase determination is improved.
The time fluctuation of PS was 3 × 10−3 rad over a 20-min
period, a value 4 orders of magnitude smaller than the
phase shift caused by the Si sample, approximately 60 rad.
These results validate the interferometer’s effectiveness
within a simple thermostatic chamber, indicating its robust
stability during extended measurement periods.
The phase of the fringes can be modified by adjusting

δθ using the micrometer affixed to the second BSE.
The alteration in PL relative to δθ was recorded as
PL=δθ ¼ 2.13� 0.01 nm=μrad [Fig. 4(a)], approximately

(a)

(b)

(c)

FIG. 3. TOF dependency of the measured interference fringes.
(a) TOF spectra of neutron intensity in the O and H beams. The
spectra of pale color (orange and cyan lines) indicate the
incoherent sum of both interferometer paths, obtained by block-
ing one or the other path with Cd and summing up both
contributions. (b) Interference fringes obtained from the above
spectrum. (c) Variation in the interference fringes prompted by
the insertion of a Si sample. The measurement time attributed to
these fringes was 10 min. For each spectrum, background
readings were subtracted.

(a)

(b)

FIG. 4. Relationship of δθ with (a) PL and (b) PR, characterized
by a linear function. The conversion factor between the microm-
eter value and δθ is established as 12.22 μrad=μm. The baseline
value for δθ was determined through the fitting process applied
to PL.
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10% less than the theoretical value of 2.38 nm=μrad. The
change in PR was estimated to be PR=δθ ¼ −0.096�
0.020 nm−1=μrad [Fig. 4(b)], nearly a quarter of the
theoretical value of −0.39 nm−1=μrad. These deviations
are speculated to arise from geometric inaccuracies
in the BSEs or potential misalignment of the micrometer.
Importantly, these effects can be compensated by
calculating phase shifts in the presence and absence of
the sample.
To demonstrate our interferometer’s capabilities, we

conducted experiments to determine neutron-nucleus scat-
tering lengths. We selected Si and Al as representative
nuclei, Ti and Vas nuclei with negative bc values, and V-Ni
alloy as nuclei with near-zero bc. The V-Ni alloy is
frequently employed in neutron scattering experiments as
sample containers to prevent Bragg scatterings [40].
For accurate results, samples were precisely adjusted to
minimize phase shifts in the interference fringes using
three-axis stages [Fig. 1(b)]. Measurements of PS were
conducted with and without the sample for 5 min each to
eliminate disturbances. This process was repeated
over several hours for each sample (see Supplemental
Material [39] for further details).
The obtained bc values, along with their systematic and

statistical uncertainties and the sample thicknesses, are
listed in Table I. The systematic uncertainties considered
are detailed in Supplemental Material [39], including
Refs. [1,41]. The values for Si, Al, and Ti were consistent
with the literature values, accurate to within 2.2%.
However, the results were generally smaller compared to
the literature values, potentially due to systematic discrep-
ancies between the TOF method-derived wavelengths and
the true values [44]. Notably, the statistical uncertainty was
2 orders of magnitude less than the systematic uncertainty.
Future work to enhance bc determination accuracy should
prioritize minimizing systematic uncertainties arising from
sample conditions.

In contrast to the aforementioned samples, the results for
the V and V-Ni alloy samples deviated significantly from
their respective literature values. We conducted elemental
analyses on the V and V-Ni alloy samples used in the
measurements to investigate the underlying cause of this
discrepancy. However, no significant impurities were iden-
tified.A comprehensive summary of allmeasured impurities
can be found in Supplemental Material [39] including
Refs. [40,42]. To eliminate uncertainty arising from the
neutron wavelength of the pulse source, we determined the
bc of V relative to Si using both Vand V-Ni alloy samples.
The effects of measured impurities were also eliminated.
The derived bc values for V were −0.555� 0.003 fm from
the V sample and −0.559� 0.005 fm from the V-Ni alloy
sample. We used the bc values of Si as 4.1491� 0.0010 fm
and Ni as 10.3� 0.1 fm [45]. Both values of V were found
to be in agreement but deviated by 45% from the
NIST-recommended value of −0.3824� 0.0012 fm [46].
Supporting this finding, a previous report suggested that the
minimization of the Bragg peak required a higher
amount of Ni in the V-Ni alloy compared to the NIST
database [40].
In conclusion, we have developed a neutron interfero-

meter utilizing multilayer mirrors. The successful operation
of our interferometer with pulsed neutrons at J-PARC
yielded a visibility of 60%. Significantly, our interferometer
demonstrated exceptional precision in phase determination,
achieving an accuracy of 0.02 rad within a 20-min interval.
Furthermore, our interferometer utilized a neutron wave-
length of approximately 0.9 nm, providing enhanced
sensitivity for specific applications compared to Si inter-
ferometers using 0.19–0.44 nm. The phase drift over
time measured in our interferometer was 4 orders of
magnitude smaller than the phase shift induced by a
0.3-mm-thick Si sample. Our interferometer demonstrates
robustness against fluctuations, making it highly reliable.
By introducing samples into one of the paths, we measured

TABLE I. Each sample yielded measured bc. Reference values of brefc were taken from Sears [45].

Sample t (mm) Purity (wt %)
Statistics

uncertainties
Systematics
uncertainties bc (fm) bc=brefc

Sia 0.287� 0.001 99.999þ 9.2 × 10−5 6.7 × 10−3 4.060� 0.027 0.978� 0.007
Ti 0.100� 0.002 99.5þ 4.4 × 10−4 1.8 × 10−2 −3.477� 0.062 1.011� 0.018

0.204� 0.004 99.5þ 2.0 × 10−4 1.9 × 10−2 −3.386� 0.064 0.985� 0.019
Al 0.103� 0.001 99þ 6.0 × 10−4 1.5 × 10−2 3.408� 0.050 0.988� 0.015

0.287� 0.002 99þ 5.3 × 10−5 7.8 × 10−3 3.423� 0.027 0.992� 0.008
0.961� 0.001 99þ 4.1 × 10−5 5.7 × 10−3 3.466� 0.020 1.005� 0.006

V 0.316� 0.001 99.7þb
3.9 × 10−4 6.8 × 10−3 −0.522� 0.004 1.364� 0.010

0.314� 0.002 99.7þb
6.1 × 10−4 7.2 × 10−3 −0.520� 0.004 1.361� 0.011

V averaged � � � � � � � � � � � � −0.521� 0.003 1.363� 0.008
V-Ni alloyc 0.315� 0.006 V∶Ni ¼ 94.582∶5.32b 3.1 × 10−3 1.8 × 10−2 −0.062� 0.001 −0.528� 0.010

aN-type wafer.
bThe contaminations are summarized in Supplemental Material [39].
cFabricated by Taiyo Koko Co., Ltd.
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the bc values for Si, Al, Ti, V, and V-Ni alloy. These
measurements exhibited agreement with literature values
within an accuracy of 2.2%, except for vanadium, which
requires further investigation to determine if impurities in
the V sample contributed to the observed discrepancy.
These findings indicate that the phase shift introduced by
the inserted samples was accurately captured.
The statistical uncertainty associated with the measured

phase shift was significantly smaller, up to 2 orders of
magnitude, than the systematic uncertainty. This empha-
sizes the potential for highly sensitive measurements. To
mitigate uncertainty in wavelength determination, two
approaches can be employed: conducting relative measure-
ments to Si or performing precise wavelength measure-
ments. Furthermore, enhancing the sensitivity of bc can be
achieved by using thicker samples with reduced impurities.
The systematic uncertainty arising from nonuniform sam-
ple thickness can be addressed through ultrahigh-precision
machining technology [47,48].
Replacing the current multilayers with supermirrors and

reflecting neutrons within the optimal wavelength range of
0.2–0.8 nm at J-PARC BL05 can increase statistics by a
factor of 20. This improvement would render the two-
pathway separation interferometer nearly as sensitive as
grating interferometers [24]. Expanding theBSE’s air gap by
using a thicker spacer or by independently controlling each
mirror could enable the measurement of various inter-
actions, such as the scattering length of gas samples
requiring containers of sufficient size [15,16,49]. The
utilization of a high-sensitivity neutron interferometer opens
up possibilities for a wide range of new physics search
experiments [15–22]. The findings of this study represent
the initial step toward realizing these experiments.
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