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Cold-neutron interferometer of the Jamin type
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A cold-neutron interferometer using four independent multilayer mirrors is demonstrated. We have observed
interference fringes with a contrast of 60%. The interferometer is based on a pair of devices using etalons with
an air gap of 9.75um in spacing. The optical system is equivalent to the Jamin-type interferometer, which
allows much larger spatial separation between the two coherent beams than the previous type of multilayer
interferometer to broaden the applicability of neutron interferometry.

DOI: 10.1103/PhysRevA.67.033609 PACS nuntder03.75.Dg, 03.65.Ta

Neutron interferometry is a powerful technique for study-ization interferometer, enables us to study the spin-dependent
ing fundamental physics. Numerous interesting experimentmteraction and to carry out more precision experiments, due
[1] have been performed since the first successful test of t its higher contrast, than the original type of multilayer
single-crystal neutron interferometgi2]. However, the interferometer. Some remarkable experiments have been car-
single-crystal interferometer is inherently unable to deal withried out with multilayer interferometers using magnetic mir-
a neutron that has a wavelength longer than twice its latticeors, for example, double Stern-Gerlach experimééisand
constant. In order to investigate problems of fundamentatlelayed choice experimen{§]. The range of application
physics, including tests of quantum measurement theoriesas, however, limited due to the small spatial separation
and searches for non-Newtonian effects of gravitation, théetween the two coherent beams. A cold-neutron interferom-
interferometry of cold neutrons is extremely important, sinceeter with large spatial separation enables us to carry out
the sensitivity of the interferometer for a small interactionmuch higher precision measurements and new types of ex-
increases with neutron wavelength. Several attempts havgeriment. With the large separation, we can insert some de-
been made to develop neutron interferometers for cold neuvices into the gap between the paths of the interferometer, for
trons and very cold neutrons]. Interference fringes are example, to investigate the topological nature of the
given as a function of the relative phase. When there is a\haronov-CashefAC) effect[8]. We can also measure more
interaction energy differenc&E between the two paths, the precisely the interaction that provides the relative phiage
relative phase is written as depending on the area enclosed by the two beam paihs
The aim of our development is to increase the spatial beam
separation of a multilayer interferometer in order to broaden
the applicability of neutron interferometry.

The cold-neutron interferometer, using multilayer mirrors

wherem is the neutron mass, is the neutron wavelength, [4]and the neutron spin interferomeféi, employs a pair of
andL is the interaction path length. A large interferometer Pairmirrors™ or “spinsplitters”. Each of them consists of a
scale also has the advantage of increasing the sensitivity @i of multilayer mirrors and an intermediate monolayer. A
small interactions. pairmirror or a spinsplitter shifts the two coherent beams;
Using multilayer mirrors, a large-dimensional cold- however, the beams overlap each otffég. 1). Because the
neutron interferometer was demonstraiél The multilayer ~ Pairmirrors and spinsplitters are fabricated by the vacuum
mirror is one of the most useful devices in cold-neutron op-
tics. A multilayer of two materials with different potentials is
understood as a one-dimensional crystal that is suitable fo
Bragg reflection of long-wavelength neutrons. A magnetic
mirror, in which one of the two materials is ferromagnetic,
works as a reflective mirror or as a transparent mirror de-
pending on the polarity of the neutrons. Neutron spin inter-é’
ferometer[ 5] using magnetic mirrors, which is one of polar- ¥
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FIG. 1. Conventional spinsplittéteft) and beam splitting etalon
*Also at RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan(right). The present etalon can make larger spatial separations be-
Electronic address: kitaguch@nh.scphys.kyoto-u.ac.jp tween two waves than a conventional spinsplitter.
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FIG. 2. Setup of the Jamin-type interferometer using etalon plates. The first beam splitting (B8Bnspatially separates up- and
down-spin components into two parallel waves, and the two waves are spatially superposed on each other on the second BSE.

evaporation method, the gap between the two mirrors is ofoil current (Fig. 3. Background counts were about 0.05
the order of 1um. It is not thick enough to separate the two counts per second. In the present measurements, irregular
beams spatially. We have used etalons in order to enlarge thaift of phase about 0.01 rad/min was found, which might be
spatial separation between the two coherent waves of tha@ue to the rigidity of the present prototype. This drift is taken
interferometer(Fig. 1). An etalon consists of two parallel into account as a systematic error in the following discus-
planes finished with high precision. We can purchase specialion, but it does not affect our conclusion.
etalons with planes smooth enough to be used as substratesWe measured the phase shift of the interferogram when
of neutron multilayer mirrors. By depositing multilayer mir- the relative angle between the two BSEs changéd. 4).
rors on the parallel planes, such an etalon splits a neutromhe reflectivity of the mirrors on the etalon remains high in
beam spatially. our narrow scanning range. The interferograms have maxi-
Our experimental setup is shown in Fig. 2. It contains amum contrast poinfecho point. The echo-point shift was
pair of beam splitting etalonEBSES. In the viewpoint of also observed in the reverse direction of the phase shift of the
geometrical optics, the pair of BSEs is equivalent to a Jamirnterferogram(Fig. 5. As described below, we can under-
interferometer, which is the oldest type of interferometer forstand that these two responses to the change of relative angle
practical use in the history of optics. The polarizer arnl@  between the two BSEs result from the interference of two
flipper both provide the superposition of the spin-up andpaths as shown in Fig. 2.
spin-down components. A magnetic neutron mirror deposited When we use a monochromatic beam with a wave num-
on one of the BSE planes reflects only the spin-up compober ofk, and the standard deviation of Gaussian distribution
nent and a nonmagnetic neutron mirror on the other plane,, the relative phase between the two pathsan be ex-
reflects the spin-down component that is transmitted througpanded as
the magnetic mirror. The BSE separates up- and down-spin
components spatially into two parallel paths. The waves are

spatially superposed on each other on the second BSE. The bk, &)= p(Kg, &)+ % (k—Ko)

magnetic field provided by the phase-shifter coil gives the ok k=kg

relative phase between the two components. By scanning the

phase-shifter-coil current, interference fringes are observed = o(£) +Lo(€)(k—ko), i)

through ther/2 flipper and the analyzer mirror.
The present etalon made of fused silica has a spacing Gfhere ¢ is a set of parameters of the phase shifters. Using

9.75 um and a diameter of 42 mm. The mirrors were depos£q. (2), we can describe interferogram fringes as

ited in a diameter of 20 mm on a clear aperture of 30 mm

diameter. The rms roughness of the present etalon plate is 700

less than 3 A(SLS Optic. The etalon has matched front o 600 | ]
surfaces of\ yo.nd150 in parallel. The mirrors were fabri- % 500 - }*;\ {h‘i }I}/L;\_
cated by the vacuum evaporation method at KURRI. The 2 ¥ b T /
magnetic mirror has eight bilayers made of permalloy45 5 400y }" X ) } 1/ 1
(FesgNiygs) and germanium. The nonmagnetic mirror also has E 300 Fi k: /{ ,x /
eight bilayers made of nickel and titanium. Both multilayers g 200 ¢ o Y
have an effective lattice constant of about 240 A. The dis- S 100}

tance between the two BSEs was 340 mm. 0
The experiment was performed using the cold-neutron

beam line “MINE2” at the JRR-3M reactor in JAERI. The

beam had a wavelength of 8.8 A and a bandwidth of 2.4% in  FIG. 3. Interference fringes resulting from scan of phase-shifter-

full width at half maximum. We observed interference coil current around the maximum contrast point. The contrast of

fringes with a contrast of 60% by scanning the phase-shifterfringes was 60%.
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0, wherey is the gyromagnetic ratio of neutroH, is the mag-

500 § I 1 [degree] netic field of the phase-shifter coit,is the time of flight
i 7 through the coilwhich is proportional tk™1), j is the cur-
i | 1054 rent of the phase-shifter coil, arf is a conventional con-

stant. ¢ and ¢ differ in k dependence. The sum of the
relative phase between the two paths is
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Using the expression of E@2), we find
FIG. 4. Phase shift of the interferogram when the relative angle

between two BSEs changes by 0.002°. The incident angle of the Ac.
first BSE 6, is fixed at 1.05°. $o=AgdbKo+ k_oj’ (7)
I 1 a 1 L )2 3 A
_§+§ex _E(Uk O) Cos(bO)v ( ) LOZAE50_ _2CJ (8)

0
wherea is a factor of the contragtl0]. In an ideal casea ) . ] .
=1, the contrast is maximized. Interference fringes oscillatd=quation (7) shows that a period of the interferogram is
with ¢g. Lo is the optical path difference between the two (27Ko/Ac) [A] when 66 is fixed, and that a phase of the
paths and_, of zero makes an “echo point.” The relative interferogram shifts by- (Agko/27)A 6 cycles when chang-
phase provided by a pair of BSE#g, is expressed using the iNg 66 by A6. On the other hand, E¢8) shows that an echo
distance between the two mirrdls the incident angle of the Point shifts by + (Agko/27)A 6 cycles, which is a quantity

first BSE 6,[rad], and that of the seconé,[rad] as equal to the reverse direction of the phase shift of the inter-
ferogram. Through the changes&f from 1.050° to 1.060°,

2D(sin#,—sin6,) 2 a phase of the interferogram was found to shift as
Pe=2m N =2D 59TEAE59K (4
Aeko
where 66 is the relative angle between the two BSHEs ( 2 A6=—(1.94:0.04x 10°A¢. ©
—6,). The relative phase provided by phase-shifter ¢gil
is From Fig. 5 the echo-point shift was evaluated as
1 Aeko
$c=rHt=Ac], (5) o A6=+(1.93-0.04 x 10°A 6. (10
g 700 - T 0 The expected value ofAgky/27)=(2D/\y) is 2.17< 10%,
g o0 :[degrzee] This discrepancy is understood by the refraction of the etalon
L 400 ] substrate of BSE through which the neutrons are transmitted.
§ ol ] When we correct for the refraction by multiplying Ed) by
8 too | ] 1050 [sin 6,/\/(1—n?) +sir? 6,]=0.89, the correcting value of the
o ° coefficientAgky/27 becomes 1.94 10%, wheren is the re-
é’looo I fractive index of the etalon substrate.
S Zgg I In conclusion, we remark that the observed interferograms
% a00 | st 14 {LLL R were consequent upon the two optical paths of the Jamin-
5 200 | ' type interferometer using a pair of “beam splitting etalons,”
S o and that this represents a breakthrough in neutron interfer-

-2 -1 Lo] 1 2 3 =)

ometry by using four multilayer mirrors deposited on inde-
pendent substrates. The four mirrors are aligned with high
FIG. 5. Interference fringes resulting from wide range scanningPrecision on the parallel planes of the etalons. The present
of phase-shifter-coil current. The relative angle between the twdesults have demonstrated the feasibility of developing a
BSEs was 0° in the top panel and 0.06° in the bottom panel.  large-dimensional interferometer with a large spatial path

phase-shifter-coil current [A]
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separation for long-wavelength neutrons. We are continuingpectrometef11], which is equivalent to the neutron spin-
the test experiments using new air-spaced etalons with @cho systenfNSE), can be realized by using four BSEs ar-

spacing of 20Qum thickness. We plan to increase the etalonf@nged in + + — —) configuration. Such a spectrometer will

air gap spacing to 1 mm. The results have qualified the fla® much smaller than conventional NSE. Using the BSEs

with a gap of 200um and neutrons of wavelength of 20 A,
ness and roughness of the present etalon plates as SUbStrq}?é Fourier time of the spectrometer reaches about 300 ns.
good enough to be used for neutron mirrors, which cause n

; ; : : ®he spectrometer has broad applicability for the study of
serious distortion of wave front to compose an interferom-gioy dynamics including biophysics.

eter. By using such mirrors as mentioned above, we can now
even arrange an optical system of Mach-Zehnder type. The authors gratefully acknowledge fruitful discussions
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