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Measurement of spin-precession angles of resonant tunneling neutrons
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We have succeeded in precisely measuring spin-precession angles of tunneling and nontunneling neutrons
through double-rectangular, triple-rectangular, and multirectangular potential barriers represented by a
@Permalloy45~PA!-germanium~Ge!#n-PA Fabry-Perot magnetic thin-film resonator forn51, 2, and 10, respec-
tively. The spin-precession angle due to the Fabry-Perot resonator shows the oscillation curve as a function of
the incident angles, and the curve is well reproduced by the theoretical phase difference of↑ and↓ spin neutron
wave functions based on the one-dimensional Schro¨dinger equation. We demonstrate that the amplitude of the
curve is proportional to the number of germanium layers~wells! although the transmission probability remains
constant.

PACS number~s!: 03.75.Dg, 03.65.2w, 73.40.Gk
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I. INTRODUCTION

Recently, we have succeeded in measuring sp
precession angles of neutrons tunneling through a Per
loy45. (Fe55Ni45) ferromagnetic thin film@1–3#. It shows
that the spin-precession angle agrees with the stationary-
prediction. That is to say, it is well reproduced by the relat
phase difference between↑ and ↓ spin neutron wave func
tions based on the one-dimensional Schro¨dinger equation. In
this paper we report the experimental results of the sp
precession angle of neutrons through the Fabry-Perot m
netic thin-film resonators. The Fabry-Perot resonator cons
of a sequence Permalloy45~PA!-germanium~Ge!-PA with
suitable layer thicknesses. In such a Fabry-Perot resonat↑
spin neutrons ‘‘feel’’ a one-dimensional double-rectangu
potential barrier as shown in Fig. 1, and seem to be trap
in quasibound states at resonance condition. On the o
hand, ↓ spin neutrons almost touch one small rectangu
potential barrier, and pass through the Fabry-Perot reson

An early observation of the quasibound states of neutr
in the double-rectangular potential, represented by the Fa
Perot resonator, was performed with an ultracold neutr
@4#. Several authors have investigated neutron optics
resonant tunneling phenomena by means of nonmagn
Fabry-Perot resonators@5–8#. None has reported the spin
precession angle of resonant tunneling neutrons excep
our previous work@9#. Thus, the purpose of this paper is~1!
to precisely measure the spin-precession angle of neu
resonant tunneling through double-rectangular, trip
rectangular, and multirectangular potential barriers for↑ spin
neutrons;~2! to compare the measured precession angle w
the relative phase difference of↑ and ↓ spin neutron wave
functions derived by solving the one-dimensional Sch¨-
dinger equation; and~3! to show the relation of the spin
precession angles and transmission probability of↑ spin neu-
trons as a function of incident angles.

II. BASIC THEORY AND MEASUREMENT METHOD

A. Spin precession of neutrons
through the Fabry-Perot magnetic resonator

The refraction and reflection of a neutron beam at
surface of a layer are considered as the problem of a rec
1050-2947/99/61~1!/013607~8!/$15.00 61 0136
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gular potential barrier in a one-dimensional Schro¨dinger
equation@10#. In a magnetic layer, the average nuclear a
magnetic potential are given byV5(2p\2/m)rbcoh and
mB, respectively.m and m are the neutron mass and th
neutron magnetic moment, respectively, andr, bcoh, andB
are the number density of atoms, the average coherent
tering length, and the magnetic induction, respectively.
though the scattering lengthbcoh is complex in general, the
imaginary part is negligible because the magnitude of
imaginary part is 1024 or less compared to the coherent pa
(V) in our experiments.

FIG. 1. ~a! Potential energy and~b! schematic view for a spin-
precessing neutron entering into a Fabry-Perot magnetic thin-
resonator at an incident angleu.
©1999 The American Physical Society07-1
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Let us consider the spin precession of neutrons trans
ted through a Fabry-Perot magnetic thin-film resonator
shown in Fig. 1. The state of the spin-precessing neutro
represented as a coherent superposition of eigenstates↑
and↓ spin neutrons@11,12#. In the transmission process, th
Hamiltonian is diagonal and the direction of the quantizat
axis does not change. The stationary wave function in
ath region~layer! can be described as

uc&5S c1~y!

c2~y! D5S A1eiqa~1 !y1B1e2 iqa~1 !y

A2eiqa~21!y1B2e2 iqa~2 !yD , ~2.1!

where qa(6)5A2m(E'2Va7mBa)/\ and E'5\2k'
2 /2m.

k' and qa are normal components of the wave vector
vacuum and theath region, respectively, andVa andBa are
the average nuclear and magnetic potentials in theath re-
gion, respectively. The subscripts1 and2 indicate the neu-
tron of ↑ and↓ spin, respectively. Here region 1 is vacuum
~air!, regionn is substrate, and regions 2 ton21 are layers
in the Fabry-Perot resonator. From the boundary conditi
where c and dc/dy are continuous, the transfer matrix
described as@13#

S 1
r D5S M11 M12

M21 M22
D S t

0D . ~2.2!

The transmission and specular reflection coefficientst and r
are given byt51/M11 andr 5M21/M11. The transfer matrix
is given by@14#

M̂5D̂21~q1!S )
j 52

N21

D̂~qj !P̂~qj ,dj !D̂
21~qj !D D̂~qN!,

~2.3!

D̂~qj !5S 1 1

qj 2qj
D , P̂~qj ,dj !5S e2 iq jdj 0

0 eiq jdj
D ,

where D̂(qa) are the transmission matrices andP̂(qa ,da)
are the propagation matrices for theath region, andda is the
width of theath region~layer!.

The transmitted stationary wave function is described

uc tr&5S t1eiky

t2eikyD ~2.4!

t65T6
1/2eiDf6e2 ikde7 id/2, ~2.5!

whereDf and T are the additional phase and the transm
sion probabilities through the resonator, respectively,d is the
total thickness of the resonator, andd is the incident spin
precession angle at the surface of the resonator.

The normalized expectation values of a neutron transm
ted through the resonator^Sx ;tr&, ^Sy ;tr&, and ^Sz ;tr& are
given by

^Sx ;tr&5
\

2
^c trusxuc tr&5\ cos~Df12Df22d!

AT1T2

T11T2
,

~2.6!
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^Sy ;tr&5
\

2
^c trusyuc tr&

52\ sin~Df12Df22d!
AT1T2

T11T2
, ~2.7!

^Sz ;tr&5
\

2
^c truszuc tr&5

\

2

T12T2

T11T2
, ~2.8!

wheresx , sy , andsz are the Pauli spin matrices. This rela
tive phase differenceDf12Df2 is equivalent to the addi-
tional spin-precession angleV of the transmitted neutron
through the resonator. Solving Eq.~2.3!, we can find the
coefficientt and predict the spin-precession angle due to
Fabry-Perot magnetic resonator.

B. Measurement of the additional spin-precession angle
by means of the NSE method

The neutron spin echo~NSE! method was proposed by F
Mezei @15#. The essential feature of the NSE method h
been well explained with the Larmor precession represen
as a classical image of the spin precession of neutrons@16#.
The amplitude of the NSE signal is given as a function of
dN which is the difference between the numbers of the L
mor precession before and after ap flipper coil. In our con-
figuration, shown in Fig. 2,dN is described by

dN5N02N12N22DN

5
gL

2p S H0l 0

v0
2

H1l 1

v1
2

H2l 2

v1
D2V/2p, ~2.9!

wheregL52m/\529.16 kHz/mT,DN is the additional spin
precession due to a sample,N is the number of the Larmo
precession,l is the length of the magnetic fieldH, andv is
the neutron velocity. The numbers 0, 1, and 2 indicate
situations in the precession coil I~PC1!, the precession coi
II ~PC2!, and the accelerator coil, respectively.

Figure 3 shows a typical NSE signal without a sample.
this experiment,H0 , H1 , l 0 , l 1 , and l 2 are constant. The
NSE signal is, hence, measured as a function of the cur
H2 of the accelerator coil. One period of the signal cor
sponds to one turn of the Larmor precession. In transmiss
experiments,v05v1 ; therefore, a shift of the NSE signa
with and without the sample at an incident angle is equi

FIG. 2. Schematic layout of the neutron spin interferometer
JRR-3M.~1! Polarizer,~2! p/2 spin flipper coil,~3! precession coil
I ~PC1!, ~4! p spin flipper coil,~5! accelerator coil,~6! precession
coil II ~PC2! and a Fabry-Perot magnetic resonator~sample!, ~7!
analyzer,~8! 3He detector.
7-2



n
, t
e
he
r
n
la
fo

lm
e

s
to
e
s

e
er

e
s
e

th

e
e
po-

ten-
ea-

he
ra-
nt
-
axi-

ck-

b-
,

the
-
ong
is

is

sed
ob-
n

n
ub-
that
nci-

Eq.
e
se
ical
etic

ns

ured

s

MEASUREMENT OF SPIN-PRECESSION ANGLES OF . . . PHYSICAL REVIEW A 61 013607
lent to an average additional angle of the spin precessio
neutrons through the sample at the incident angle. Thus
additional spin-precession anglesV due to the sample ar
derived from the shifts of NSE signals as a function of t
incident angles. Using the magnetic Fabry-Perot resonato
the sample, we measured precisely the spin-precession a
of neutron resonant tunneling through double-rectangu
triple-rectangular, and multirectangular potential barriers
↑ spin neutrons.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Experimental procedures

We have prepared four kinds of Fabry-Perot thin-fi
resonators, as shown in Table I. The material of the magn
layers is Permalloy45~Fe55Ni45! which is magnetically soft.
The Fabry-Perot resonator was evaporated on a polished
con wafer in an applied magnetic field of 14 mT in order
saturate the magnetic layers under a lower magnetic fi
@17#. Each layer thickness was measured by a quartz cry
oscillator during evaporation@18#. The silicon wafers were
disks with a 75-mm diameter and a 3-mm thickness.

In the @PA-Ge#n-PA Fabry-Perot resonator, the↑ spin
neutron ‘‘feels’’ double-rectangular (n51), triple-
rectangular (n52), or multirectangular potential (n510)
barriers, although the↓ spin neutron almost touches on
small rectangular potential barrier. The experiments w
carried out with the cold neutron spin interferometer~NSI-
JAERI! @19# installed at the C3-1-2 beam port of th
JRR-3M reactor at the Japan Atomic Energy Research In
tute ~JAERI!. The incident wavelength resolution and th

FIG. 3. Typical NSE signal measured without a sample a
function of the accelerator coil current.
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divergent angle were 1.2660.044 @full width at half maxi-
mum ~FWHM!# nm and 1.0 mrad, respectively. The streng
of the magnetic field at the sample position~PC2! for the
NSI-JAERI was 2 mT. For the simulation of the relativ
phase difference of↑ and↓ spin, it is necessary to evaluat
the correct values of the average nuclear and magnetic
tential in the magnetic and nonmagnetic layers. These po
tial values can be estimated by the best fitting of the m
sured transmission probabilities of the↑ and↓ spin neutron
through the Fabry-Perot resonator with simulation. T
transmission experiments were carried out with configu
tions of the NSI-JAERI without the analyzer. At the incide
angles below 2.3°~3/75 rad!, all neutrons through the sub
strate come from the edge of the substrate because the m
mum length of the silicon substrate is 75 mm and the thi
ness is 3.0 mm.

The direction of the neutrons from the edge of the su
strate slanteduD to the incident neutron beam direction
whereuD is the difference between the incident angle and
refractive angle in the substrate.uD increases when the inci
dent angle is smaller. Therefore we moved the detector al
the x direction shown in Fig. 2 when the incident angle
smaller than~0.9°!.

B. Double-rectangular potential case

Figure 4~a! shows the transmission probabilities of↑ and
↓ spin neutrons through only silicon substrate. Figures 4~b!
and 4~c! show those through the PA~20 nm!-Ge~40 nm!-
PA~20 nm! Fabry-Perot resonator, respectively. In th
Fabry-Perot resonator,↑ spin neutrons ‘‘feel’’ a one-
dimensional double-rectangular potential barrier. The clo
and open circles indicate experimental transmission pr
abilities of↑ and↓ spin neutrons, respectively, as a functio
of the incident angleu. As shown in Fig. 4~a!, transmission
probabilities of↑ and ↓ spin neutrons through the silico
substrate agree with each other. We confirm that the s
strate does not affect the spin-precession angle, and
these transmission probabilities remain constant at the i
dent angles which are larger than 0.8°. In Figs. 4~b! and 4~c!,
the lines indicate the theoretical values calculated from
~2.4! for ↑ and ↓ spin neutrons, respectively, including th
incident wavelength distribution at the NSI-JAERI. The
experimental data are well reproduced by the theoret
lines, where the values of the average nuclear and magn
potentials evaluated in Fig. 4 are shown in Table I.

Figure 5~a! shows the spin-precession angle of neutro
transmitted through the PA~20 nm!-Ge~40 nm!-PA~20 nm!
Fabry-Perot resonator. The closed circles indicate meas

a

s.
TABLE I. Measured parameters of the Fabry-Perot magnetic resonator in transmission experimentVPA ,
VGe, andVSi indicate values of the nuclear potential of Permalloy45 (Fe55Ni45), germanium, and silicon,
respectively.

Fabry-Perot resonator VPA ~neV! umBu ~neV! B ~T! VGe ~neV! VSi ~neV!

PA~20 nm!-Ge~40 nm!-PA~20 nm! 224 87.4 1.45 94.0 54.0
PA~15 nm!-Ge~80 nm!-PA~15 nm! 215 99.5 1.65 94.0 54.0
@PA~10 nm!-Ge~80 nm!#2-PA~10 nm! 217 96.5 1.60 94.0 54.0
@PA~20 nm!-Ge~40 nm!#10-PA~20 nm! 224 84.4 1.40 94.0 54.0
7-3



ar
ed

n
o

ro-

les
e

les

sion
netic
etic
s

nm.

b-

le

n

the

MASAHIRO HINO et al. PHYSICAL REVIEW A 61 013607
shifts of NSE signals and were obtained by a least-squ
fitting of a cosine function to the NSE signals. The dott
vertical line indicates the critical angle of↑ spin neutrons for
Permalloy45. In both the tunneling and nontunneling regio
for ↑ spin neutrons, the measured spin-precession angle

FIG. 4. Transmission probabilities of↑ and ↓ spin neutrons
through~a! only silicon substrate as a function of the incident ang
The transmission probabilities of↑ and↓ spin neutrons through~b!
↑ and ~c! ↓ spin neutrons through the PA~20 nm!-Ge~40 nm!-
PA~20 nm! Fabry-Perot resonator as a function of the incide
angle.
01360
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cillates as a function of the incident angle and is well rep
duced by the theoretical relative phase difference of↑ and↓
spin neutron wave functions calculated from Eq.~2.4!. The
broken line indicates simulated spin-precession ang
through PA~20 nm!-Ge~`!-PA~20 nm! as a nonresonanc
case. The spin-precession angle for the PA~20 nm!-Ge~`!-
PA~20 nm! calculated by adding two spin-precession ang
that are the relative phase difference of↑ and ↓ spin are
derived by solving a one-dimensional Schro¨dinger equation
for PA~20 nm!-Ge~2 mm! and Ge~2 mm!-PA~20 nm!-Si~2
mm! magnetic layers, respectively. Since the spin-preces
angle does not depend on the thicknesses of the nonmag
layers for these layer systems that have only one magn
layer, the value of the thickness~2 mm! can be considered a
infinity. The simulated spin-precession angle for the gap`
shows the average of the oscillation curve for the gap 40
In this incident wavelength distribution (dl/l53.5%), the
simulated spin-precession angle for the gap>1 mm agreed
with that for the gap̀ . We unify Figs. 4~b! and 5~a! to Fig.
5~b! in order to show the relation of the transmission pro

.

t

FIG. 5. Spin precession of neutrons transmitted through
PA~20 nm!-Ge(X nm)-PA~20 nm! Fabry-Perot resonator forX
540 and`, respectively, as a function of the incident angle.
7-4
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MEASUREMENT OF SPIN-PRECESSION ANGLES OF . . . PHYSICAL REVIEW A 61 013607
ability and the number of the spin precession. At the incid
angles for peaks of the transmission probability, the sp
precession angles of resonant and nonresonant tunn
neutrons are the same values. From the phase point of v
we can interpret that the resonant tunneling phenomenon
pears when no reflected wave seems to be in the wel
though the probability density of the↑ spin neutron reflected
by the second wall is not zero in the well.

Figure 6~a! shows the transmission probabilities of↑ and
↓ spin neutrons through the PA~15 nm!-Ge~80 nm!-PA~15
nm! Fabry-Perot resonator. These closed and open cir
indicate the experimental transmission probabilities of↑ and
↓ spin neutrons, respectively, and are also well reprodu
by the theoretical lines calculated from Eq.~2.4!, including
the effects of silicon substrate and the incident wavelen
distribution. It shows that the period of the peaks shown
Fig. 6~a! becomes shorter than that shown in Fig. 4~b! and
the period is almost proportional to the inverse of the w

FIG. 6. ~a! Transmission probabilities of↑ and↓ spin neutrons
through the PA~15 nm!-Ge~80 nm!-PA~15 nm! Fabry-Perot resona
tor as a function of the incident angle.~b! The spin precession o
neutrons due to the Fabry-Perot resonator as a function of the
dent angle.
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thickness. The average nuclear and magnetic poten
evaluated in Fig. 6 are also shown in Table I. In Table I
slight deviation of the potential values was observed. T
nominal average nuclear and magnetic potentials for iron
209 and 131 neV, respectively, and those potentials
nickel are 245 and 38.5 neV, respectively@20#. The deviation
might be the result of the deviation of concentration of ir
and nickel in the films. Figure 6~b! shows the spin-
precession angle of neutrons transmitted through the Fa
Perot resonator. The measured closed circles are also
reproduced by the theoretical relative phase difference o↑
and↓ spin neutron wave functions calculated from Eq.~2.4!.
These broken lines indicate simulated spin-precession an
through PA~15 nm!-Ge~`!-PA~15 nm! as the nonresonanc
case. The precession angle for PA~15 nm!-Ge~`!-PA~15 nm!
was calculated in the same way as Fig. 4. The critical an
of Permalloy45 for↑ spin neutron is 1.42°. As well as Fig. 5
the transmission probability of the↑ spin becomes maximum

ci-

FIG. 7. ~a! Transmission probabilities of↑ and↓ spin neutrons
through the@PA~10 nm!-Ge~80 nm!#2-PA~10 nm! Fabry-Perot reso-
nator as a function of the incident angle.~b! The spin precession o
neutrons due to the Fabry-Perot resonator as a function of the
dent angle.
7-5
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MASAHIRO HINO et al. PHYSICAL REVIEW A 61 013607
at the incident angles where the spin-precession angl
resonant and nonresonant tunneling neutrons agreed.

C. Triple- and multirectangular potential cases

Figure 7~a! shows the transmission probabilities of↑ and
↓ spin neutrons through the @PA~10 nm!
-Ge~80 nm!#2-PA~10 nm! Fabry-Perot resonator. In thi
Fabry-Perot resonator↑ spin neutrons touch a one
dimensional triple-rectangular potential barrier. The clos
and open circles indicate the experimental transmission p
abilities of ↑ and↓ spin neutrons, respectively, and are a
well reproduced by the theoretical lines calculated from E
~2.4!, including the effects of silicon substrate and the in

FIG. 8. Transmission probabilities of↑ and ↓ spin neutrons
through ~a! only silicon substrate and ~b! a
@PA~20 nm!-Ge~40 nm!#10-PA~20 nm! Fabry-Perot resonator as
function of the incident angle.
01360
of

d
b-

.
-

dent wavelength distribution. The values of the avera
nuclear and magnetic potentials evaluated in Fig. 7~a! are
shown in Table I. The transmission probability of the↑ spin
neutron for the double-rectangular potential case as show
Fig. 4~b! is split into two for the triple-rectangular potentia
case at resonance conditions. It is considered as two en
levels, whose difference is very small, that exist in a qua
bound state for the triple-rectangular potential barrier. Th
results can also be explained by the Airy formula@21# and
the detailed explanation for unpolarized neutrons was
cussed by Steyerl and co-workers@5#.

Figure 7~b! shows the spin-precession angle of neutro
through the @PA~10 nm!-Ge~80 nm!#2-PA~10 nm! Fabry-
Perot resonator. The measured closed circles are also
reproduced by the theoretical relative phase difference o↑
and↓ spin neutron wave functions calculated from Eq.~2.4!.
These broken lines indicate simulated spin-precession an
through @PA~10 nm!-Ge~`!#2-PA~10 nm! as nonresonance
cases. The precession angle for@PA~10 nm!-
Ge~`!#2-PA~10 nm! was calculated by adding twice the spi
precession angles of the relative phase difference due
PA~15 nm!-Ge~2 mm! and Ge~2mm!-PA~15 nm!-Si~2 mm!.
Each cross point corresponds to the small grooves of pe
for the transmission probability of the↑ spin.

Figure 8~a! shows the transmission probabilities of↑
and ↓ spin neutrons through only silicon substrate, a
Fig. 8~b! shows those through the @PA~20 nm!-
Ge~40 nm!#10-PA~20 nm! Fabry-Perot resonator, respe
tively. Here we call the multirectangular potential barrier
the one-dimensional 11-ply potential barrier from this Fab
Perot resonator. In this experiment, we did not move
detector along thex direction shown in Fig. 2, and the neu
tron transmission intensities were observed at a fixed de
tor position. Therefore, the intensities of neutrons as sho
in Fig. 8~a! are reduced at the incident angles below 0.7
which is higher than the critical angle of silicon substra

FIG. 9. Spin precession of neutrons transmitted through
@PA~20 nm!-Ge~40 nm!#10-PA~20 nm! Fabry-Perot resonator as
function of the incident angle.
7-6
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MEASUREMENT OF SPIN-PRECESSION ANGLES OF . . . PHYSICAL REVIEW A 61 013607
because the incident wavelength of 1.26 nm is 0.59°. T
measured transmission probabilities are also well reprodu
by the theoretical lines derived by solving a one-dimensio
stationary Schro¨dinger equation for each rectangular pote
tial model, including the reduction due to the experimen
setup. Since the transmission probability is considered as
average of that for each wavelength in the incident wa
length distribution, we could not find a split of peaks in t
multirectangular potential case (n510). The values of the
average nuclear and magnetic potentials evaluated in
8~b! are also shown in Table I.

Figure 9 shows spin-precession angles of neutrons tr
mitted through the @PA~20 nm!-Ge~40 nm!#10-PA~20 nm!
Fabry-Perot resonator. The measured closed circles are
reproduced by the stationary-state prediction calculated f
Eq. ~2.4!. The broken line indicates the simulated sp
precession angle of neutrons throu
@PA~20 nm!-Ge~`!#10-PA~20 nm! as the nonresonance cas
The precession angle for@PA~20 nm!-Ge~`!#10-PA~20 nm!
was calculated by adding two kinds of spin-precess
angles that are ten times as large as the relative phase d

FIG. 10. Simulated transmission probabilities of↑ spin neutrons
through the@PA~20 nm!-Ge~40 nm!#n-PA~20 nm! Fabry-Perot reso-
nator forn51,2,5,10,20, respectively, as a function of the incide
angle.
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ence due to PA~20 nm!-Ge~2 mm! and Ge~2 mm!-PA~20
nm!-Si~2 mm!. The incident angle at the peak of the tran
mission probability corresponds to cross points of the os
lation curve for the gap 40 nm and̀. From a comparison
between Figs. 5~a! and 9, we see that the amplitude of th
oscillation curve is almost proportional to the number of t
germanium layer~well! although the transmission probabi
ity remains constant.

Figure 10 shows the simulated transmission probability
↑ neutrons through the@PA~20 nm!-Ge~40 nm!#n-PA~20 nm!
Fabry-Perot resonator forn51,2,5,10,20, with the inciden
wavelength distribution at the NSI-JAERI. The avera
nuclear and magnetic potentials for Permalloy45 layers
nominal values, 220 and 96.5 neV, respectively, and th
for the germanium layer were 94.0 and 0 neV, respective
From Fig. 10 it is confirmed that the first and second pe
do not change by increasing the number of wells forn>5.
Figure 11 shows simulated spin-precession angles of n
trons through the @PA~20 nm!-Ge~40 nm!#n-PA~20 nm!
Fabry-Perot resonator forn51,2,5,10,20, respectively, with
the incident wavelength distribution. It shows that the amp
tude of the oscillation curve is proportional to the number
wells whereas the transmission probability remains const

Let us consider a question associated with ‘‘how lo
does it take to build up the stationary wave?’’ The fact th
the spin-precession angle of the transmitted neutron
creases with the number of wells provides us with a cha
to do a time-dependent experiment for the question relate
the shutter problem which is discussed by several auth
@22–24#. Considering the spin-precession of neutro
through the @PA~20 nm!-Ge~40 nm!#100-Ge~20 nm! Fabry-
Perot resonator, the traversal time across the resonator↓
spin is expected to be of order 2msec at the first quasiboun
state for the↑ spin. By oscillating the direction of the applie

t

FIG. 11. Simulated spin precession of neutrons through
@PA~20 nm!-Ge~40 nm!#n-PA~20 nm! Fabry-Perot resonators forn
51,2,5,10,20, respectively, as a function of the incident angle.
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magnetic field for the resonator within 1msec, we can create
suddenly vanishing barriers or create opaque barriers f↑
and↓ spin neutron during neutron stays in the resonator.
measure the spin-precession angle of neutrons through
denly vanishing barriers or suddenly creates opaque bar
during neutron stays in the resonator, we can estimate
the buildup time of the stationary wave in the resonator ta
shorter than the dwell time of neutrons in the resonator.
have the capability of doing the experiment using the te
niques of the high-frequency magnetic oscillation field@25#
and a very magnetically soft multilayer mirror@26#.

IV. CONCLUSIONS

In this paper the spin-precession angles of neutrons r
nantly tunneling through the Fabry-Perot magnetic resona
which are represented as one-dimensional dou
rectangular, triple-rectangular, and multirectangular poten
barriers, have been precisely measured as a function o
incident angle. In both resonant tunneling and nontunne
cases, the spin-precession angles were well reproduce
the relative phase difference between the↑ and↓ spin neu-
tron wave functions derived by solving the one-dimensio
Schrödinger equation. The spin-precession angle due to
d
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01360
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e

Fabry-Perot magnetic resonator shows the oscillation cu
as a function of the incident angle. It was experimenta
confirmed that the spin-precession angles of the resonant
nonresonant tunneling neutron were the same values a
incident angle for maximum transmission probability of↑
spin. This result indicates that the resonant tunneling p
nomenon appears when no reflected wave seems to be i
well. It has been experimentally demonstrated that the s
precession angle due to quantum wells is proportional to
number of wells whereas the transmission probability st
constant.
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