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Measurement of Larmor precession angles of tunneling neutrons
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We have succeeded in measuring precisely the spin precession angle of neutrons tunneling through a
Permalloy45 (Fe55Ni45) ferromagnetic film as a function of incident angles. The angles of additional spin
precession are directly observed as a shift of neutron spin echo~NSE! signals by inserting the film in one of the
Larmor precession fields of a transverse NSE spectrometer, and are well reproduced by the relative phase
difference between↑ and↓ spin neutron wave functions, which are derived by solving the one-dimensional
Schrödinger equation for the optical potentials in the film. The Larmor times are extracted from the additional
spin-precession angles for nontunneling and tunneling cases.@S1050-2947~99!07403-X#

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

In recent years there has been considerable interest in
tunneling time~cf. the reviews and references therein@1–5#!.
The question of tunneling time is often a focus of cont
versy although it seems not so complex. A variety of defi
tions have been introduced and there still is a lack of c
sensus on the existence of a unique expression for the
scale.

Among these definitions, a proposal for measuring
tunneling time using the Larmor clock@1,6,7# has a chance
of being implemented by experiments. This idea is to m
sure Larmor precession of a particle that is caused by a w
magnetic field within the classically forbidden potential ba
rier. The time is defined by dividing the angle of spin pr
cessionV with the Larmor frequencyvL in the magnetic
field, and it is called local Larmor timet5V/vL @3,6,7#. The
Larmor clock has been criticized@3# and there is still discus
sion as to the meaning of the Larmor time for the tunnel
case. A few experiments were performed concerning the L
mor time with tunneling electrons or a light beam@8–10#. No
experiment with tunneling neutrons has been reported, to
knowledge, except for our previous works@11,12#, though
neutron is one of the best candidates for measuring the
mor time due to its characteristics; spin angular moment
zero net charge, and heavy mass as compared with the
tron.

In the previous works, we have performed to meas
additional Larmor precession angles of neutrons transmi
through a magnetic film at various incident angles across
critical angle of total reflection for↑ spin with a configura-
tion of an neutron spin echo~NSE! spectrometer@13#. The
state of Larmor precession is represented as a coheren
perposition of eigenstates of↑- and↓- spin neutrons@14,15#.
The Larmor precession angle is interpreted as a rela
phase difference of↑ and ↓ spin neutron wave functions
However, the previous experimental data of the additio
spin precession angles indicated a little deviation in the t
neling region, in comparison with the theoretical spin prec
sion angle ~the relative phase difference! based on one-
dimensional rectangular magnetic model.
PRA 591050-2947/99/59~3!/2261~8!/$15.00
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Therefore, the purposes of this paper are~1! to measure
precisely the additional spin precession of neutron tunne
through the magnetic film at various incident angles from
nontunneling to tunneling region for both↑ and↓ spins,~2!
to compare the measured additional precession angle
the relative phase difference of↑ and ↓ spin neutron wave
functions derived by solving the one-dimensional Sch¨-
dinger equation, and~3! to extract Larmor times of nontun
neling and tunneling neutrons from the additional spin p
cession angles, and discuss the validity of these Larm
times as a time that these neutrons spend in the film.

II. BASIC THEORY

A. Larmor precession of neutron through a magnetic thin film

As shown in Fig. 1, refraction and reflection of a neutr
beam at a surface of a magnetized film are considered
problems of a rectangular potential barrier in a on
dimensional Schro¨dinger equation@16–18#. In a magnetic

FIG. 1. ~a! The potential energy and~b! schematic view for a
Larmor precessing neutron entering into a magnetic film at an i
dent angleu.
2261 ©1999 The American Physical Society
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film, the average nuclear and magnetic potential are given
Vnucl5(2p\2/mn)rbcoh andmB, respectively.mn ,m are the
neutron mass and the value of neutron magnetic mom
respectively, andr,bcoh,B are the number density of atom
the average coherent scattering length, the magnetic in
tion, in the film, respectively. In general the scattering len
bcoh is complex, but the effective imaginary part is 1024 or
smaller coherent part (Vnucl) in this sample. Therefore th
imaginary part is negligible.

Let us consider the spin precession of neutron tunne
through the magnetic film. In the transmission process
neutron through the magnetic film, the Hamiltonian is dia
onal and the direction of quantization axis does not chan
Therefore the Schro¨dinger equation can be solved separat
for both\/2 and2\/2 spin cases. The transmitted stationa
wave function is described as

uc6~y!&5D6eiky, ~2.1!

where k5A2mnE'/\,k is the normal component of wav
vector in vacuum~air!. The amplitudes of the transmitte
wave through the film with thicknessd are obtained as@1,11#

D65T6
1/2eiDf6e2 ikde7~ id/2!, ~2.2!

wherek65A2mn(Vnucl6mB2E')/\;k and d are the nor-
mal components of the wave vector in the tunneling reg
of the film and the incident Larmor precession angle at s
face of the film, respectively. The subscripts1 and2 indi-
cate the neutrons of↑ and↓ spin, respectively. HereT6 are
transmission probabilities of↑ and↓ spin neutrons tunneling
through the film and are given by

T65S 11
~k21k6

2 !2

4k2k6
2

sinh2~k6d!D 21

. ~2.3!

The additional phases of↑ and ↓ spin neutrons tunneling
through the magnetic film,Df6 , are determined by

tan~Df6!5
k22k6

2

2kk6
tanh~k6d!. ~2.4!

The expectation value of neutron transmitted through
film ^Sx ;tr&,^Sy ;tr& and ^Sz ;tr& are given by

^Sx ;tr&5\cos~Df12Df22d!
AT1T2

T11T2
, ~2.5!

^Sy ;tr&52\sin~Df12Df22d!
AT1T2

T11T2
, ~2.6!

^Sz ;tr&5
\

2

T12T2

T11T2
. ~2.7!

This relative phase differenceDf12Df2 is equivalent to
the additional spin precession angleV of the tunneling
~transmitted! neutron.
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B. Measurement of the additional Larmor precession angle by
means of the NSE method

The essential features of the NSE method proposed
Mezei @13# have been well explained with the classical im
age of Larmor precession of the neutron spin, and the in
sity of the NSE signal is given as a function of thedN,
which is the difference between the numbers of Larmor p
cession before and after thep flipper coil. In our configura-
tion shown in Fig. 2,dN is described by

dN5N02N12N22DN5
gL

2pS H0l 0

v0
2

H1l 1

v1
2

H2l 2

v1
D

2V/2p, ~2.8!

wheregL52m/\529.16 kHz/mT,DN is the additional Lar-
mor precession turn due to the magnetic film,N the number
of Larmor precession,l the length of the magnetic fieldH,
andv the neutron velocity. The subscripts 0, 1, and 2 in
cate the situations in the precession coil I~PC1!, the preces-
sion coil II~PC2!, and the accelerator coil, respectively.

Figure 3 shows the typical NSE signal without th
sample. In this experiment,H0 ,H1 ,l 0 ,l 1 , and l 2 are con-
stant. The NSE signal is, hence, measured as a functio
the currentH2 of the accelerator coil. One period of th
signal corresponds to one turn of Larmor precession.
transmission experiments,v05v1 , therefore, a shift of NSE
signals with and without the magnetic film at an incide
angle is equivalent to an average additional angle of Larm
precession of neutrons through the magnetic film at the in
dent angle. Thus, the additional Larmor precession an
due to the magnetic film are precisely derived from the sh
of the NSE signals as a function of the incident angles.

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 magnetic film~sample!, ~7! analyzer,~8! 3He
detector.

FIG. 3. Typical NSE signal measured as a function of accele
tor coil current.
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III. EXPERIMENTAL PROCEDURES

We have prepared four magnetic films with thickness 2
300, 400, and 3900 Å. The thickest film was used to estim
the applicable range for Larmor precession as a clock.
other thin films were used to measure the additional s
precession angles in the tunneling process.

The material of the magnetic films is Permalloy4
(Fe55Ni45), which is magnetically soft. The magnetic film
were evaporated on a polished silicon wafer in an app
magnetic field of 14 mT in order to saturate the films und
lower magnetic field@19,20#. The dimension of the silicon
wafer for thickness 3900 Å was a rectangular slab 130 m
wide, 65 mm high, and 0.6 mm thick, and those 200–400
thick were disks 75 mm in diameter and 3 mm thick, resp
tively. The experiments on thicker film~3900 Å! were car-
ried out with the transverse NSE spectrometer~NSE-
KURRI! @21# installed on a CN3 guide tube at the Resea
Reactor Institute Kyoto University~KURRI!, and that of
thinner films 200–400 Å thick were carried out with the co
neutron spin interferometer~NSI-JAERI! @22# installed at the
C3-1-2 beam port of the JRR-3M reactor at the Jap
Atomic Energy Research Institute~JAERI!. The incident
wavelength resolution and the divergent angle were 5.8
60.67 Å @full width at half-maximum~FWHM!# and 1.0
31023 rad, for the NSE-KURRI, respectively; 12.6 Å
60.44 Å and 0.731023 rad for the NSI-JAERI, respec
tively. The neutron velocities of wavelengths 5.8 and 12.6
correspond to 682 and 314 m/s, respectively. The strengt
the magnetic field at sample position~PC2! for the NSI-
JAERI was 2mT and that for the NSE-KURRI was 8 m
Neutron intensity, wavelength, and its resolution at the N
JAERI are far superior to those at the NSE-KURRI; ho
ever, the magnetization of the thick film was not saturated
the NSI-JAERI. Therefore we used the NSE-KURRI to me
sure the additional Larmor precession angle of neut
across the magnetic thicker film for the nontunneling ca
On the other hand, it was possible to saturate the magne
tion of the thin films at the NSI-JAERI. Therefore we us
the NSI-JAERI for the tunneling case.

For the simulation of the relative phase difference of↑
and↓ spin, it is necessary to evaluate the correct values
average nuclear and magnetic potential in the magnetic fi
These potential values can be estimated by least-square
ting of the measured transmission probabilities of↑ and ↓
spin neutron through the film with simulation. The transm
sion experiments were carried out with configurations of
NSE-KURRI and NSI-JAERI without the analyzer.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Transmission probabilities of ↑ and ↓ spin neutrons through
the magnetic film

Figures 4~a! and 4~b! show the transmission probabilitie
of ↑ and↓ spin neutrons through the magnetic Permalloy
film with thickness 3900 Å and through only silicon su
strate, respectively, as a function of the incident angle at
NSE-KURRI. The closed and open circles indicate expe
mental transmission probabilities of↑ and ↓ spin neutrons,
respectively. As shown in Fig. 4~a!, transmission probabili-
ties of ↑ and ↓ spin neutron through the silicon substra
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agree with each other. Therefore the substrate does not a
the Larmor precession angle. As shown in Fig. 4~b!, the ex-
perimental transmission probabilities of↑ and ↓ spin neu-
trons are well reproduced by the theoretical lines. The th
retical lines are calculated from Eq.~2.3! including effects of
the incident wavelength distribution at the NSE-KURRI a
the experimental transmission probability through only s
con substrate shown in Fig. 4~a!. The average nuclear an
magnetic potential values for the best fitting were 218 a
84.4 neV, respectively, and the magnetic potential cor
sponds to 1.4 T.

Figure 5~a! shows transmission probabilities of↑ and ↓
spin neutron through only silicon substrate, Figs. 5~b!–5~d!
shows them through the magnetic films with thicknesses 2
300, and 400 Å, respectively. The closed and open circ
indicate experimental transmission probabilities of↑ and ↓
spin neutrons, respectively. These results are also well re
duced by the theoretical lines calculated from Eq.~2.3! in-
cluding the effects of incident wavelength distribution at t

FIG. 4. Transmission probabilities of↑ and ↓ spin neutrons
through~a! only the silicon substrate without the Permalloy45 fil
and ~b! the Permalloy45 film with thickness 3900 Å at the NS
KURRI.

FIG. 5. Transmission probabilities of↑ and ↓ spin neutrons
through~a! only the silicon substrate without the Permalloy45 fil
and through the Permalloy45 films with thicknesses~b! 200, ~c!
300, and~d! 400 Å at the NSI-JAERI.
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TABLE I. Measured parameters of the magnetic films in transmission experiments.

Thickness~Å! Vnucl ~neV! umBu ~neV! B ~T! uc(↑) ~deg.! uc(↓) ~deg.! uc(Si) ~deg.! l ~Å! Instrument

200 214 93.5 1.55 1.40 0.88 0.59 12.6 NSI-JAER
300 212 96.5 1.60 1.40 0.86 0.59 12.6 NSI-JAER
400 212 96.5 1.60 1.40 0.86 0.59 12.6 NSI-JAER
3900 218 84.4 1.40 0.64 0.42 0.27 5.8 NSE-KUR
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NSI-JAERI and the experimental transmission probability
silicon substrate as shown in Fig. 5~a!. The minimum inci-
dent angle covering the neutron beam width was estimate
be 0.48°. The values of average nuclear and magnetic po
tials evaluated in Figs. 4 and 5 are shown in Table
uc(↑) ,uc(↓) , anduc(Si) indicate the critical angle of total re
flection for↑,↓ spin neutron and the critical angle of silico
at the incident wavelengthl, respectively. In Table I, a
slight deviation of the potential values was observed. T
deviation might be the result of the deviation of concent
tion of iron and nickel in the films. Here the average nucle
and magnetic potentials for iron are 209 and 131 neV,
spectively; those for nickel are 245 and 38.5 neV, resp
tively. Since the length of the silicon substrate is 75 mm a
the thickness is 3.0 mm, at the incident angles below 2
~3/75 rad!, all neutrons through the substrate come from
edge of the substrate. The direction of the neutrons from
edge of the substrate slanteduD to the incident neutron beam
direction, whereuD is the difference between the incide
angle and the refractive angle in the substrate.uD increases
with smaller incident angle. Therefore the intensities of n
trons as shown in Fig. 5~a! are reduced at the incident angl
below 0.75° though the critical angle of silicon substrate
the incident wavelength of 12.6 Å is 0.59°.

B. Measured NSE signals through the magnetic films

In the vicinity of the critical angle of silicon, as describe
in Sec. IV A, the neutrons going out from the edge of t
substrate are not detectable at the analyzer position show
Fig. 2. Therefore we moved the analyzer 2.0 mm alonx
direction shown in Fig. 2 to measure NSE signals at
incident angles below 0.90°. The difference of number
Larmor precession between the two configurations is gi
by

dN85
Al A

21222 l A

l A
NA,

4.731023

425
18.2.031024,

~4.1!

where l A is the distance between the film and the analy
shown in Fig. 2,NA is number of Larmor precession betwe
the film and the secondp/2 flipper coil. Therefore the effec
of change of the configuration is negligible.

Figures 6~a! and 6~b! show spin echo signals of neutron
transmitted through the magnetic film with thickness 200
at incident angles of 5.0° and 1.0°, respectively,~c! and~d!
show that with a thickness of 400 Å at incident angles
5.0° and 1.0°, respectively. As shown in Figs. 6~b! and 6~d!,
NSE signals were observed at the incident angle of 1
which is in the tunneling region for the↑ spin neutron. We
confirmed, therefore, that coherent superposition between
f
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tunneling ↑ spin and nontunneling↓ spin neutron is still
conserved. Though the polarizations of the NSE signa
shown in Figs. 6~a! and 6~c! are almost identical, the polar-
ization of the NSE signal in Figs. 6~d! is much smaller than
that in Figs. 6~b!. The reduction of the polarization of the
NSE signal occurred as a result of a large difference of the
transmission~tunneling! probabilities of↑ spin neutrons for
thickness 200 Å and 400 Å. The normalized polarization of
the NSE signalPNSE for a monochromatic beam can be writ-
ten as

PNSE5Ps

u^Sxy ;tr&u

u^Sxy ;tr&u1
1

2
u^Sz ;tr&u

5Ps

4AT1T2

4AT1T21uT12T2u
, ~4.2!

where u^Sxy ;tr&u5A^Sx ;tr&21^Sy ;tr&2,Ps.1/0.83 the in-
verse of polarization of the NSE signal without a magnetic
film as shown in Fig. 3. In practice, the NSE signal shown in
Fig. 6~d! was observed even if the ratio of transmission prob-
abilities (T1 /T2) was below 1/400. Thus this method using

FIG. 6. NSE signals through the Permalloy45 films with thick-
ness 200 Å at~a! 5.0° and~b! 1.0°, and with thickness 400 Å at~c!
5.0° and~d! 1.0° for the NSI-JAERI. The incident angle of~b! and
~d! is below the critical angle of the↑ spin neutron and is above that
of the ↓ spin.
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spin interference is suitable for measuring the Larmor p
cession angles even in the vicinity of the critical angle
silicon.

C. Additional spin precession angles through
the magnetic films

1. Nontunneling case

Let us consider the classical path of a Larmor precess
neutron in a magnetized film for the nontunneling case
refraction angle of↑ spin neutron is smaller than that of th
↓ spin neutron. The path of the↑ spin neutron in the film is,
therefore, longer than that of the↓ spin, and the classica
paths are shown in Fig. 7. In Fig. 7,~a! is the path without
refraction,~b! the path of the↓ spin neutron,~c! the path due
to average nuclear potential in the film, and~d! the path of
the ↑ spin one. We experimentally investigated whether
not the Larmor precessing neutron in the film was defined
one classical traversal path.

Figures 8 show shifts of spin echo signals of neutro
transmitted through the film with a thickness of 3900 Å. T
closed circles are measured shifts of the NSE signals
were obtained by least-squares fitting a cosine function to
NSE signals. In Fig. 8, the lines~a!–~d! indicate classical
Larmor precession anglesVc derived from the Larmor fre-
quency and traversal time for the neutron transmit
through four classical paths~a!–~d! shown in Fig. 7, respec
tively. The classical precession angle is given by

FIG. 7. Schematic view of classical neutron paths due to ref
tions in a magnetized film.~a! passing without refraction,~b! refrac-
tion path of the↓ spin neutron,~c! refraction path due to only
nuclear potential, and~d! refraction path of the↑ spin.

FIG. 8. The shift of NSE signals through the Permalloy45 fi
with thickness 3900 Å. The closed circles were measured; the v
ous lines~a!–~d! were classical Larmor precession angles calcula
from the Larmor frequencyvL and neutron paths~a!–~d! in Fig. 7,
respectively. The bold solid line~e! indicate the spin precessio
angle calculated from the stationary states for the rectangular
rier. The broken vertical line indicates the critical angle of the↑
spin neutron with a wavelength of 5.8 Å.
-
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Vc5gLBln /vn2gLHl n /vn.gLBln /vn5vL~ l n /vn!

5vLtT , ~4.3!

B.1.43103@H.8 mT,

wherevL.2.573108 rad/sec,vn is neutron velocity in the
film, and l n is one of path lengths of~a!–~d! shown in Fig. 7.
The measured Larmor precession angles are well interpr
as the products of the Larmor frequencyvL and traversal
timestT that a neutron spends in the path~c! of Fig. 7, and
they are also well reproduced by the theoretical line~e! cal-
culated from Eqs.~2.5!–~2.7!. When the incident angle is
sufficiently larger than the critical angle, the spin precess
angle predicted with the stationary state is equivalent to
Larmor precession angles, which are productions of the L
mor frequency and the traversal time associated with
classical path due to the average nuclear potential in the fi

To consider the effect of only the first order of the ma
netic field, the Larmor precession angle in the nontunnel
case@E'>(Vnucl1mB)# is described as

V5uDf12Df2u5~k22k1!d

5k0@~11e!1/22~12e!1/2#d.ek0d5vLd/v'5vLtT ,

~4.4!

where k65 ik6 ,k05A2mn(E'2Vnucl)/\,v'5\k0 /mn ,e
5mB/uE'2Vnuclu, andvL52mB/\. Thus the Larmor pre-
cession can be used as a clock to measure the traversal
tT of neutron across the film for the approximate parame
e!1. As described in Sec. I, the Larmor time is defined
dividing the additional Larmor precessionV with the Lar-
mor frequencyvL . Therefore, whene is sufficiently smaller
than 1, the Larmor time is equal to the traversal time.

The deviation of the Larmor time and the traversal tim
increases with smaller incident angle. At the minimum in
dent angle (0.68°), the measured Larmor time is estima
to be 81.561.8 nsec and the approximate parametere is
0.68. In this case,e is not sufficiently small. Therefore we
consider the effect of magnetic induction of the film to fif
order and then the Larmor precession angle is given byV
.vL(11e2/817e4/128)t. The deviation of the Larmor
time and the traversal time is calculated to be 6.9% foe
50.68, and the Larmor time can be interpreted as the
versal time with an error of less than 10%. Thus we ha
experimentally confirmed that the Larmor precessing neut
across the film passes along the path due to average nu
potential in the film, and that the Larmor time corresponds
the traversal time of a neutron across the film fore!1. Here
the change of neutron velocity in a vacuum~air! and the film
is of order 1025. The real traversal time can be, therefor
interpreted as a function of the average traversal path len
of neutrons across the film when the incident angle is m
larger than the critical angle.

2. Tunneling case

Figures 9~a! and 9~b! show the shift of spin echo signal
of neutrons through the Permalloy45 thin film with a thic
ness of 200 Å. The NSE signals were observed down to
incident angle of 0.62° below the critical angles of both t
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↑ and↓ spin neutrons. In the tunneling region of the incide
angles below the critical angles of both the↑ and ↓ spin
neutrons, the smaller the incident angle is, the less the
precession angle is. The spin precession reaches the m
mum value between the critical angles of the↑ and ↓ spin
neutrons, and it is in proportion to inverse of the norm
component of the wave vector. Even in the tunneling regi
the measured closed circles were well reproduced by the
oretical line calculated from Eqs.~2.5!–~2.7!. Thus, the spin
precession angle of the tunneling neutron is also represe
with the relative phase difference of the↑ and↓ spin neutron
wave functions derived by solving the one-dimensio
Schrödinger equation.

Figures 10~a! and 10~b! show the shift of spin echo sig
nals of neutrons transmitted through the Permalloy45 t

FIG. 9. The shift of NSE signals through the Permalloy45 fi
with thickness 200 Å as a function of the incident angle~a! from 0°
to 5.0° and~b! from 0.6° to 1.0°. The closed circles are measur
and the solid lines are the spin precession angles calculated
the stationary states for the rectangular barrier. These broken v
cal lines indicate the critical angles of↑ and↓ spin neutrons with a
wavelength of 12.6 Å, respectively.
t

in
xi-

l
,
e-

ted

l

n

film with thicknesses of 300 and 400 Å, respectively. A
well as Fig. 9, the measured closed circles were well rep
duced the theoretical line calculated from Eqs.~2.5!–~2.7!.
In the incident angles from 0.85° to 1.41°, the addition
spin precession is represented as coherent superpositio
tween the tunneling↑ spin neutron and the nontunneling↓
spin neutron. Comparing Fig. 9 with Fig. 10, it is shown th
the spin precession is proportional to the thickness.

Let us extract Larmor times from the measured spin p
cession angles. In the thinnest film of thickness 200 Å,
Larmor frequencyvL is estimate to be 2.843108 ~rad/s! and
the Larmor time is shown in the right ordinate of Fig. 9.
the films of thicknesses 300 and 400 Å, the Larmor frequ
cies are 2.933108 rad/s and the Larmor times are shown
the right ordinates of Figs. 9 and 10, respectively. The s
precession angle in the tunneling case@E'<(Vnucl2mB)# is
described as

m
rti-

FIG. 10. The shift of NSE signals through the Permalloy45 film
with thicknesses~a! 300 and~b! 400 Å as a function of the inciden
angles. The closed circles are measured and the solid lines ar
spin precession angles calculated from the stationary states fo
rectangular barrier. These broken vertical lines are the crit
angles of↑ and↓ spin neutron of wavelength 12.6 Å, respectivel
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V5uDf12Df2u5~k12k2!d5k0@~12e!1/22~1

1e!1/2#d.ek0d5vLd/v'8 5vLtT8 , ~4.5!

wherek05A2mn(Vnucl2E')/\,v'8 5\k0 /mn .
At the minimum incident angle (0.62°), the Larmor tim

tT8 is estimated to be 2.4260.12 nsec and the approxima
parametere is 0.61. Although the meaning ofv' is clearly
interpreted as the actual normal neutron velocity for the n
tunneling case, that ofv'8 cannot be considered as any actu
neutron velocity for the tunneling case. Thus, the definit
of the Larmor clock for the tunneling case does not ha
strictly speaking, an acceptable basis@3#, and then it is not
clear whether the Larmor time corresponds to the tunne
time associated with the question ‘‘How long does it tak
for a particle to tunnel through a barrier?’’

Several authors have suggested that the effects of a w
packet be considered for the measurement of the tunne
time of a particle@2–4#. Recently, Krenzlin and co-worker
numerically investigated tunneling of wave packets usin
time-dependent Schro¨dinger equation and showed how th
Larmor clock works during the tunneling process@23#. They
indicated that the Larmor time agreed with the stationa
state prediction for wide spatial spread wave packets.
cording to their results, the wave packets of neutrons at
NSI-JAERI are wide spatial spread in comparison with
thicknesses of the films. However, the concept of a w
spatial spread neutron is different from that of a class
particle. Thus we have no answer to the classical ques
about the tunneling time though spin precession angle
tunneling neutrons have been precisely measured. Accor
to the theory of tunneling time using Nelson’s stochas
approach by Imafuku and co-workers@24#, the deviation of
the experimental values shown in Fig. 9~b! corresponds to
their tunneling time. In the measurements of this study,
have not extracted their tunneling time due to a little ins
bility of the NSI-JAERI.
d
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V. CONCLUSIONS

In this paper, the spin precession angles of neutrons
neling and nontunneling through the Permalloy45 (Fe55Ni45)
ferromagnetic film have been precisely measured as a fu
tion of the incident angles. In both tunneling and nontunn
ing cases, the additional spin precession angles were
reproduced by the relative phase difference between th↑
and↓ spin neutron wave functions that were derived by so
ing the one-dimensional Schro¨dinger equation for the optica
potentials in the film. Though the ratio of the transmissi
probabilities of↑ and↓ was below 1/400, the additional spi
precession angles were precisely observed by means o
spin interference.

The Larmor times have been extracted from the additio
spin precession for tunneling and nontunneling cases. Fo
nontunneling case, we have experimentally confirmed t
classical path of Larmor precessing neutron across the
can be interpreted as the path due to average nuclear p
tial Vnucl in the film, and that the Larmor time corresponds
traversal time of a neutron across the film for the appro
mate parametere5mB/uE'2Vnuclu!1. For the tunneling
case, the Larmor times agree with the stationary-state pre
tion, thus we have found no evidence that the Larmor ti
corresponds to the tunneling time it takes for a particle
tunnel through the barrier.
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