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We demonstrate a method of inducing neutron spin rotation in a field-free region of space. A multilayer
mirror (“spin splitter”) is used as an optically active element, providing a longer path length for one spin
eigenstate of a polarized neutron than for the other. This produces a relative phase shift between the two
eigenstates, which is interpreted, quantum mechanically, as precession of the neutron spin. We show that the
spin precession of our technique is equivalent to Larmor precession in a magnetic field, though our method has
no such classical analog and occurs on shareg., 20 nm length scales. We also demonstrate a “phase
spin-echo” interferometer based on a pair of multilayer spin split{&8%050-2947®8)03906-7

PACS numbd(s): 03.75.Dg

I. INTRODUCTION magnetic field; and4) demonstration of a type of “phase-
spin-echo” neutron interferometer using a pair of multilayer
The spin of the neutron has been an interesting subject fa#pin splitters.
many years, in large part because it provides a system that is
at least superficially simple to consider. The proper descrip-  |I. QUANTUM PRECESSION OF NEUTRON SPIN
tion of the neutron spin is quantum mechanical, with a po- WITH MULTILAYER SPIN SPLITTER

larized neutron state described as a superposition of the . . .
Let us consider a neutron polarized in they() plane

eigenstates along some quantization axis of chpices|. dicular t tizati s Equationg? 1
Precession of the neutron spin can then be thought of as tl%ﬁgpénz)'ct%a; OXO‘rJr qutz:]n |zna ";;Z)r(]aﬁ'; qua 'O”Eé .th)
introduction of a relative phase shift between the spin eigen2 0 (22 then express the neutron sta®,(¢)) and the
states expectation value of the&-component(S,(¢)) [1-3], re-

C . . ._spectively:
The quantum-mechanical interpretation of spin precessmnp y

as a relative phase shift in the eigenstates is both useful and 1
extremely general. On the one hand, it can be used to explain |Sey()) == {1 )+e¢ I )N
effects having clear classical analogs, such as Larmor pre- 2

cession in magnetic field, while on the other, it permits de-

scription of more general physical effects, including zero- :ei¢/2( cos( f)|Tx>_i sin(f)ux)]/ J2
field precession in the resonance spin-echo technigug 2 2

and various neutron optical effedi8—-12]. We refer to this (2.2
general class of phenomena, particularly those without clas-

sical analogs, by the term “quantum precession.” (S(¢p))=cos ¢, (2.2

Here, we demonstrate a type of neutron optical device, a
“multilayer spin splitter,” that induces quantum precessionwhereg is the phase difference between the spin eigenstates.
of the neutron sping,9]. It consists of a magnetic multilayer The validity of this description was demonstrated experimen-
mirror on top, followed by a gap layer and a nonmagnetictally by Summhammeet al. using a silicon interferometer
mirror. The top magnetic mirror reflects one spin eigenstat¢4,5]. (S,(#)) is measured by the coupled system ofr@
while the lower nonmagnetic mirror reflects the other eigen{lipper and an analyzer in a cold neutron spin interferometer,
state. The presence of the gap layer, however, creates a pa#s used in conventional spin-echo technique.
length difference for the two eigenstates. This results in a The equation shows that the polarized neutron is de-
relative phase shift and, therefore, a quantum precession stribed by the coherent superposition of the two spin eigen-
the neutron spin. states.¢ gives both the relative phase shift between the spin
This paper has four essential sectioffs: description of eigenstates and the precession of the neutron spin. This per-
the structure and principles of the multilayer spin splitt@y;  mits an expanded concept of spin precession called quantum
demonstration of the operation of our spin splitters in a typeprecession.
of spin interferometer{3) demonstration of the equivalency = We consider a neutron optical device of a composite
of the our quantum precession with Larmor precession in anultilayer system consisting of a pair of parallel mirrors on
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Y andk, are the wave numbers for the normal component of
the neutron wave vector in the effective gap layer and air,
7 respectively.
X

When we use a pair of multilayer monochromator mirrors
with periodd as the two reflection mirrors of our spin split-
ter, Eq.(2.3 is transformed into Eq(2.5) taking account of
the Bragg condition for the monochromator mirrors,
=2d sin 6.

Magnetic
Mirror

Non Maguetic pP/m—

Mirror| .
SiSubstrate

27Dn (6
= Tl() (2.5
FIG. 1. Structure and principle of a multilayer spin splitter. The
spin splitter consists of a magnetic mirror on top, followed by a gap
layer and a nonmagnetic mirror on a well-polished silicon substrate. Equation(2.5) shows that only short distances are needed
An additional phase differencé between the two spin eigenstates for gur quantum precession becausandn, are typically
is produced due to the presence of the gap layer. 100 to 200 A and 0.95 to 0.6, respectively.

When we change the neutron incident angleonto a
either side of a gap layer. The multilayer system is evapomultilayer spin splitter byA, the phase shift also changes.
rated on a well polished silicon substrate, as shown in Fig. 1The change\¢ is given by the equation, assumidgg1 and
We call this a multilayer spin splitter. The top mirror of the A 9<1,
multilayer spin splitter is a magnetic mirror with high reflec-
tivity (=90%) for the+ 1/2 spin component of the neutron
and with sufficiently low reflectivity for the-1/2 spin com- 47D . i
ponent. On the other hand, the back mirror is a nonmagnetic 2¢= ~ {n.(8)sin 6—n, (0+A0)sin(6+A0);
mirror with high reflectivity &90%) for the —1/2 spin
component. In principle, either a multilayer monochromator 47DA 0
mirror or a total reflection mirror can be used for the mag- = n, (ON " (2.6
netic mirror and the nonmagnetic mirror. Germanium is used
for the gap layer.

When a neutron polarized in the,/) plane is incident on The above relation between the change of quantum pre-
a multilayer spin splitter, the+ 1/2 spin component of the cession using a spin splitter and an angular shift of the inci-
neutron is reflected by the top magnetic mirror while thedent neutrons is useful for the demonstration experiments of
—1/2 spin component is reflected by the nonmagnetic mirrothe equivalency between our quantum precession and Lar-
on the bottom. An additional phase shift between the spirmor precession in a magnetic field. We note that the change
eigenstates is produced by the effective gap thickri2ss of the quantum precession is in inverse proportion to the
which is taken to be equal to the thickness of the gap layerefractive indexn, (6).
added to half the total thickness of the two reflection mirrors  The quantum precession originates from the different path
on the both side§13]. The phase shift originates from the lengths between the spin eigenstates. In contrast, Larmor
different path lengths between the two subbeams with thgrecession in a magnetic field originates from the different
spin eigenstates. momenta of the eigenstates depending on the Zeeman split-

Neutron optical phenomena in a multilayer system may being between them, in spite of their identical geometrical
evaluated by considering the component of the neutron mgpath length. The quantum-mechanical description predicts
mentum normal to the mirror surfadé4], since only the these precessions to be equivalent.
normal component undergoes the change of the potential on The quantum precession using a multilayer spin splitter
the boundaries of the multilayer system. The additionahas features different from conventional Larmor precession,
phase shift¢ is given by the following equations, taking such as it is free from magnetic field and needs a very short
n,(#) as the average refractive index of the effective gapdistance for precession. In addition, the two partial waves by
layer for the normal component of the neutron momentum, the multilayer spin splitter have a transverse separation as

well as a longitudinal on€Fig. 1), which may be useful for
47Dn, (6)sin 6 studies of neutron transverse and Iongitudinal_ poherence.
= (2.3 It should be noted that in the case of the silicon interfer-
A ometer a whole neutron has no precession, because the spin

precession of the forward beam of the interferometer after
Nb, ( A ﬂ 12 the superposition is complementary to that of the deviated

1- (24  beam, and the precessions of the two subbeams mutually
cancel ouf3,5]. With a multilayer spin splitter, on the other
hand, a whole neutron may precess because the multilayer

where 6 is the neutron incident angla, the neutron wave- spin splitter has a high reflectivity and has just one beam

length,N andb, are the average atomic density and coherengfter the coherent superposition, different from the silicon

scattering length of the effective gap layer, respectivi€ly.  interferometer.

T \sin@

K
mw):k—j:
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FIG. 2. Structure of a new cold neutron spin interferometer. The |
basic structure, indicated by the solid lines, is optically analogous to I(PC2)=3.0A
a conventional spin-echo system with a vertical precession field. 0 : L : : I

2 3 4

Pol” indicates the polarizer, “Flip” the flipper, “PC1” the first PC1 Current (A)

precession coil, “PC2"” the second precession coil, “Anal” the
analyzer, and “Det” the neutron detector. The two goniometers  pg 3. Measured spin-echo profile. The profile is measured as a
indicated by dotted lines are mounted in the PC1 and PC2 magnetig,ction of PC1 coil current at a fixed PC2 current of 3 A. One

fields for setting up neutron mirrors. period of the profile corresponds to a change efi@ the Larmor

precession in the magnetic field.
IIl. METHOD OF PERFORMANCE TEST

ON MULTILAYER SPIN SPLITTERS gives spin-echo profiles with high visibilitfc) Many kinds

of spin-dependent optical devices can be mounted in the spin
interferometer. We can control the phase and states of the
wo partial waves with respect to each other. This will allow
us to do many experiments using cold neutron spin interfer-

We use an interferometdi5] to demonstrate that our
guantum precession is equivalent to Larmor precession in
magnetic field. This interferometer is optically analogous to
a spin-echo system with transverse precession fiEiL§.
However, using the concept of quantum precession, we ma&)metry.' o
describe it as a spin interferometer. This is because it in- The first spin mterfgrometer was set up at (th' beam
cludes all the usual components of an interferoméavave port of the Kyoto University research reactor with a cold

splitter, a wave combiner, a phase sensitive device, and %out_rce[ZO]t In tT)e autumn o{)t1995d Th_e '”C'def_‘t rrfmnolct:_rlwo-
phase shifterall operating on the neutron spin. matic neutron beam was obtained using a pair of multilayer

The basic structure of the spin interferometer for ColdmonochromatorsNi/Ti, d=115 A) in a nondispersiveé+ —)

neutrons is shown in Fig. 2. Rectangles indicate coils andrangement. The incident neutron wavelength was 8.0 A

circles goniometers. Optical elements include a polarize <’and the Wave[en_gth resolution abouF 4.5%.
Another spin interferometer was installed at thg-1-2

two /2 flippers, asr flipper, two vertical precession fields, a . . o
vertical guide field, and an analyzer. The flippers are identi—beam port Of‘]RRf?’ reactor with cold source in the b_eglnnlng
of 1996. The incident neutrons are monochromatized and

cal Mezei coils, while the vertical fields are produced byb by 24 d by f il B flocti .
solenoids. Al fields are controlled by changing the currents?eNt PY 24 degrees by four sequential Bragg reflections using

Considering this as an interferometer, the polarizer an(iour rr;.ultllzzyler_m]onochtromators ?rrar;r?ed(rn I;g% cor:j— th
the first7r/2 flipper splits the incident neutron into two par- iguration[21]. The neutron wavelength was 12. and the

tial waves corresponding to the spin eigenstates. The Wavé/ga;_elengtg rehsolutlon '[3.5'%.I . h file of th :
are superposed and the phase shift between them is analyzed lgure 5 Shows g typical Spin-echo protiie of the spin
by the secondr/2 flipper and the analyzer. A relative phase mterferometer, te_1ken_as a function of thg coil current PC1 of
shift is introduced by varying the current in either precessio hg Rrstf p;LecessmndfleId at cpns?_’:\r;(tj C'Orlr|1 currefr_1|t fOL PCZtkc‘)f
field. The 7 flipper acts to compensate for the Larmor pre-L' ot the secon ?rtehcess'o? 1eld. 3 pro Ide' S owspci
cession in the guide field by satisfying the spin-echo condi- armor: precession of the neutron spin depending on
tion.

Our spin interferometer has several notable features that
are different from the conventional spin-echo systdify Guide Cot1 Lz
though, as pointed out by Mezei, a quantum-mechanical de- X
scription is needed even in the conventional system to calcu-

p y —l=107

late the behavior of the neutron spin with high accurdcg]. | T 1T t=1 B\HN
| i i @

Our system is also different from the spin interferometer pro-
| 1 '
of refractive indices using ultracold neutrons. The notable Pol PCl MS§1 Anal ’

posed by Baryshevskit al. [18] for precise measurements

and different features of our system includa) The mag- Slit 7/2 Fl TFlip /2 F2 Det
netic mirrors used in the spin interferometer function in a
very low magnetic field of 5 Og19]. (b) The entire system FIG. 4. Arrangement for the performance test of a multilayer

operates with a very small magnetic field so the spin precesspin splitter. The spin splitter is set up on the goniometer in the
sion in the system has a very small rotation number. Thisecond precession fiel@C2. The spin-echo profile is measured as
means the interferometer is relatively easy to fabricate ane function of PC1 coil current for a fixed PC2 coil current.
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current. One period of the profile corresponds to the Larmor L
precession of 2. The visibility of the spin-echo profile is S =~ AN+ ON) =N} = L(ONN), 3.3
75%, which may be improved by optimization of the system.

The arrangement for the performance tests of th
multilayer spin splitters is shown in Fig. 4. A multilayer spin
splitter was set up on the goniometer in the magnetic field bi
PC2 coil so that the neutron incident angle can be scann 9§
around the design angk The spin-echo profiles were mea-
sured as a function of PC1 coil current for a fixed current of][
PC2 cail.

In order to verify experimentally the characteristics of the
guantum precession by a multilayer spin splitter, we demon- L
strate that the changk¢p of the quantum precession by an A
Zzgilélsgt?:;ﬁfwg;:&n ¢tiycl)5fq££]i.6)l_]a$§]r:)rb er)sa%rggseigiaitﬁdtﬁg It should be noted thgt the dependence of the dispe_rsions on
PC1 magnetic field. We, however, usually cannot obtain 0 and on terms o_f_h|gher _orde_r 'ﬁ.‘/)‘ are neglected in the
spin echo profile with observable contrast around the con2P°Ve €cho condition, which is different from the conven-

ventional spin-echo condition, because the phase differendén@l Spin-echo or phase-echo phenomena satisfying the per-

¢ caused by a multilayer spin splitter entails a dispersion]ceCt echo condition.

8¢, due to the wavelength distributioi. and the divergence
angle, 60, of the incident neutrons. The dispersion of the IV. RESULTS OF THE PERFORMANCE TESTS
phase differenceé¢, is evaluated, neglecting the depen- OF MULTILAYER SPIN SPLITTERS

dency ofn, (#) on 6 andA,

&here the sign of E(3.3) is reversed owing to the flipper.
The restoration of the contrast of spin-echo profile de-
nds on the cancellation d¢p by d¢, . The maximum
ntrast of the profile should be expected for the following
eduction of the Larmor precession in PC1 magnetic field
rom the conventional spin-echo condition.

_ 47Dn, (6)sin 0. (3.4

Two kinds of performance tests were doita: Contrast
47Dn, (0)sin @ measurements of spin-echo profiles for multilayer spin split-

= N {—=(6N/N)+(cot 9)66}. (3.1 ters: Data of spin-echo profiles were taken as a function of

PC1 coil current for a multilayer spin splitter mounted in the

As (D sin 6)/\ increases the dispersiafp becomes larger fixgd magnetic_ field of P(;Z. We measured the contrast of

and larger depending of\/\ and (cot6) 9. In this case, the SPIN echo profiles depend|_ng on the current of PC1 coil. The

wavelength dispersion dominated. A large dispersion will'€Sults were compared with the values evaluated from Eg.

average out the contrast of the spin-echo profile. (3.4. (b) Shift measurements of spin-echo profiles by se-
We could compensate for the dispersion of the phase difduential angle dls_placements pf multllay_er spin splltte_r: Flrst

ferenced¢p originating from the wavelength distributioh. W€ measured spm-_echo pr(_)f|les _chang_mg neutron incident

of the incident neutrons, and restore the contrast by using a@9l€ ¢ on the muliilayer spin splitter with a step of 0.03°

extra Larmor precession in the PC1 magnetic field, whicH"om the design angle. Next we evaluated the shifts of the

means an excess Larmor precession deviating from the spifPin €cho profiles for the angle displacements, which corre-

echo condition for the system without multilayer spin split- SPoNd to the change of the Larmor precession. Last the shifts

ter. Expressing the extra Larmor precession for a wavelengty€r€ compared with the phase differenté given by Eq.

\ by ¢, , the dispersion of the phase shifp and that of (2.6),. which corresponc_is to the change of the quantum pre-

the Larmor precessiond, are given by Eq(3.2) and Eq.  CeSSion by the angle displacement.

(3.3), respectively, for a wavelength+ S\ deviating byo\

from the center of the wavelength, to lowest order in A. Fabrication of multilayer spin splitters

SNIN:

o

The multilayer spin splitter was designed and fabricated
using technigues from cold neutron optics with multilayer
mirrors[13,22—-28. Using multilayer mirrors, we can create
a square potential system of one dimension appropriate for
the study of neutron optics and interferometry. Layers of
(SN 3.2 fer_romagnetic 'material enaple us to control the potentia}I

' height depending on the spin state of a neutron. Magnetic

) 1 1
S¢pp=4mDn, (0)sin G{X_ NI oN

47Dn, (0)sin 6
~—

TABLE I. Design parameters of multilayer spin splitters fabricated. The abbreviation of PG/G2/NT, for
example, expresses a multilayer spin splitter which consists of a Pe/Ge magnetic multilayer on top, followed
by a Ge gap layer with a thickness of 2000 A and Ni/Ti multilayer on bottom.

Ge
Multilayer Magnetic gap Nonmagnetic Effective
spin splitter mirror layer (A) mirror gap thicknesgA)
P/G2/IN Pe: 700 A 2000 A Ni: 700 A 2700
PG/G2/NT Pe/Ge: 100 X 14 2000 A Ni/Ti: 100 Ax 14 3700

PG/G5/NT Pe/Ge: 100 X 14 5000 A Ni/Ti: 100 Ax 14 6700
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multilayer mirrors that function in a very low field of 5 Oe
[19] are very useful for cold neutron spin interferometry.

The multilayer spin splitter is deposited on well polished
silicon substrates, which are placed in a magnetic field of
about 100 Oe. Layers of permalloy-45 used for magnetic
layers saturate their magnetization in a low magnetic field of
5 Oe, having a saturated magnetic flux density of 1.6 T. We
prepared three types of multilayer spin splitters, as listed in
Table I. Gap layers were 2000 or 5000 A of Ge. The mirrors
were both total reflection mirrorgoperating at 1.173°and
multilayer structuregoperating at 1.8°

In the case of P/G2/N, we use two total reflection mirrors
of Permalloy-45(Pe and nickel(Ni) with layer thickness of
700 A in order to reflect the two spin states, and a germa-
nium (Ge) gap layer with thickness of 2000 A. In the case of
PG/G2/NT and PG/G5/NT, we use two multilayer mirrors of
Pe/Ge and Ni/Ti. The magnetic multilayer mirror Pe/Ge
=100 Ax 14 consists of 7 bilayers of Permalloy-45 and ger-
manium layers with a layer thickness of 100 A in optical
length, and has a reflectivity of about 90%. The nonmagnetic
mirror is a conventional Ni/Ti multilayer, which has the
same optical design as the magnetic multilayer. The actual
thicknesses of the deposited layers are 152P8, 132 A
(Ni), 108 A(Ge), and 98 A(Ti), which were measured using
a quartz-crystal monitor. The gap layer thicknesses of ger-
manium are 2000 A and 5000 A for G2 and G5, respectively.
Effective gap thickness are evaluated from the layer structure
of the spin splitter, as described above.

B. Contrast measurements of spin-echo profiles

Figure 5 shows the spin-echo profiles as a function of PC1

current measured for the multilayer spin splittéasP/G2/N,
(b) PG/G2/NT, andc) PG/G5/NT, which were set up in the
fixed magnetic field of PC2. The abscissa indicates the PC

coil current and the ordinate the neutron counts. The currents

of PC2 coil were at values of 1.8, 2.4, and 4.3 A for P/G2/N,
PG/G2/NT, and PG/G5/NT, respectively. The neutron inci-
dent angle for P/G2/N is 1.17°, which is smaller than the
critical total reflection angle of 1.20°. The neutron incident
angle for PG/G2/NT and PG/G5/NT is 1.80°, which corre-
sponds to the Bragg angle of the multilayer monochromato
mirrors.

When the current of the PC1 coil is equal to that of the

PC2 coil, the conventional spin-echo condition is satisfieds

for the Larmor precession in the magnetic field. On the othe
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FIG. 5. Spin-echo profiles for three multilayer spin splittées:
P/G2/N with fixed PC2 current of 1.8 Ab) PG/G2/NT with fixed
C2 current of 2.4 A, antt) PG/G5/NT with fixed PC2 current of
h.3 A. Recovery of the contrast of the spin-echo profile was ob-

hand, the multilayer spin splitter brings some large disperserved in lower current region of coil PC1 as compared to the fixed

sion of the phase difference, as described by Bd). We,

PC2 coil current. Solid lines are fits based on E§1). |, is the

therefore, cannot observe any good contrast of the spin-echsnstant current of coil PC2 amtithe measured current of coil PC1
profile due to the large dispersion. However, the contrast ishat gives the best recovery.is the change of the PC1 coil current

restored when the current of the PC1 coil is reduced to les
than that of the PC2 coil, as given by E®.4). The mea-

sorresponding to one rotation of the Larmor precession. The mea-
sured rotation reductiog, of the Larmor precession is evaluated

sured recovery of the contrast is related to the echo phenonfrom the data.
enon between the phase difference and the Larmor preces-

sion, as previously described by E@3.2), (3.3), and(3.4).

In order to evaluate quantitatively the contrast of the spin-

echo profiles, we fit the measured results using

(X—C)] [ (X—d)?
b (&P~

2¢e?
whereY is the neutron count any the PC1 current. Coef-

+f, (4.0

Y=a cos[27r

ficients of a—f are the fitting parameters. The ratialf,
gives the maximum contrast of the spin-echo profile. Param-
eterb indicates the change of PC1 coil current corresponding
to one period of the spin-echo profile, which is equivalent to
one rotation of the Larmor precessidm=0.116 means that
PC1 coil current of 0.116 A causes Larmor precession by
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FIG. 6. Spin-echo profiles for a sequential angular shift of 0.03°
(a) is for P/IG2/T,(b) for PG/G2/NT, and(c) for PG/G5/NT. The
solid, dotted, and broken lines are fits for angular shifts of 0°, 0.03°
and 0.06°, respectively. The data demonstrate that the spin-ec
profiles shift to a lower current region with larger angular shift.

PC1 coil is equal to that of the PC2 coil. Expressing the fixed
current of PC2 coil byl, the measured rotation reduction,
¢, of the Larmor precession from the conventional spin
echo condition is evaluated by

l,—d
¢L:%. (4.2)

From Egs.(3.4) and (4.2 we can evaluate the effective
gap thicknesse®, as given in Table Il. These evaluated
thicknesses of the effective gapBable Il) are qualitatively
consistent with the design valu€Bable |). The tendency for
the measured values to be larger than the design values is
probably due to some nonuniformity of the magnetic field
produced by PC1 coil. This is because the deterioration of
the contrast by the nonuniformity is reduced with smaller
current of PC1 coil and results in a smaller apparent vdlue
in measurement. This then gives an apparent larger value of
effective gap thicknes®. The rather large discrepancy in
the case of PG/G2/NT might partially be due to the low
accuracy of the profile measurement.

This recovery of the contrast demonstrates that the quan-
tum precession induced by the multilayer spin splitter is
equivalent to the magnetic Larmor precession. Furthermore,
the recovery phenomena enable us to observe the interfer-
ence pattern by the superposition of the two partial waves
with the large transverse separation in space. Using this phe-
nomenon we will have a suitable tool for coherency studies
of two neutron partial waves with transverse separation.

The following experiments were made in the current re-
gion of PCL1 coil, which gives a maximum contrast of the
spin echo profile.

C. Shift measurement of spin-echo profiles

Spin-echo profiles were measured for sequential angular
shifts of 0.03°. Figure 6 shows typical measured spin-echo
profiles for the three multilayer spin splittef@ P/G2/N,(b)
PG/G2/NT, andc) PG/G5/NT. The abscissa is the current of
coil PC1. The lines indicate the fit results for the standard
case without angular shifsolid line), for an angular shift of
'0.03° (dotted ling, and for an additional angular shift of
0.03°(broken ling. The data show at a glance that the spin-
echo profiles shift to lower current region with larger angular
shift, as described by E@2.6) and the changes of the quan-
tum precession caused by the angular shifts are compensated

27r. Parameted indicates the PC1 current, which gives the by the changes of the Larmor precession in the magnetic
maximum contrast of the profile. The fitting results arefield produced with coil PC1.

shown in Table II.

In order to quantitatively evaluate the measured shifts of

The conventional spin-echo condition for the systemspin-echo profiles, the measured data were fit by a least-
without multilayer spin splitter requires that the current of squares method using the following function:

TABLE Il. Results from a least-squares fit to the data using Ed).

PC2
Multilayer Current Evaluated effective
spin splitter a b c d e f (A) gap thicknesgA)
P/G2/N 154@10 0.116-0.0001 0.833 0.830.00 0.99 3824 1.8 33004
PG/G2/NT 86724 0.116-0.0001 —0.007 —0.29£0.21 2.27 34064 2.4 510@-400
PG/G5/NT 564-11 0.116<0.0001 0.038 0.4#0.08 1.21 47464 4.3 7320150
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TABLE lll. Results from a least-squares fit to the data using BEd).

TORU EBISAWA et al.

Multilayer Angle

spin splitter (deg a b c d

P/G2/N 0.99 87814 0.11720.001 0.7290.001 22511
1.02 92114 0.11720.001 0.75%0.001 24511
1.05 564+ 15 0.115-0.001 0.8050.001 249@12
1.08 97115 0.1170.001 0.846:0.001 25211
1.11 963-11 0.116£0.001 0.8750.001 255@8
1.14 71916 0.115-0.001 0.9130.001 253@¢12
1.17 878:15 0.116-0.001 0.9540.001 250¢11
1.20 790-14 0.114-0.001 0.986:0.001 235&11
1.23 524+-10 0.116-0.001 1.0220.001 219&17

PG/G2/NT 1.70 61Z15 0.115-0.001 0.1940.001 23711
1.73 63114 0.11%0.001 0.23&0.001 239&10
1.76 604-14 0.1170.001 0.275:0.001 23410
1.79 592-14 0.115-0.001 0.30%0.001 23111
1.82 56311 0.116-0.001 0.346:0.001 2268

PG/G5/NT 1.61 18613 0.115-0.002 0.1820.003 185@9
1.64 282+ 14 0.112+0.002 0.2620.003 220&¢10
1.67 268+ 15 0.12G-0.002 0.325:0.003 23111
1.70 289-11 0.116-0.001 0.40%0.002 2408
1.73 286- 14 0.115-0.002 0.4620.002 23211
1.76 24114 0.115-0.002 0.524-0.002 23811
1.79 239-15 0.118-0.002 0.573%0.002 23811

(X—c) parameterc. The fit givesb to be approximately 0.116 A,
Y=a cos{ 2 b +d, 4.3 \(/%_hlgr |ﬁ)nearly equal to that of the previous measurements
able ).

Equation(2.6) predicts a relationship between the angular

shift and the quantum precession. If we consider the angular
whereY is the neutron count an¥ the current of coil PC1 shift asAc, then Eq.(2.6) becomesA ¢=27Ac/b. This is
and coefficients, b, ¢, andd are the fitting parameters. The plotted in Fig. 7 for the three multilayer spin splitters. The
ratio a/d gives the visibility of the contrast of the spin-echo ordinate is the shift of spin-echo profiles divided by the av-
profile. Parameteb is the current change of PC1 coil corre- eraged refractive index, () of the effective gap layer. The
sponding to one period of the spin-echo profile, i.e., Larmor@bscissa is the angular shift. The points are the shifts from
precession of 2. The shift of the spin-echo profile is given Table lll, while the lines show the expected relationship
by the change of parameter Fit results are given in Table from Eq. (2.6). There is excellent agreement taking gap
lll. When we change the incident angle hy, the measured thicknesses of 2750 ®R/G2/N, 3480 APG/G2/NT), and

hift of spin-ech file i luated f the ch 6320 APG/G5/NT), in good agreement with the expected
Shift of spin-echio profiie Is evaluaied from the change OvaIues(TabIe ). The figure shows that the shifts of the echo

profile depend on the sequential angular shifts and the effec-
tive gap thicknesses as predicted from E26). Applying
Eq. (2.3 gives that we induced quantum precessions of 6.8

041 7] rotations(P/G2/N), 15.9 rotation§PG/G2/NT), and 28.5 ro-
° 1 tations (PG/G5/NT), at angles of 1.17°, 1.80°, and 1.80°,
A respectively.
i 1 These results demonstrate that the multilayer spin splitter
0.2 S . creates a quantum precession, which is equivalent to the Lar-

mor precession. It should be noted that the quantum preces-
sion is free from the magnetic field and needs a very small
distance for neutron spin precession, and that these charac-
teristics are quite different from both the conventional Lar-
mor precession and the zero-field precession of the resonance
spin echo.

Relative Echo Shiftsxn(6)(A)

0 0.1 0.2
Relative Incident Angle (deg)

d V. PERFORMANCE TESTS OF A PHASE-SPIN-ECHO
INTERFEROMETER

Taking into account the equivalency of quantum preces-
sion by multilayer spin splitter and Larmor precession, we

FIG. 7. Summarized data between angular shift and measure
shift of the spin-echo profiles. Dotted, solid, and broken lines are
fits to the data for P/G2/N, PG/G2/NT, and PG/G5/NT, respec-
tively, using Eq.(2.6).
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FIG. 9. Measured spin-echo profile for a phase—spin-echo inter-
ferometer composed of PG/G5/NT. The contrast of the spin-echo
profiles is restored nearly perfectly by the simultaneous occurrence
of the phase- and spin-echo phenomena.

tibility of the opposite sign. Likewise, the conventional spin-
echo system may be regarded as a kind of phase-echo from a
uantum-mechanical viewpoint. In this case the phase differ-
nce between the two spin eigenstates, having identical geo-
metrical path length, is caused by their different momenta
lie to Zeeman splitting. The phase difference is then com-

MSS2

(b)

FIG. 8. (&) An arrangement of a phase—spin-echo interferometelg
using two identical multilayer spin splitters, which are mounted in
the first precession field PC1 and the second precession field PC2

the Jamin configuratior(b) lllustration of the simultaneous occur-

rence of phase-echo and spin-echo phenomena. The phase eé%%nsated using a centrak flipper. From a quantum-

requires arr turn flipper as well as a pair of identical multilayer spin mechanical VleWpOIF.'t’ all of these systg(pi;nase spin echo,
splitters, phase echo, and spin eghare very similar.

The measured spin-echo profile for the phase-spin-echo
suggest a multilayer spin interferometer with a pair of iden-ntérférometer is shown in Fig. 9. Comparison of Fig. 9 and
tical multilayer spin splitters. This is optically quite analo- F19- 6 demonstrates a remarkable improvement of the con-
gous to a conventional spin-echo spectrometer, as proposér@St of the spin-echo profll_es by the simultaneous occurrence
previously[8]. We mount two identical spin splitters, paral- f the phase-echo and spin-echo phenomena.
lel to each other, in a Jamin configuration, as shown in Fig. W€ can measure the quantum precession induced by a
8(a), so the pair of multilayer spin splitters satisfies theMultilayer spin splitter with good contrast using a phase-
phase-echo conditiof.3] and the spin-echo conditioii6] spin-echo mterferom_eter. Figure 10 shows typical results for
simultaneously. a phase-spln-echo m_terferometer composed_of PG_/GZ_/NT.

The simultaneous occurrence of the two echo phenomerfalt €sults are given in Table IV, which are in qualitative
is illustrated in Fig. 8). The first multilayer spin spliter 2greement with those in Table Ill. _
causes an additional phase difference between the two spin A '0ng term goal of this work is to develop a high-
eigenstates given by Eq2.3). The  flipper reverses the resolution phase-spin-echo mterferometer. A gap layer thick-
states of the two subbeams. The reversed subbeams are RESS of 1 mm corresponds to abouf Hpin rotations and
flected and superposed by the second spin splitter. As a re-
sult, the path length difference caused by the first multilayer 4000 A L
spin splitter is compensated by the identical path length dif-
ference of the second one. We call this geometrical compen-
sation a phase echo. The neutron polarization status after the
reflection by the second spin splitter is restored completely
by the phase-echo and the spin-echo phenomena for which
we require arr flipper. This restoration occurs for all incident
neutrons independent of their angular and wavelength disper-
sion. So we call this system a phase-spin-echo interferom-
eter.

3000 ./ L J

1000

Neutron Counts (n/40s)
S
=
S

o

Lo bt gy

Our phase-spin-echo system may be compared with pre- K(PC2)=2.0A
vious work, including both the phase-echo experiments of 0 1‘9 R é 1 2'
Clothier et al. [26] and Rauch27] and the more conven- ’ 1

i i i ; PC1C t (A
tional spin-echo system. In the first work, the two partial urrent (A)

waves have identical path lengths and wavelength-dependent FIG. 10. Spin-echo profiles of PG/G2/NT for a sequential angu-
phase differences are created by inserting a material withr shift of 0.03°. The solid, broken, and dotted lines are fits for
nonzero susceptibility on one path. The induced phase difangular shifts of 0°, 0.03°, and 0.06°, respectively. We observe
ference is then removed by using a material having suscephifts of the spin-echo profiles similar to those shown in Fig. 6.



4728 TORU EBISAWA et al. 57

TABLE IV. Results from a least-squares fit to the data using (Bc).

Multilayer Angle

spin splitter (deg a b ¢ d

PG/G2/NT 1.70 1026114 0.115:0.001 1.95&0.001 207&11
1.73 106@-15 0.113:0.001 2.006:0.001 204&11
1.76 102614 0.115:0.001 2.0310.001 20310
1.79 99110 0.1170.001 2.0730.001 203&x 7
1.82 1016-13 0.114-0.001 2.109-0.001 20011

would allow extremely precise measurements with a verya very short distance for the spin precession. The two partial
compact setup. However, there are some technical challengasves with spin eigenstates have a transverse separation, as
involved in fabricating such a device that must be overcomevell as a longitudinal one, which increase proportionally to
first. Furthermore, we should investigate the coherency chathe gap thickness. This separation of the partial waves will
acteristics of the partial waves with transverse and longitube useful for the transverse and longitudinal coherency stud-
dinal separations. ies of neutron waves.
We have developed a phase-spin-echo interferometer us-
VI. CONCLUSION ing a pair of multilayer spin splitters, arranged in the spin
interferometer to satisfy the phase echo and the spin echo
Quantum precession was defined as a phase shift originadimultaneously. The phase-spin-echo interferometer provides
ing from the quantum-mechanical description of spin. Quanextremely good contrast owing to the simultaneous occur-
tum precession of neutron spin by a multilayer spin splittefrence of phase-echo and spin-echo phenomena. A compact
was proposed based on the coherent superposition of the tvpin-echo spectrometer with high resolution by quantum pre-

spin eigenstates. The multilayer spin splitter consists of &ession is proposed as an application of a phase-spin-echo
magnetic mirror on top, followed by a nonmagnetic gapinterferometer.

layer and a nonmagnetic mirror. The nonmagnetic gap layer
produces a phase shift between the two spin eigenstates,
which causes a quantum precession.

Two kinds of performance tests of multilayer spin split- We would like to thank Professor Akira Masaike for
ters were carried out using a cold neutron spin interferomstimulating discussions and Dr. Alfred Baron for valuable
eter: contrast measurements of spin-echo profiles fodiscussions and a careful reading of the manuscript. This
multilayer spin splitters and shift measurements of spin-echavork was supported in part by the Inter-University Program
profiles by sequential angle displacement of a multilayer spirior Common Use JAERI Facility and by the Common Use
splitter. These experiments clearly demonstrated that the eRrogram for KUR Facility, and financially supported by the
fect of the quantum precession can be compensated by th@&rant-in-Aid for Scientific Research from the Ministry of
of the Larmor precession. The quantum precession has tHeducation, Science and Culture in JapéProject Nos.
advantages that it is free from magnetic field and needs onl94244103 and 08404014
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