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Observation of geometric and dynamical phases by neutron interferometry
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The total phase acquired during an evolution of a quantal system has two components: the usual dynamical
phase,— 1/ [H(t)dt, given by the integrated expectation value of the Hamiltonian, and a geometric phase
®(C) which depends only on the geometry of the curve traced in ray space. We have performed an inter-
ference experiment using polarized neutrons which clearly demarcates the separate contributions of the dy-
namical and geometric phases to the total. In the experiment, the two phases arise from two distinct physical
operations, a translation and a rotation of a spin flipper within the interferometer, respectively. This work also
constitutes the first direct observation of the Pauli anticommutation; a purely geometric phaseshiftizins
appears after a reversal of the current in one of the spin flippers. The experiment was carried out at the 10 MW
University of Missouri Research Reactor using a skew-symmetric perfect-silicon-crystal neutron interferom-
eter. A detailed description of the experiment and its interpretation is given in this paper.
[S1050-294{@7)03911-5

PACS numbd(s): 03.65.Bz, 42.25.Hz, 42.25.Ja

I. INTRODUCTION states of polarization represented by three points on the Poin-
caresphere, he found that if the first and second states are
The concept of geometric phase has been of increasingn phase” (a condition defined as a maximum in their in-
interest and activity since Berry’s inspired discovery in 1983terfered intensity, and the second and third states are “in
[1]. While considering the behavior of quantum-mechanicabhase,” then the first and third states are not necessarily in
systems, Berry found that, for a Hamiltonian, slowly cycledphase. Pancharatham showed that the excess phase of the
in time T, along a curveC of external parameters, an initial third state over the first is minus half the solid angle sub-
eigenstate with the energy eigenvalk¢t) returns to the  tended by the spherical triangle formed by the three states at
original state, in the adiabatic approximation, multiplied byne center of the Poincasmhere. The ideas of Pancharatnam

two phase factors, prescribed by have since been used to obtain geometric pf@gg, arising
1 in completely general evolutions.
|x1f(-|-)>=exp{T J E(t)dt] expi®g(C)}|W(0)). Folloyvmg its discovery, the geometric phase has _bee_n
T generalized and found to occur even when the evolution is

(1 nonadiabatid5], noncyclic [3], and nonunitary{3]. For a
. . o arallel transported quantum state, the geometric phase is a
The first phase factor is the standard, Hamiltonian-depende bnsequence of the curvature of the connectmmule per-

dynamical phase. The second is a nonintegrable, pat it ; : ;
. . . tting the comparison of their phagdsetween two neigh-
dependent phase, which he termed the "geometric phase'boring rays. Moreover, the geometric phase represents an

This phase is truly geometric, as it is independent of the rate .
the Hamiltonian, and the energy eigenstate, and depends e%)_(ample of anholonomy in that the parallel transported quan-

clusively on the geometry of the curve traced in ray space.al system fails to re_:turn to its_original value when altered
Such phase shifts of geometric origin were already includedound a cycle, and is thus nonintegrable. A completely gen-
in the standard formulations of quantum mechanics, e.g., thg'@l €xpression in terms of just the state density operator for
topological Aharonov-Bohm effects, but their true geometricth® geometric phase brings out its exclusive dependence on
nature has only been appreciated recently. the ray space geometfy].

Historically, however, the geometric phase was first ob- The geometric phase has been observed in a broad spec-
served by Pancharatnam in his study of the interference dfum of physical phenomenon from classi¢@] to quantum
polarized light [2]. By considering three nonorthogonal physics[7-16]. In early experiments to observe the geomet-

ric phase, an adiabatic evolution was employed, via spin pre-

cession in various magnetic-field configurati¢f®g,13. Un-
*Present address: School of Physics, University of Melbournefortunately, this generates a dynamical phase background
Parkville, Australia 3052. which is generally much larger than the geometric compo-
TElectronic address: sspd@magnum.barctl.ernet.in nent. Therefore, an ideal experiment should not effect an
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FIG. 1. Schematic diagram of the experiment to demarcate geometric and dynamical phases. A uniform vertical gBigleffmid a
pair of Helmholtz coils is applied over the(320) skew symmetric interferometer. A relative rotatid between the identical dual flippers
F, andF, produces a pure geometric phabg , predicted to be equal tag, for the incident|z)-polarized neutron beam; their relative
translationdx results in a pure dynamical phade,, proportional tosx.

adiabatic evolution but a parallel transpfk¥] will effectan  phase on the orientatiqi 8] of the precession axis manifests
intrinsically nonadiabatic evolution. However, it is still pos- itself here as the Hamiltonian-independent geometric phase
sible to use a nonparallel transported state provided the dyequal to minus half the solid angl&Q) of the slice on the
namical phase can be made to disappgdar19, as will  spin sphere, enclosed between the curves traced by the neu-
now be described. tron spin within the two flippers. A relative translation be-
The basic idea of our experiment involves the interferenceween the two flippers, on the other hand, leaves the spin
of the neutron wave packets traversing the two separate patlesirves, and hence the geometric phase, unaltered, producing
in a Mach-Zehnder-type neutron interferometer after eacka pure dynamical phase due to the ambient guide field.
wave packet has been individually spin flipped inside the
interferometer. The clear demarcation of the geometric and
dynamical phases occurs in the two physically distinct op- Il. DESCRIPTION OF THE EXPERIMENT
erations, a rotation and a translation, of the two spin flippers
inside the interferometer. The initial proposal for the experi-
ment was made by Wagh and Rakhe¢hd], after their re- The experiment is shown schematically in Fig. 1. A col-
alization of the dependence of the spinor phase on the oriertimated, polarized, monochromatic neutron beam is incident
tation of the precession axi48], as is now explained. on the first blade of a neutron interferometer. The mono-
The wave function of a spig-particle changes sign after lithic, perfect-silicon-crystal neutron interferometer of skew-
a 2m precession20,21]. This 4 spinor symmetry of the symmetric design sits in a region of uniform magnetic guide
spin+ particle, has been directly verified in both division-of- field Boz. Bragg diffraction by the220) planes at the first
amplitude[22,23 and division-of-wave-fron{24] neutron crystal plate coherently splits the neutron de Broglie wave
interferometry experiments. However, the spinor phase alspacket. Each of the separated subbeams is again diffracted at
depends on the orientatigta8] of the precession axis. the intermediate blades, and after passing through a spin flip-
In the present interferometric experiment with polarizedper in the long arm of each path, overlap and interfere at the
neutrons, we perform a pair of spin-flip operations, one in last blade. The recombined neutron wave packets are then
each arm of the interferometer, but with the two flipper axesdetected by two®He proportional detectors, andCs, be-
enclosing an anglaB. When the two flippers are identical, yond the interferometer. The interference appearing as a
the Hamiltonian-dependent dynamical phases within the twswapping of the detected neutron intensity in the recombined
flippers cancel each other. The dependence of the spindreams as a function of the phase difference between the

Overview
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separate subbeams. The whole arrangement is akin to th
Mach-Zehnder interferometer of classical optics. For a more [SPIN SPHERE
detailed description of neutron interferometry, see R&H).

A neutron in a magnetic field experiences Larmor preces-
sion. Here, al+z) eigenstate gains dynamical phase as it
precesses about the magnetic guide field, which also point:
in the z direction and leads up to the spin flipper. After being
spin flipped, also incorporating a dynamical phase, the
| —z) eigenstate also gains phase by precessing in the guid
field, but of an opposite sense than thez) state before the
spin flipper. This precession establishes some dynamica
phase offset for the neutron’s path. The experiment require:

a spin flipper to change the polarization frof#-z) to

| —2z). The simplest form of this flipper is a single horizontal
field componentB,y which requires the spin angular mo-
mentum S of the initial state|+z) to precess through an
angle on the spin sphere to the stdtez), as illustrated in
Fig. 2(a@). Rotating(without translating a pair of such flip-
pers inside an interferometer, one in each subbeam, to a rele
tive orientation of angle\B3 between the two, results in the
separate precession pathsspandS,, enclosing a solid angle
Q=-2ApB (an “orange slice’), at the center of the spin
spherg[26]. This manifests itself as a pure geometric phase (@
shift

De=—02=AB, (@ [sPIN SPHERE|

without altering the dynamical phase offset, i.e., without any
dynamical phase shift contamination. This phase shift is in-
dependent of the Hamiltonian. In the experiment each flippetr
is actually a dual flipper producing successiv@recessions
about two mutually orthogonal axeg,andp, say, directed
45° on either side of in the y-z plane. This two-stage pro-
cess precesses the z)-polarized neutron state around the
unit sphere of spin directions, to the sthtez). It is straight-
forward to show that their combined effect on the wave func-
tion of the neutron is equivalent to a precession aroung/the
axis by an angler. A second identical dual flipper oriented
at AB to the first again results in a pure geometric phase,
O=—-0O/2=Ap, as shown in Fig. &).

A pure geometric phase can be achieved without any mo-
tion of the spin flipper at all. Reversing the currdiaind
hence the direction of the magnetic figld one dual flipper,
is equivalent to affecting a 180° rotation of the precession
axes without any physical motidd,18], ensuring the origi-
nal offset phases are unchanged. The dual flipper effects twi
successiver precessions abodtandp, respectively. Its op-  ®)
eration,

FIG. 2. Schematic of the path traced out by the neutron spin as
it precesses around the spin sphere from spifja)p,to spin-down,
|—2z). The top figure(a), shows ther precession of the sping
and S, on the separate interferometer paths, each about a single
brings the|+z) state to|—z), whereo, and o, represent horizontal field component oriented at an anglé relative to the
two orthogonal components of the Pauli operatoalongq other. The lower figure(b), shows the precession of the two spins
andp, respectively. Reversing the current in the two coils ofS andS; about the spin sphere under the action of the dual flipper.
the dual flipper reverses the order of the two fields. TheHere the two field components of the individual fAIipper,Aoriented at
neutron is now subjected to a field first alopdollowed by ~ 45 and—45° toN-S on the same great circlgp andq in the

a field alongd. This reversed flipper then operates as text) result in successive precessions. Again the second dual flip-
per is oriented at an angl®g to the first. In both cases, the geo-

. . metric phasebg is equal to half the solid angle between the two
e 'm0 ™= — g o, = 0,0y, (4)  trajectories.

e 0™ ™= (—jg,)(—ioy)=—0p0q, ()
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FIG. 3. Overall view of theC-port interferometer setup, including the reactor, beam port, shielding, polarizing supermirror, Helmholtz
coils, interferometer, and Heusler alloy analyzing crystal. The inset shows a detail of the inside of the masonite box.

again taking the statpt+z) to |—z), but with a change of whereu andv are the neutron’s magnetic moment and ve-

sign compared to the previous situation, singg and o locity, respectively. The translation is responsible for a

anticommutate, being orthogonal componentsoThis sign  purely dynamical phasg28]

change manifests itself as & phase shift of the neutron

interf(_arogran[4,18]. Observation of thisr phase shift would dp=Ad, . (6)

constitute, to our knowledge, the first direct verification of

the anticommutativity of orthogonal components of the Pauli . o ) .

spin operator. We emphasize that a polarimetric experimerignlike the previous situation, the dynamical phase, being

is incapable of detecting a current reversal in the fligggt. ~ dependent orB, in the Hamiltonian, is generated, while
Finally, a linear translatiodx of one of the spin flippers leaving the spin trajectory on each path, and hence the offset

along the beam path results in the neutron spending morgeometric phas&@g, unaltered. A translation of the other

time in one spin orientation at the expense of the other‘f“pper would generate an identical dynamical phase shift.

which changes the original Larmor precession phase distri- 1he purpose of this paper is to describe, in some detail,
bution according to our neutron-interferometric observation of separate dynami-

cal and geometric phases. Brief accounts of the results of this
Ad =2uBydx/tfv, (5)  experiment have already been reporfae].
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moving any second{\/2) and third-order X/3) neutrons.
The neutrons from the monochromator were then polarized
by reflection from a 50-cm-long, magnetic, Fe-Si multilayer
supermirror @.=26. ;=10 mrad). The reflected, polarized
2-mm-wide beam passes through a 6-mm-high aperture at
the entrance to an aluminum box and onto the first blade of
the interferometer crystal. The interferometer, a single-
silicon crystal with four blades, in skew-symmetric align-
ment(see Fig. 4, has been described in several experiments
[30]. The interferometefresting in a cradleand two 3He
proportional detectors are housed in the aluminum (vgih
clear Plexiglas ligl providing for an isothermal enclosure.
This box is rigidly mounted to an 850-kg black granite slab
which supports a 1:91.2x 1.8 n? Benelex-70 masonite box
(again with Plexiglas liflenclosing the Al box. The granite
slab rests on four Firestone pneumatic vibration isolators
mounted on steel posts embedded in sand enclosures. Hang-
. ) _ . ing below the slab is a large Al plate supporting 710 kg of

FIG. 4. Photograph of the single crystal Si skew-symmetric in-|eaq pricks, which are used to lower the center of gravity of
terferometer used in the experiment. the optical table. An all-encompassing Plexiglas greenhouse
provides additional environmental isolation against tempera-
ture gradients and microphonics due to air currents.

The experiment was performed at the beam @inter- A uniform vertical (+2) magnetic guide field is provided
ferometer facility{ 30] at the University of Missouri Research over the entire experimental region by a pair of water-cooled
Reactor (MURR) in a Bhabha Atomic Research Centre Cu-wire Helmholtz coils wound on horizontal 52-cm square
Vienna—Missouri collaboration. A schematic of the beamaluminum formers with a vertical separation of 7 ¢oen-
station is shown in Fig. 3. A thermal neutron beam from thetered in height about the beam path through the crystal
reactor is incident on a vertically focusing three-crystal py-These are placed around the Al box containing the interfer-
rolytic graphite (002 monochromator. The Bragg angle ometer crystal. To compensate for the return fiétbng
(65=20.5°) is fixed by the exit tube, and yields a nominally —Zz) of the Helmholtz coils, two pairs of small permanent
monochromatic beam with=2.349 A (AN/A~0.012). A magnets were placed either side of the beam as it entered and
5-cm-thick block of pyrolytic graphite filters the beam re- exited the Al box. This maintained a uniform guide field

Experimental setup

AFIELD B,z FROM
HELMHOLTZ COILS
PERMEATES ENTIRE REGION

O_F
A=2.35 A
NEUTRON SUBBEAM

EACH COIL HAS
7 TURNS OF ANODIZED
ALUMINUM FOIL

FIG. 5. Cross-sectional view of the dual flipper showing the neutron trajectory through the anodized aluminum foil windings of the coils.
The horizontal magnetic field,y of the individual coils when added to the vertical environment fiBlgk, of the Helmholtz coils results
in a field directed in the direction for the first coil and in thg direction for the second directed atw/4 andw/4 to z, respectively. It is
these directions about which the neutron precesses.
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netic fields of the same magnitude but opposite sense. The
30 1 m transverse field component of one flipper as measured along
each beam path is shown in Fig. 6. Each coil is wound
Path Il around two pegs defining their top and bottom which are
. attached to a TeCu-145 heat-sink block. An individual coil,
t with self-supporting sides, consisted of seven turns of 25-
104 Path | mm-wide, 90um-thick anodized Al foil. Low-temperature
Al to Cu brazing provided excellent electrical contact be-
J tween the coil and the Cu leads. To reduce thermal gradients
e in the vicinity of the crystal, a thin Cu sheet enclosed the
— ends of the coils. This sheet was clamped between two Cu
. ogmpant plates attached either side of the heat-sink block. The heat-
e Prediction sink blocks were water cooled by a closed-loop water circuit,
with the temperature of the coils and block monitored and
20 4 maintained to 0.01 °C accuracy. Under operating conditions
(operating current of 7 A the water circuit removed about 4
L\_J W of heat per dual flipper. Each spin flipper was suspended
2. in the long parallel paths of skew-symmetric interferometer,
. | n | . and rigidly attached to a precision translation-rotation
-20 -10 0 10 20 mechanism(built in the Missouri Physics Machine Shop
Distance from center of dual-fipper, F, High precision was needed in positioning the spin flippers, as
the nuclear phase shift when rotating the flippers, due to the
FIG. 6. A map of the transverse field componéqy of dual  change in effective length of the neutron path through the
flipper F, along the neutron trajectory through the interferometer.various materials of the flipper coils and housing, was orders
The circles represent the measured transverse field on the path gf magnitude larger than the expected geometrical phase.
the spin flipper. A theoretical prediction is indicated by the line. The experimental geometry allowed sufficient space to trans-
The squares are the measured field values extending onto the oppgate each spin flipper about 10 mm along the beam path and
site interferomgter path. The centers of t.he two b.eams. have a Mefstate each one ta-22°. A photograph of the water-cooled
sured separation of 22 mm, so there is very little field overlapg,in flippers attached to the precision translation-rotation
between the two dual flippers. mechanism is shown in Fig. 7.

along theZ direction over the entire neutron path. The basic 1€ spin-flipping efficiency of the flippers could be mea-

layout of the experiment described to this point is identical toSUred using an Heusler alloy analyzer crystal placed in the

that used in a neutron interferometric measurement of muldndeflected beam beyond the aluminum box. Optimization

tiphoton exchange amplitudé81] that had just been com- of the spin flipperF,, in the undeflected arm was achieved

pleted. by a}djustlng the resu]tant magnetic fiddg produ_ced by the
Essential to the operation of the experiment were the Spi,>.,(ert|cal Helmholtz c_0|l component and the_ horizontal flipper

flippers. As already mentioned, spin flipping was achieved irffomponent(each with magnitude~30 G), in a procedure

a two-stage process, illustrated in Fig. 5. First, [the) po- ~ that will be explained later.

larized neutron state enters a region of magnetic fiél&,q

(the vector sum of the guide field,z and the flipper coil Experimental strategy

field —BoY), oriented at-45° in they-Z plane perpendicular | the neutron interferometer the neutron-counting rates in

to the neutrons direction of motich The magnitude of the the recombined beams, detected by T counter<C, and
field in this region is set so that while traversing the coll theC3 are given by

neutron spin precesses by an azimuthal anglén a plane
perpendicular t@, the precession axis, becoming oriented in N,=Nj(a,—b,coA ¢) (7)
the —y direction, half way on its journey t¢—z). The
| —y)-polarized neutron Ehen enters a sifnilar region of magyng
netic field directed alon@, orthogonal tag, at +45° in the
y-z plane. The neutron again precesses through an azimuthal
angler aboutp to the|—z) state. In measuring the geomet-
ric phase, the spin flippers are rotated in a plane perpendicu-
lar to z, so thatp andq now lie in they’-Z plane, as shown WwhereA¢ is the phase shift along path Il relative to path I,
in Fig. 1. andN; is the counting rate in the monitor count@y. The

To produce the two precessions responsible for the spinonstantsa,, az, b,, andbjz such thata,/az~2.5 andb,
flipping, each spin flipper consisted of two back-to-back rect~bs, characterize the interferometer. It is found tig
angular coils shown in Fig. 5. The two rectangular coils,+ N3 is independent oA ¢, i.e., asA¢ is varied the neutrons
25 mm longx 15 mm highx7 mm wide, were placed across are swapped back and forth betwe@nandC; (as expected
the neutron path with the long axis horizontal, so that theby particle conservationshowing that, andb; are equal.
neutron beam had a 7-mm path through each of the ¢ails A common practice is to introduce a spin-independent
in Fig. 5. The two coils were connected in series, but werephase shifte by inserting a thin aluminunil.05 mm thick
wound with opposite orientation producing horizontal mag-plate across both beams and rotating it through an afigle

20 -

Magnetic Field Strength (G}
o
I

-30 -

N3:N1(a3+ b300$¢), (8)
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(b)

FIG. 7. Photograph of the precision translation-rotation mechastisp) and the water-cooled heat-sink blocksnging below con-
taining spin-flipping coils. The blocks are then lowered into the long parallel paths of the neutron interferometer so that the neutron
subbeams pass through the Cu windows and Al coils in the lower corner of each block.

Figure 8 shows an example of just such an interferogramvhere a is the spin-independent offset phase of the inter-
with a fringe contrast of 64%. The total phase may then bderometer, and\®,,, is the total spin-dependent phase in the
written as presence of the magnetic field of the Helmholtz coils and
spin flippers. The termy= ay+ Ad,, represents the offset
phase determined from fitting the interferogram with
Ap=a+ agt Ady,
N;=Nj[as+bzcoga+vy)] (10

=a+y, (9) as a function ofx. By switching the spin flippers on and off



56 OBSERVATION OF GEOMETRIC AND DYNAMICA. . .. 4427

3 (deg) The experiment was performed in three parts. In the first
2 0 2 instance, as already mentioned, a pure geometric phase shift
L : . . L : is achieved by a relative rotatiak3 of the spin flippers, one
1400 } 7 by an anglet+ A 8/2 and the other by- A 8/2. Interference is
1 I ] then observed for a range of anglag/2 from —20° to
E I I E | +20°. In the second case, a geometric phaser @an be
_ affected without any physical motion of the flipper. With the
C2+C3 ] spin flippers normal to the beam path, the current to each in
1 turn is reversed by the mere flick of a switch. This corre-
sponds to rotating the spin flipper through 180°. A flipper-
| on—flipper-off pair of interferograms was made for each per-
G2 ] mutation of current directions. Finally, for a measurement of
1 1 a purely dynamical phase shift, the spin flippers remain per-
800 - pendicular to the beam\(3/2=0), and first one and then the
1 ] other is translated in 2-mm steps fst10 mm along the re-
| 64% Contrast | spective subbeam neutron paths. Interleaved flipper-on—
600 - i flipper-off interferograms are again made at each of these
1 1 positions.

1200 - .

1000 -

Counts/4.5min

400 c3 . IIl. EXPERIMENTAL RESULTS

The following experimental procedure was used for each
1 1 part of the experiment: At each experimental setting a phase
200 ] 3 ] rotator scan is made with the flippers sequentially switched
on and off every 60 000 monitor countS s for a total of
I v v T v ' 1 ' ' 1 v ! I N . . . . .
-300 150 0 150 300 5x10° monitor counts per point7.5 min. A single inter-
ferogram pair tok 8 h to perform. The on-off period is much
shorter than the thermal time constants of the dual-flipper
FIG. 8. Plot of the counts achieved in tRele detectorsC2 and  heat sinks. By recording two interferograms simultaneously,
C3, for the empty interferometer, as a function of the spin-a difference measurement could be made that eliminated the
independent phase, achieved by rotating the Al phase flag across spin-independent nuclear phase shifts due to the heating of
both subbeams by an angke the flipper materials and thermal gradients inside the inter-
ferometer. An example of the flipper-on and flipper-off in-
and interleaving data collection, two interferograms are reterferogram pair is shown in Fig. 9. The phase difference
corded simultaneously. An example of the “flipper-off” and between these two is the spin-dependent phase shift of inter-
“flipper-on” interferograms, with contrasts of 32% and est. The difference phasésy= y,,— v for a series of runs
28%, respectively, are shown in Fig. 9. The difference inare then plotted after requiring that all the flipper-off inter-
contrast is mainly due to the change in the neutron’s kinetiderograms overlap at the same offset value. The offset value
energy by the amount 2B, when being rotated from the used as the constant reference corresponded to the experi
spin-up state to the spin-down state, which leads to a slightnental conditionsA 8/2=0, F; at x;=39 mm andF, at X,
change in the reflectivity of the Bragg reflections at the sub—=39 mm from the first blade of the interferometer.
sequent crystal slal82]. For the flipper-on case the offset  To measure the geometric phase, the spin flippers were

a (deg)

phase is individually rotated in opposite directions, t6 AB/2 and
— A /2, through the angular rangeB/2= —20° to +20° in
Yon= o+ ADg, (11)  5° steps. This was done so that the nuclear phase shift ac-
quired in passing through the windings of the coils canceled
while for the flipper-off case nearly identically. Rotation of the dual flipper increased the
path length byW/cos(AB/2), necessitating the appropriate
Yoff= &gt A(I)?Of{. (12 reduction in field to maintain precise spin flipping. For ex-
ample at 20°B, should be reduced by 4%. However, in the
Consequently, the difference experiment we kepB, fixed, and later corrected the phase
shift for excess spin flip. This correction ranged between 0°
Ay=yYon— Yot =ADPN— ADM (13)  and 8°. Figure 10 displays examples of the flipper-on geo-

metric phase interferograms which have all been shifted rela-
corresponds to the total spin-dependent phase shift betwediwe to the concurrently recorded flipper-off interferograms
the flipper-on and flipper-off interferograms. This procedureoverlap. The phase advance of the interferogram is clearly
eliminates the effect of time-dependent drifts in the spin-seen. The lines are fits based on Ed)). A summary of the
independent phase, within the interferometer due to vari- entire geometric phase data set is shown in Fig. 11, plotted
ous environmental effects. This was found to be less than 54gainstApB, the angle between the two flippers. The actual
per day. The spin-dependent magnetic phase shifts wemn-off phase difference is shown on one ordinate, and the
found to be very stable. geometric phase shiftelative to the reference conditipon
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FIG. 9. Plots of the nuclear neutron interferograms achieved by rotating the Al phase flag with the spin-flipping coils in place in the
interferometer for the two cases of spin flipper off and on, i.e., when a current is not applied to the coils and when one is. The phase
difference between these two interferograma i used to measure the dynamical and geometric phases.

the other. The line represents a theoretical fit, and will be

explained below.

With the spin flippers oriented perpendicular to the re-

Data analysis

In an ideal experiment, the neutron beam incident on the

spective subbeams, another measure of the geometric phase

could be affected without mechanical rotation, simply by re-
versing the current applied to each dual flipper in turn. Suc
a current reversal reverses the magnetic field direction of thg
coil, and is equivalent to rotating the individual flipper by
180°. A plot of the(shifted relative to the flipper-off inter-

ferograms flipper-on interferograms for the

combinations of the flipper fields is shown in Fig. 12. It is
seen that each current reversal shifts the interferogram. by
The lines are fits again based on Ef0), and the values of

the fitted phasey are shown in the corner of each plot. The

average phase shift from the top plot to

four possible

the bottom is?

182.3°+2.4°, and confirms the anticommutativity ef, and
aq. This phase shift is of purely geometric origin, and con-
stitutes the first direct verification of Pauli anticommutation.
To achieve a measure of the dynamical phase, the flippers
(oriented perpendicular to the bepare translated in 2-mm
steps on path | and then on path II, with interferograms madwherel? and!? are the intensities of spin-up and spin-down
at each step. A plot of the dynamical phase advance of a segeutrons after the mirror, and the total incident intensity is
of shifted flipper-on interferograms for each path is shown inlo=l?+l?. The values ofl? and 19 are found from the
Fig. 13. Summaries of these phase shifts are shown in Figsnaxima (perfect spin flipping and minima(no spin flip-
14 and 15. The line represents a theoretical fit, as will nowping), respectively, of the data in Fig. @, i.e., the neutron
intensity measured by the Heusler polarization analyzing

be explained.

interferometer would be 100% polarized in thez) state,
and the action of the spin flipper would have this state
ﬁlipped perfectly to theé—z) state. Unfortunately, in this ex-
eriment, neither the supermirror nor either dual flipper were
00% efficient. This meant that the final interference in-
cluded neutrons initially distributed in the two spin states,
some of which were then flipped by the action of the spin
flipper and some that were not. This added greatly to the
complexity of the data analysis.
First, consider the distribution of neutron intensities. De-
fining P as the polarization of the beam incident from the
olarizing supermirror, then

(14)
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800 4 T T T T T T T T T If _ If
- AB/2 = -20° ; f=——+, (19
] 1]
600 - ]
] Wherelg andl[ are the intensities of spin-up and spin-down
400 neutrons detected. The value foffrom the actual measured
800 - 3 values of the spin flipper and Helmholtz fields, differed from
] 1 1 by at most 1% in the dynamical data due to nonuniformity
1 1 in the Helmholtz field as the flipper was translatede Fig.
600 - ] 17). In the geometric datd, varied by as much as 8% at the
1 extreme settingA 8/2=20°. This was a consequence of the
400 dual flipper's magnetic field not being scaled as the path
. 800" length increased through the flipper By/cosAB/2) as the
E flipper was rotated. The resultant number of spin-down neu-
%’ 600 a trons detected is given by
o ] 4
3
3 1 f+1) o [1-1)
@1 | =)
] ] f+1\/P+1 1-f\[1-P
400 4 . . . . . ] In this expression the first term represents those spin-up neu-
goo4 T v o T trons incident on the spin flipper that are flipped, and the
] 20° ] second those incident spin down neutrons that are not
600 h flipped. Accounting for the efficiency of the two parts of the
1 : individual dual flipper byf; andf,, this expression becomes
04 0 0 0O - | _[ fi+1\[f+1\]Y2(P+1 |
-200 0 200 400 600 ! 2 2 2 |0
o (deq)

FIG. 10. A series of the nuclear interferograms showing the
advance of the geometric interference phase over the range of rela-
tive angular separationAg of the two dual flippers. The angular
separation is achieved by physically rotating the coil in path | to al
angle+ApB/2, and one in path Il to- AB/2.

AT e o

nThe same is true for the spin-up neutrons detected, where

1/2

(1= (11, P+1
crystal as a function of the field strength of the spin flipper = 2 2 2 o
F,. These intensities give=0.85. "™
Similarly, the combined efficiency of the two coils of a N fitl <f2+1 1-pP | 18
flipper, f, may be defined by 2 2 2 o
T ! T ' T T T T T
- 60

S 60 .

g Geometric Phase

ke - 40

z -804 -

g - 20

& -100 =

£ ] Lo S

; 120 4 Slope =-1.23 £ 0.03 &

(1]

T ] - -20

8 -140 H

i 1 - -40
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AB, Angle between F, and F, (deg)
FIG. 11. Plot of the on-off phase difference for the entire geometric phase data set, as a function of the angle between the spin flippers
achieved by physically rotating the two spin flippers. The right abscissa shows the equivalent value of the geometdi¢; piidse line
represents a theoretical fit, as explained in the text.
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800 | ¢;_2521'+1'9' LA L L The experimental optimization of the current applied to
] B ] spin flipperF, (in the direct beam and the current in the
Helmholtz coils to flip an incident spin-up neutron to the

600 1 ‘ﬂy ] spin-down state is shown in Figs. (8 and 1€c), respec-
‘m]' ] tively. The maxima of these plots establishes the condition
400 ] 5 ] f1=1, perfect spin flipping. The currents appropriate for this
— condition werel ;=1.549 A and ¢ =7.357 A. We were un-

800 y
=-100.6 + 2.1 L : .
1¢ able to perform the same optimization f6g, in the twice-

deflected subbeam on path Il, as the neutron intensity was

600 g too low to give a meaningful measurement. Consequently, it
] ] was assumed that the two dual flippers were identical, a fair
£ w00 ] ] assumption given the uniformity of materials, structure, and
2 gog S production.
2 {e=842219 1 In the experiment, the currents used whge=1.55 A and
§ | | IF1=7.3 A. These currents generated the magnetic field re-
600 nﬂ 7 sponsible for flipping the neutron spin. A current of 7.3 A
: / : generated a measured magnetic-field strength of 29.9 G in
400 i . ] the upstream coil and 28.4 G in the downstream coil of the

R e dual flipperF; . A plot of the measure¢ooints and theoret-
1 ical (line) field strengths due to the coils in spin flipger as
a function of position along the beam path is shown in Fig. 6.

8°°‘¢ 2643+24

600 ] In F,, the measured fields were 28.5 G in the upstream coil
‘ﬂﬂ . and 29.6 G in the downstream coil. At the reference posi-
200 a0 ] tions of the dual flippers, the vertical field strength of the pair
e of Helmholtz coils and return field magnets was 30.2 and

200 0 200 400 29.6 G for the upstream and downstream coil& of respec-

a (deg) tively. The corresponding values fér, were 30.8 and 29.9

G. A field map along the neutron trajectory through the in-
tﬁ:rferometer is shown in Fig. 17.

The experiment measures the difference in the spin-
dependent offset phase between the flipper-on and flipper-off
interferograms, as determined by a least-squares fit at each
setting, namely,

FIG. 12. Series of interferograms showing the 182-2°4°
phase shift as the current is reversed to each of the dual flippers i
turn. Thise phase shift accurately verifies Pauli anticommutation to
within about 1.3%.

Ay=AdN— AP (19

Path li

800 ' 37mm _ 1
600 - .
] Path |
400 4 . 1 .
800 -] ' 41mm 4+ ' ' ' ' " | s00
1 33mm L
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400 + — T ————t— 400
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1 37mm L
600 - -+ - 600
400 - } T —te ey r 400
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400 - - - 400
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FIG. 13. A series of nuclear interferograms showing the advance of the dynamical interference phase over the range of relative
translationgfrom the first interferometer blaglef the dual flippers in the two paths of the interferometer.
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FIG. 14. Plot of the on-off phase difference as a function of translatidf, @flong path I, measured relative to the reference posifén
mm) from the first blade of the interferometer. The right axis shows the equivalent value of the dynamical phase. The line represents a

theoretical fit, as explained in the text.

To first consider the effect of imperfect initial polarization, This interferogram is of the form

set f=1 (perfect spin flipping For spin-up incident neu- B ,
trons, the interferogram detected@y has the general form N3=Ni{as+bscoga+ao+ AP}

:Nl{a3+ bé[COS{a-i— ao)COSACI)tot
N.{az+bzcog a+ ag+Ad)}, (20 —sin(a+ ag)SINAD ]}, (23

N — P+1
31 T
o where Ad,; is the observed spin-dependent phase of inter-
where (.a+ @) and A® are the total _spm-mglependent anq est, that is, the spin-dependent offset phase in the flipper-on
total spin-dependent phases respectively. Similarly, for SPiNz 4 flipper-off interferograms. Hence, the measured phase

down neutrons, A®,, is dependent upon the actual spin-dependent phase of
_ interestA® by the relation
N3LZ(T Nl{a3+ b3005(a+ aO—ACD)}. (21 tamq)totzp tamA D (24)
. . .Th li I li I
The total interferogram is then the sum due to the two spin e observed amplitude and actual amplitude are related by
components, bs2=Db3[ P?SirPA®D + cogAD]. (25)

Including the effects of imperfect spin flipping compli-

N3=N3; + N3 =N;{az+bs[P sin(a+ ag)sinAd
3=Na; N =Nafag bl A o cates these expressions considerably. We now summarize the

+coq a+ ag)COADP]}. (22 calculation of the combined corrections of imperfect incident
1 ¥ 1 T T ! 1 T T T | v T
- 200
5 804 L
(]
k= . - 160
K 40 - Dynamical Phase
@ - 120
g 0 —
@ =3
2 - 80 I
a -40 - a
® i =]
& Slope = 18.9 £ 0.4°/mm L 40
<
£ -80
5 Iy
< -120
o] |
- -40
-160

T T T T T T T T T T T T T
-2 0 2 4 6 8 10

3x, Translation of F, (mm)

FIG. 15. Plot of the on-off phase difference as a function of translatidf,adlong path Il, measured relative to the reference position
(39 mm from the first blade of the interferometer. The right axis shows the equivalent value of the dynamical phase. The line represents a
theoretical fit, as explained in the text.
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FIG. 16. Plot of the intensity of spin-down component of the beam incident on the Heusler analyzer crystal as a function of current
applied(proportional to the horizontal magnetic-field componBg§’) to the dual flippeF, , when orienteda) normal to the neutron beam,
and(b) with the flipper oriented at 20° from normal incidence. The current corresponding to the maxinfbijnsiould, by geometry, equal
I max o= /€0s(20°). Both of these measurements were made for a Helmholtz coil current of 185A30 G). A fit to (a) was used to
determine the (2W/#%v) factor used to scale the action of the dual flipfer, as described in the text. Plot of the analyzed intensity of
spin-down neutrons as a function of current applipaportional to the vertical field componeRy2) to the Helmholtz coils(c) whenF,
is oriented normal to the incident neutron beam, addwith the flipper oriented at 20° from normal incidence. Again, the current
corresponding to the maximum (i), should, by geometry, equéj;ax o /€0s(20°). Both of these measurements were made for a dual-
flipper current of 7.3 A Byy’~30 G). The solid lines to the data represent fits, as explained in the text.

beam polarization and flipping efficiencies of the flippers.(1—P)/2 of spin-down incident neutrons. When the dual
The detailed derivations are given in the Appendix. flippers are switched on, the total spin-dependent phase shift

To obtain the geometric phase from the measured interef the interferogram as a function ofAB, namely,
ferogram phases, we must separately consider the fractiqqd® (A B)], for spin-up incident neutrons and spin-down
(1+P)/2 of spin-up incident neutrons and the fraction incident neutrons is given by

V(A=) (1—1)SinAPT(AB) + (1+F))(1+F,)sinADT(AB)

taf APT(AB)]=P . 26
TAPe(AA)] V1= F)(1—f,)coAP(AB) +(1+ ) (1+fy)coAD(AB) (29
|
(This expression is derived in the Appendiln this expres- In the case where there is no current applied to the spin

sion, ADYN(AB) [=-Ad)(AB)] and AD?Y|(AB) flippers, the expression is much simpler. This situation cor-
[=—A®(AB)] are the spin-dependent phases for incidenf_espond_s to the neutron precessing about the vertical guide
spin-up neutrons remaining unflipped and those beind'e!d while traversing t_he interferometer, so that the total
flipped, respectively, by the action of the dual flippers, givenSPin-dependent phase is

by Egs.(A22) and(A23) in the Appendix. The flipping effi-

ciencies of the dual flippers are denotedndf, for paths |

and Il, respectively. The spin-dependent phase differences tam dI(AB) =P tan(AgR g+ AP, p).  (27)

for path Il minus path | for incident spin-up neutrons which

are not spin flipped isA®,, ; for those spin flipped it is

Ad, . Similarly, the phase differences for incident spin-[see Eq.(A31) in the Appendiy, whereA ¢3 , 5 is the dy-
down neutrons ara® | andAd ;. namical phase accumulated on path Il due to the precession
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FIG. 17. Map of the vertical field componeBE due to the Helmholtz coils for all positions inside the interferometer. These field values
are used in the calculation of the spin-flipping efficiency of the two dual flippers.

about the vertical Helmholtz coil field, with the flippers dynamical phase contamination appearing in the results will
turned off, from the first blade of the interferometer to thebe accounted for in the slofsee the Appendix The flipper
middle of the dual flipper minus the same phase accumulategianslation-rotation mechanism did not allow for an accurate
on path I. Similarly,A ¢2+D is the dynamical phase accu- positioning of the rotation axis of each flipper over the center
mulated on path Il due to the precession about the verticdlne of the subbeam. Consequently, rotation of an off-center
Helmbholtz coil field, with the flippers turned off, from the flipper would be accompanied by a displaceméktalong
middle of the dual flipper to the last blade of the interferom-the beam and therefore a dynamical phase component. A
eter minus the same phase accumulated on path I. In theombined off-centeredness for the two flippers of 0.8 mm is
experiment the data actually measured\igAg), the mea- sufficient to generate & to account for the observed de-
sured phase difference between the on and off interferogramsation from the expected slope of the data. Note that the
as a function ofAgB, given by Eq.(19). geometric phase measurements achieved by reversing the
As explained in the Appendix, the constant terms in thecurrent to the flippers are free from any dynamical phase
phase determination were experimentally determined usingomponent.
the optimization curve of Fig. 16), which was fit as a func- In the dynamical phase measurement, the spin flipper is
tion of the applied current. Having scaled the action of theset perpendicular to the incident beah =0), and the
spin flipper, by these experimentally measured constants, gpin flipper is translated along each beam. As the spin-flipper
fit was made to the geometric phase data of Fig. 11. A simplés translated inside the interferometer, it moves through a
linear regression to the data, has a slope—df.36+0.04. region of varying magnetic-field strengByz, as shown in
After correction for incident polarization and nonperfect Fig. 17. HereAyis fit as a function obx (as explained in the
spin-flipping using Eqs(26) and (27), the slope becomes Appendi® for the two cases of a translation along paths |
—1.23+0.03. The line in Fig. 11 represents this fit. Accord- and Il. Results of the fits to the two cases are shown as lines
ing to Eq.(2), ®;=Ap; then, theoretically, the slope of the in Figs. 14 and 15. The slopes of these two data sets are
data should equat 1. However, in the fitting procedure, any —19.4°+0.5°/mm and 18.9%0.4°/mm, respectively.
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FIG. 18. Figure showing the four sections of the neutron subbeam path through the interferometer used in the determination of the
spin-dependent geometric and dynamical phases.

These slopes correspond to field strengths of 30.0 and APPENDIX: CORRECTIONS DUE TO THE

30.3+0.6 G, respectively, as calculated from E§), which COMBINED EFFECTS OF NONIDEAL BEAM

agree to within a few percent with the measured avergaes POLARIZATION AND FLIPPING EFFICIENCY

iegqg Fig. 1y over these regions of 2 -1 and 30.3 In this appendix we give a derivation of the formulas we

used to correct the measured interferogram phases for the

combined effects of imperfect polarization and spin flipping

to obtain the geometric and dynamical phases. On each sub-
IV. CONCLUSION beam | and I, the neutron path through the interferometer is

We have performed a polarized neutron interferometr)bmken into four septlons, as shown.m Fig. 18. The first,
experiment where, by means of dc spin flippers in bothcalled A, from the _flrst_ blade of the interferometer to the
beams, geometric and dynamical phase shifts could be indfront edge of the spin flipper, corresponds to a lerig{h the
vidually controlled and observed. This experiment affectsSeécondB, the first coil of the dual flipper, corresponds to a
a clean separation of geometric and dynamical phases, l@ngthLg; the third,C, the second colil, to a lengthc ; and
consequence of the spinor phase dependence on the orient@e fourth,D, from the back edge of the spin flipper to the
tion of the precession axis. The dynamical phase shift idast blade of the interferometer, to a length. It is possible
proportional to the difference in path length that the neutrorfo Write the effect on the spinor neutron wave function tra-
passed in a spin-up state and then in a spin-down state in ti@rsing each of these regions in terms of a transfer mafrix
two arms of the interferometer. A pure dynamical phase id-0r regionsA andD, in the presence of the vertical Helm-
produced by a relative translation of the two dual flippers.holtz field only, such a transfer matrix is diagonal and has
The geometric phase has a true geometric expression in ttige form
experimental layout, as it corresponds to the angle between
the magnetic fields of the spin flippers. A reversal of
the current applied to a flipper, equivalent to changing the
angle between the two flippers by 180°, generates a pure M=
geometric phase of, and its observation confirms the anti-
commutativity of orthogonal components of the Pauli spin
operators.

e 0

0 el (A1)

where ¢ is the dynamical phase accumulated due to preces-
sion in the vertical field. In the spin-flipping regions®fand

C, with both horizontal and vertical fields, the transfer ma-
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COSpgCOSHc— SiNgCOERSING COSE— SiNgSINERSING SINE -
+1i(SiNggCOSECOSH + SINPCOSECOSPR)
(—cospSINGSINE— COSPSINGESINER)
+i(—SinggCOERSiNGSINE + SiNgRSINERSING COKE )

ei(¢A+¢D)|T>

: (A3)

y=ekogie
[ e_iAﬁ/Zei(¢A_¢D)|l>

where '%"I
1= | 7F f
uB,LA uBLg L+
A— ho | b= ho . .
=[BeBcSin2¢gsin2¢
_MBL. _MBzlp (A4) — BeagPcac(l—Ccos2pg)(1—Ccos2pc)
7 Ry D hv

— (arg+ Bacos2pe)(ag+ BEcos2po)li,  (A8)
The neutron’s magnetic moment and velocity arenduv,
respectively. The strength of the magnetic field in the spinwhere ag=cosz and Bg=siné&; for the first coil, andac

flipper region is given by =co<c and Bc=siné: for the second colil of the dual flip-
per, and the brackét], means that the quantities inside the
B= \/B§+ Bi,, (A5) bracket are evaluated along subbeam I. An equivalent ex-
pression applies to subbeam II.
the vector sum of the vertical Helmholtz fiell, and the The two wave functions in Eq§A6) and(A7) produce an

transverse horizontal flipper coil fiely,. The precession interference pattern as a function of the nuclear phase
axis p or g of a single spin-flipper coil is at an angéeto 2 where « represents the difference in nuclear phase between
such that co§=B,/B and sif=B,, /B. Finally we will define  path Il and | achieved by rotating the Al phase plate, and is
A ¢, to be the difference phase shift due to Larmor precesgiven by a=a;,— «,. In these expressiorigx refers to the

sion about the guide field in regioh on the two subbeam standard spin-independent phase accumulated along each
paths | and I, so thatA pp= qb',i— ¢k. Similarly A¢g, path, which is responsible for the interferometer offset phase
A¢c, andA¢p are the difference phase shifts in each of ag=kgx, —KgX,. Traversing the dual spin flipper in path I,
regionsB, C, andD respectively, A ¢g and A¢c being a  the neutron accumulates a phagé if it is not flipped, and
measure of the phase associated with the spin-flipping rey,, if it is spin flipped. Similar expressions apply to path II.
gions, and withA ¢p= ¢B— ¢'D the difference in precession The desired geometric phase appears in the tefw A B,

phase accumulated in regioBsof paths | and Il —AB,.
Equation(A3) may then be written as In either path, spin flipping only occurs when a current is
112 applied to the spin flipper. In this cagfr incident spin-up
I aikoxngian| [ M| gixiugl(éa+ ép) neutrons,
Y =e'Roxigl e ( 5 e'Xine!(Pa DII|T>

12 eIX!'= (Cospg +i apSings) (COSp+i acsinge)
elXjigl(¢a— ¢D)||e*iA/3||| l)} (AB)

B ( fu+1
— BeBcSinggsingc (A9)

for path II, and and

| — aikoX|al @ ..on . . .
y=ecle €'X| = — BcSingc(cospg +i agSingg)

— BeSingg(COSHc—iacSingc) (A10)

_ 1/2
(171:') alxigi(dat ¢D)|| )

1/2
fl%l) eixllei(¢A¢D)|eiAﬁl|l>} (A7)

are the terms in the wave function for the non-spin-flipped
for path I. Heref, is the flipping efficiency defined above, and spin-flipped neutrons, respectively, after traversing re-
and can be written as gionsB andC, the spin flippers. Therefore

acSingc(A B)cospg(AB) + apCospc(A B)singg(A B)
cospc(AB)cospg(AB) — acagsingc(A B)singg(AB) — BcBeSiNgc(AB)singg(AB)

tany?(AB) = (A11)

and
(agBc— acBp)singc(AB)singg(AB)
BeCospc(AB)singg(A B) + Bcsingc(AB)cospg(AB)

tany(AB)= (A12)
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The terms that make up this expressiomhich we will X Ny{ag+ bscos(a+aO+A<I>?T)} (A14)
evaluate later are based on the measured magnetic-field

strengths, so the phase shifs'(A8) and x{"(AB) can be  for flipped neutrons. The total spin-dependent phase shifts

The general intensity distribution detectedGg for inci-
dent spin-up neutrons is Aq’??(Aﬁ)=A¢A(A,3)+A¢D(AB)+A)(?”(AB)
o | (A h (A ] P (A15)
ST\ 2 2 2 and

X Ni{ag+bscog a+ apg+ AP} (A13)
I Con ADT(AB)=AgaAB) —Adp(AB)—AB+AXTAB),
for the nonflipped neutrons and (A16)
1+f,\ ¥ P+1
2 2

1+f,
2

where 4X$”=4Xﬁ?—AXﬁ? and A.X(fn:AXﬁT—AX?E- The re-
sultant intensity for spin-up incident neutrons is then

N3y =

N3up=Naj1+ Ny

1/2

{8+ by COS @+ ap)cog ADT) —sin( -+ ) SI(AD) T}

112 . (A17)

1-fy
2

a1

2 fl+1 fll+1 on . F on
— =z {as+bs[cod a+ ag)cOgADT)) —sin(a+ ap)Sin(ADT) ]}
This may be written as
P+1 on
N3up: _2 Nl{a3up+ bgupCOS(CH- ao+ Aq)up)}
P+1 ) .
=l Ni{agypt bayd cod @+ ag) oA D o—sin(a+ ag)sinAD ]}, (A18)

whereA(I)ﬁB is the observed total spin-dependent phase for spin-up incident neutrons, such that

V(1—1)(1—f,)sinADT+ (1+f,)(l+f,,)sinA<I>?11
VA—)(1—f)cosA @M+ (1+F))(1+f,)coA
All of the above equations apply to the fraction«P)/2 of the incident beam that is spin-up.

We must now add to these results the intensities for the fractiecnR}2 of the incident beam that is spin-down. By
symmetry, it is straightforward to do this. We have

tan Ad{r=

(A19)

1-f\(1—f,\ 1Y% 1-P on
N3, =|| — > 5| Nu{as+bscoda+ ag+ AT} (A20)
for the nonflipped neutrons and
fi+1\(f,+1\]¥41-P on
Nng: 2 2 2 Nl{a3+b3005{a+a0+ACD“)} (AZ].)

for flipped neutrons. By symmetry, the spin-dependent phase shifts are given by
ADY=~ A= Abp— Ax= - A0Y] (h22)
and
MDY= —AgatAdp+AB—AxT=—ADT, (A23)

the negative of the spin-up case. The resultant intensity is then
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N3gowr= N3 | +N3jq

1-f\/1-f
1-p T (T“) {ag+bs[cog a+ ag)co ADT)) +sin(a+ ag)SiN(ADT) ]}
:(T)Nl fL| (41|22 . [
+ — =2 {ag+bs[cod @+ ag)cod ADY)) +sin(a+ ay )SIN(AD? D1}
(A24)
where this expression has been written in terms of the spin-up phases. This is in the form
N3dowr™ ( o N1{@zdownt D3gowCOL @+ ap+ A(Dggwn)}’ (A25)
whereA® . is again the observed total spin-dependent phase for spin-down incident neutrons, such that
— V(A=) (1—f)sinA DY — (1+f)(1+f))sinA D]
tamA o2 = ! ' - L= —tam\ @%=tan —ADT),  (A26)

VA= 1)(1—f,)cosd @+ (1 +F))(1+f ) cor b
i.e., A = — AP

up as expected. Therefore, from E¢&17) and(A24), the observed total spin-dependent phase AR
of an interferogram, with a fraction (@ P)/2 spin-up incident neutrons and a fraction«P)/2 spin-down incident neutrons,
is given by the spin-dependent phage® ! andA®F of interest by

JA=F)(X=F)sind @2+ T+ ) (1+ ) sinA D]

tanA dN=P : (A27)
|
For the c_ase_when thgre is no current to the spin flippers, q)??(Alg) A¢A(AB)+A¢D(A,3)+AX (AB)
the expression is much simpler. This corresponds to the neu-
tron precessing about the guide field along the entire path, =AgR— AR (AB) + A — AT (AB)
that is
+AxT(AB) (A32)
Acbﬁg— _A(Dggwn_A¢A+B+A¢C+DI (A28) and
where the phase accumulated by the spin-up neutrons is the on
negative of that accumulated by spin-down neutrons: ADYN(AB)=APA(AB)—Adp(AB) =Sy gAB+AX(AB)
NG o=AGaABR+AGY(AB2)  (A29) —AGR-AGE(AR) ~AdEHABT(AR)
—SagAB+AXT(AB), (A33)

is the phase accumulated from the first interferometer blade

to the middle of the spin-flipper, and, similarly, representmg the spin-dependent phase shifts, contain con-

stantsA , Adp, ands,z, and measurablea y2"(A
AP, o=Adp(AB2)+ASA(ABI2)  (A30) dn Adp A X(AB),

x7'(AB),
is the phase for the remainder of the path to the last blade. MBQB uBleg
A¢S and A ¢, except for small changes due to off-center ApY(AB)= 25 T W (A34)
rotation as a function ok /2, are constant. Again, from Eq.
(24), and
off _ 0 0 B! B!
tanA @2 =P tan(A O+ A Q). (A31) Ag(Ap) = 2(/!« zc Mﬁvzc)w | (A35)

The difference betweea® g obtained from Eq(A27) and
A® obtained from Eq(A31), is Ay of Eq. (19), the mea- whereW’ =W/cosAp/2).
sured phase difference between the on and off interferograms The values for¢g(AB) and ¢c(AB), the phase shift

to be fit as a function oAg. across an individual coil of the dual flipper used in
(A,B) and AX "(AB) of Egs. (All) and (A12), are
Geometric phase g'Ven by

The procedure goes as follows: for the geometric phase b (A,8)=2(’MBB)W’ (A36)
measurements, the expressions B
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and 2u/B3+(gle,)?W'

1Be d(AB)= o . (A40)
dc(AB)= 2(%) W' (A37)
The value of the constant gaN/fv), was determined ex-
From Eq.(16), perimentally from a fit to thé, efficiency scan of Fig. 1@)
plotted as a function oIfFl. As already explained, optimiza-
1= flp; 1 I (A38) tion of the flipper efficiency could only be performed féy;

the results were assumed to be identicalFgr

. . . .. A simple linear regression to the geometric phase data of
represents the intensity of spin-down neutrons from the |nC|-Fig 11, as a function aAB, has a slope of 1.36+0.04. A
dent intensity, wheré,, flipper F;’s efficiency, is given by Y ) 0 0 : o
T . . three parameter fit foA ¢, A¢p, ands,s, based on Egs.

Eq. (A8) which is a function of¢pg and ¢ . ¢dg and e, in d hich for ineid larizati
turn, depend on the total magnetic fidkdq. (A5)] (A27) and (A31), whic .co.rrects. or incident polarization

' and nonperfect spin flipping, gives 1.23+0.03 for the
slope of the datas, 5. A fit using these parameters is shown
2 2 2 2 B
B=\B2+B; = B2+ (gl¢)> (A39)  in Fig. 11. According to Eq(2), ®s=Ap, then theoreti-

_ _ _ - cally,syz=1; however, in assuming that$3 andA ¢p are
wherelg is the flipper current, and is a proportionality ~ constants, any dynamical phase contamination will be con-
constant determined from the measured value of the flippetained ins, 5. The consequences of this are explained in the
coil field. Thus text.

Dynamical phase

For the dynamical phase data as a function of translation along the beamxptith spin-dependent phase shift expressions
have the forms

ADY(6X)=Apa(OX)+Adp(8x)+Ax(6x,AB=0)
=AdR— AP (5%, A B=0)+550x+Adp— AT (5x,A B=0) — 555X+ Ax2(8x,Af=0)
=Apa— A (8%, AB=0)+Adg— AT (5x,AB=0)+ 5x(5x,AB=0) (A41)

and

ADN(6x)=Apa(6X) —App(8x)+Ax](6x,AB=0)
=Ada— AP (5%, A B=0)+55x— Adp+ AT (5x,A B=0) +555x+ Ax?(6x,A5=0)
=Ada— AP (5%, A B=0)— AP+ AT (5%,AB=0)+ 255X+ AxO(8x,A=0). (A42)

Again, A ¢, A$3, ands;, are constants andlx?"(8x,AB=0), Ax{"(6x,AB=0),

Bl ( &x BL(&x
Agﬁgﬁ(ﬁX,AB:O):[M ;i )—M Zf} ) (A43)
and
BLl(sx) wBL(8X)
A (ox,Ap=0)=|~ ;l() Na ,ff} (A4d)

are based on measured values. A plot of the Helmholtz coils’ field streBgth as a function of position inside the
interferometer, is shown in Fig. 17. It is these values that are used in the equatiom;bgﬁ,r Ad;ocﬁ, ¢g, and ¢c. A
three-parameter fit is made for each of the two cases, translations along paths | and Il. Results of these fits are shown in Figs.
14 and 15, and give,,=—19.4+-0.5°/mm ands;,; =18.9+0.4°/mm, respectively. These results are discussed in the text.
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