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Neutron wave-interference experiments with adiabatic passage of neutron spin
through resonant coils
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Neutron resonance spin echo phenomena, produced by resonance coils with adiabatic passage of the neutron
spin, are investigated experimentally and theoretically. The adiabatic passage of the neutron spin through a
resonance coil requires a specific configuration of the magnetic field. The solution of the Schro¨dinger equation,
obtained for the required configuration, shows the probability of a spin-flip process; it also shows the phase
shift, which the neutron experienced, when it flies through it. The precession phase inside the coil consists of
three contributions in the rotating frame approach. The first, biggest contribution is the phase of the rotating
frame v0t. The second is the precession phase of the neutron spin in the rotating frame since it follows
adiabatically the effective field as seen in this frame. The third, smallest contribution is Berry’s phase since the
magnetic field rotates over an angle approachingp in this rotating frame. This rotation is followed adiabati-
cally by the neutron spin. Finally, the amplitude of the interference pattern and the phase shift between the
neutron-spin states are derived for a system consisting of two such flippers. The theoretical consideration is
experimentally confirmed.
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I. INTRODUCTION

Neutron resonance spin echo~NRSE! is becoming a new,
important method to determine the energy transfers in n
tron beam scattering experiments@1–3#. In this method, as
well as in the conventional spin echo~SE! technique@4#, the
energy transfer or velocity change of neutrons caused b
sample is measured by comparing the amount of preces
before and after scattering. The NRSE technique sta
when Gähler and Golub proposed an alternative~to the con-
ventional method! possibility to produce spin precession
zero field~ZF! between two resonance spin flippers conta
ing rf coils @1–3#. In a number of articles, they investigate
the main principles of the ZF precession and carried out
periments showing advantages and possibilities of the
‘‘mode’’ in SE spectrometry. In particular, they showed th
a pair of the rf flippers, operated in resonancev05gB0 and
separated by a distanceL, simulates a dc field integra
2gB0L, whereg is the neutron gyromagnetic ratio. This e
fect is well understood if Larmor precession is considered
an interference phenomenon between two superposed
tron waves. Indeed, inside the static magnetic-field reg
the incoming neutron wave with momentumkW will become
the superposition of spin state waves with a phase shift
is determined by the momentum differencekW 1 andkW 2 . Then
after spin flip in an rf coil, neutrons leave the static magne
field and the momentum difference is doubled because of
energy-conservation law. The second flipper, positioned
distanceL from the first one, cancels the difference in m
menta and therefore stops the precession.

As was shown in@5,6#, the spin-flip probability of the rf
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flipper plays an important role in such experiments. The fl
per is a combination of the permanent fieldB0 and, perpen-
dicular to it, field of amplitudeBrf oscillating at frequency
n rf . Two conditions, bounding the parameters of these m
netic fields, must be fulfilled to have the spin-flip proce
complete. First, the frequency of the rf field matches
Zeeman energy difference between the two spin eigenst
produced by the permanent field: 2pn rf5gB0. Second, the
strength of the rf fieldBrf , the length of the flipperl, and the
neutron velocity~or wavelength! must satisfy the equation
gBrfl /v5p. Therefore, the full spin flip is realized for on
value of the wavelength spectrum. When a partial rather t
a complete spin-flip process occurs, this results in the app
ance of four neutron waves in the space between the flipp
These waves interfere and each pair of them produces a
distinct interference pattern@5,6#.

To avoid a wavelength dependence of the spin-flip pr
ability, at present we use a neutron resonance spin flip
~NRSF! with adiabatic passage of the spin instead of a c
ventional one, as has been used until now in the NR
method. NRSFs with adiabatic passage were applied for
first time at the beginning of 1970s@7,8#. The main charac-
teristics and advantages of this flipper are the followin
First, the range of high efficiency~spin-flip probability is
practically equal to unity! is limited only by some minimum
wavelengthlmin of the neutron spectrum. Second, this fli
per has a relatively high flipping stability with respect to t
effect of external magnetic field. Since a spin-flip proce
with r51 occurs for the ‘‘white’’ neutron spectrum in thi
flipper, the whole spectrum of neutron wavelengths is
volved in the precession, in contrast to experiments in wh
conventional resonance flippers are used.

It is worthwhile to mention that the principle of adiabat
passage of the spin in neutron experiments has full ana
©2001 The American Physical Society14-1
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in NMR @9#. The adiabatic passage of the neutron spin
quires specific changes in configuration of the magn
fields of the flipper@10#. The permanent field must have
gradient along the neutron path, so that the resonant p
(2pn rf5gB0) occurs approximately at the middle of th
flipper. The amplitude of the oscillating fieldBrf also is not
constant, but increases from the entrance to the middle,
its maximum there, and then decreases toward the exit o
flipper. The question arises of what is the phase of the n
tron wave if its spin interacts with such a flipper. One c
expect a distortion of this phase, caused by a violation of
resonance condition over the whole neutron path except f
single point in the middle. To clarify this point, consider
neutron flying through such a magnetic configuration in
frame rotating with the frequencyv052pn rf . In this frame,
one comes to the problem of the spin behavior in a ‘‘slowl
rotating field, namely the resultant of the gradient and a
plitude of the rf field. If the adiabatic condition is fulfilled
~the Larmor frequency of the spin precession in this rotat
frame is much higher than the rotation rate of the field t
rotates itself!, the neutron spin follows the direction of th
resultant magnetic field in the rotating frame and theref
becomes reversed with respect to field in the laborat
frame. The question of the spin phase in the magnetic fi
which is adiabatically varied, was intensively discussed
relation with Berry’s phase@11#. The discussion resulted i
understanding that this phase is a sum of two contributio
the dynamical phase caused by Larmor precession and
geometrical phase caused by rotating the field in space
called Berry’s phase. Several experiments were carried o
demonstrate Berry’s phase in neutron spin rotation@12–14#.
It was additionally shown that Berry’s concept could be ge
eralized and expanded to NMR interferometry@15–17#.

Combining achievements of the NMR and neutron sp
troscopy, we conclude that the total phase of the neu
wave in the magnetic field configuration of NRSF with ad
batic passage is a sum of three contributions. The first,
gest contribution is the phase of the rotating framev0t. The
second one is the precession phase of the neutron spin i
rotating frame while it follows the effective field of thi
frame adiabatically. The third, smallest one is Berry’s pha
or the geometric phase, since the magnetic field rotates a
batically in this rotating frame. This ‘‘double’’ rotation—
rotating the magnetic field in the rotating frame—seems
be rather confusing, although all contributions, distinguish
theoretically, can be visualized experimentally. The formu
describing the spin-flip probability of one flipper are deriv
in Sec. II. We calculate also the phase shift between in
fering neutron waves and how it depends on the parame
of the flipper. The phase shift between neutron spin sta
and amplitude of the interference pattern are also derived
a system of two NRSFs with adiabatic passage as is requ
for NRSE spectroscopy. It will be shown that the phase d
ference between interfering neutron waves is relatively
sensitive to variations of the static magnetic field but not
variations of the gradient. As was predicted in@18#, the sta-
bility is additionally provided by the fact that the magne
field on both sides of the magnets is mirrored in the NR
experiment and therefore variations of the permanent m
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netic field will be compensated. Section III gives details co
cerning the setup. The results of the measurements are g
in Sec. IV. The experiment confirms the conclusion made
Sec. II. Although we have not measured Berry’s phase in
present experiments, its discussion sheds additional ligh
the problem of adiabatic passage of a spin in the NRSF.
shall also propose and discuss an experiment with a NR
with adiabatic passage in which Berry’s phase can be
served. Finally, it is wise to notice that many basic ide
about phase accumulation due to spin precession, which
addressed in the present paper, are discussed in a new
by Rauch and Werner@19#.

II. NEUTRON RESONANCE SPIN ECHO
WITH ADIABATIC SPIN FLIPPERS

A. Qualitative description

The principle of the adiabatic NRS flipper is easy to e
plain in the classical approach of the rotating frame@8#. Such
a flipper consists of two mutually perpendicular magne
fields. The first is a permanent field with a gradient along
x axis and parallel to thez axis. The other one is an oscilla
ing field with frequencyv0 and amplitudeBrf(x) perpen-
dicular to it. The frequency of the oscillating field is chos
such that resonance occurs at some point near the midd
the region where the gradient is present. The particle tra
tory is parallel to thex axis.

As proposed in@10#, in order to make the system math
ematically treatable, we use the model of the so-called s
cosine modulation of the effective field in the frame rotati
at ratev0 around thez axis of the laboratory system. Thi
means that the amplitude of the oscillating field,Brf(x), dis-
tributed along the neutron pathx5@0,l #, is described by the
sine function

Brf~x!5A sinS p
x

l D . ~1!

The dependence onx of the permanent fieldB(x) is de-
scribed by the cosine function

B~x!5B01A cosS p
x

l D , ~2!

whereB0 is the field in the centerx05 l /2, l is the length of
the flipper, andA is the amplitude of the modulation. Th
second term of this equation will show up as a perman
gradient field added to the homogeneous fieldB0. It will be
denoted as ‘‘gradient field.’’

When the resonance condition for the center is fulfill
(v05gnB0), then neutrons, as seen in the rotating frame,
affected by the sum of the effective fields: the static fie
along thez axis, reduced by the valueB0, and the amplitude
of the rf fieldBrf , which also appears static. Figure 1 sho
the schematic picture of the magnetic-field configuration
the rotating frame. For a neutron that flies through such c
4-2
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NEUTRON WAVE-INTERFERENCE EXPERIMENTS WITH . . . PHYSICAL REVIEW A64 013614
figuration with velocityv, according to Eqs.~1! and~2!, the
effective field rotates in thex-z plane with frequencyV
5pv/ l . At the same time, the neutron spin rotates about
effective field at frequencyvL5gA, whereA is the magni-
tude of the effective field. If the magnitude of the effecti
field A is large enough, so thatvL@V ~the adiabatic ap-
proximation!, then the neutron spin follows the effectiv
field. Coming back to the laboratory system, this means
spins are reversed on their passage through the flipper,
shown in Fig. 1.

As is mentioned above, precession of a neutron spin m
be effectively produced in the system of two rf spin flippe
placed at a distanceL from each other. Figure 2~a! shows
schematically the system of the magnetic fields of two rf s
flippers with a guide field between them. If spin flippin
occurs in the first flipper, the neutron states exchange a p
ton of energy\v0522mnB0 with the rf field. So during the
spin flip in the rf field, neutron spin states split by the ma
netic field B with momentak25k02(mnB/\v) and k1

5k01(mnB/\v) will gain or lose an amount of potentia
energyDE52mnB0. Then, upon leaving the static field, the
potential energy is released as a kinetic-energy change. T
the splitting of the wave vector is doubled:k2 becomes
k225k02(2mnB0 /\v), k1 becomes k115k0
1(2mnB0 /\v). This is shown in the (k,x) diagram @Fig.
2~b!#, i.e., the diagram of different wave-vector paths b
tween the flippers as a function of position along the bea
In the zero-field region after the flipper, these waves interf
and their phase differencef5*0

x@k11(x8)2k22(x8)#dx8
22v0t implies an effective precession in space. This spa
precession, however, takes place in almost zero field@so-
called ‘‘zero-field’’ ~ZF! precession#. In static experiments
this is unobservable because the phase difference betw
the two interfering waves continues to grow in time at t
rate 2v0. The time-dependent behavior in ZF precess
may be halted by transmitting the neutron through anothe
spin flipper identical to the first one. Then bothk11 andk22

return tok0, and also the difference in evolution rate in tim
v rf disappears by emitting or absorbing the photon in
second flipper. Thus, the growth of both the spatial and t

FIG. 1. Scheme of the effective magnetic fields in the fra
rotating with frequencyv0. Neutron spin follows the effective mag
netic field in this frame, which means a spin flip in the laborato
frame.
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phase difference, i.e., the precession, is halted. The le
k11 andk22 represent the splitting in momentum when t
spin-flip probability r of both flippers is equal to 1. The
amount of ZF precession~or precession phase! is propor-
tional to the inner area between them and is equal tof
5*@k11(x)2k22(x)#dx.

While the precession phase in the space over the len
between the flippers is clearly seen, the precession ph
obtained by the neutron spin inside NRSF with adiaba
passage should be clarified. Indeed, we might expect tha
precession phase would be strongly disturbed and smear
such a flipper for the following reasons. The static magne
field has a gradient that results in a distortion of thek-level
splitting. If the x coordinate of the spin flip has an unce
tainty over the length of the flipper, the difference betwe
k1 and k2 ~therefore the phase difference! might also be
smeared. However, the phase will be shown to have a w
defined value in the following quantitative approach. We w
conclude that the precession phase inside the flipper is m
up of three contributions~in the rotating frame approach!:
the phase of the rotating framev0t, the precession phase o
the neutron spin in the rotating frame*guBeff(t)udt, and
since it follows adiabatically the effective field, a contrib
tion of the rotation of the effective field overp or Berry’s
phase.

B. Solution of the Schrödinger equation

In order to derive these conclusions quantitatively,
have to treat the behavior of a plane neutron waveC(t0)
with initial occupation numbers at timet0(b(t0)

a(t0)) in the sys-

tem of two NRSFs with adiabatic passage, separated in s
by the distanceL as a solution of the Schro¨dinger equation.
~Here t0 is the time at which the neutron enters the fi
flipper.! First we consider the wave of a neutron with velo
ity v passing along with coordinatex through the magnetic-
field configuration, described by Eqs.~1! and~2!. The Schro¨-
dinger equation for this system can be written as

FIG. 2. ~a! Sketch of the system of the magnetic fields of t
two NR spin flippers with a guide field between them.~b! (k,x)
diagram of the wave vectors as a function of position along
beam.

e
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i\
dC

dt
5S 2mn@B01A cos~px/ l !# mnA sin~px/ l !exp~ iv0t !

mnA sin~px/ l !exp~2 iv0t ! mn@B01A cos~px/ l !#
DC~ t !. ~3!
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Adhering to the standard way of solving the system
coupled differential equations~3!, first we move into a coor-
dinate system rotating with frequencyv0 whosez axis coin-
cides with that of the laboratory system. Thus we transfo
away the exponential or oscillating part of the nondiago
terms and reduce the diagonal terms by the value\v0 /2mn .
When v0 satisfies the resonance condition at the cente
the flipper,

v05gB0 ~4!

with g522mn /\, we reduce the problem to the solution
the following system of equations:

i\
dC1

dt
5S 2mnA cos~px/ l ! mnA sin~px/ l !

mnA sin~px/ l ! mnA cos~px/ l ! DC1~ t !.

~5!

Writing x5vt, Eq. ~5! is transformed to the problem of
neutron spin in a magnetic field of amplitudeA rotating with
frequency V5pv/ l . This problem was extensively dis
cussed recently@11–13# as that concerning the manifestatio
of Berry’s phase in neutron experiments. Indeed, Berry’s
has its simplest form in the case of a spin-1

2 particle in an
external magnetic field. When this magnetic field is var
adiabatically such that the precession frequency of the
in the field is much higher than the rotating speed of the fi
itself, then the spin phase depends not only on the inte
dynamics, but also on its geometric history@11#. This fre-
quencyV will show up in the resulting phase of the neutro
spin. How it happens can be easily understood if one tra
forms into a new rotating frame about they axis with fre-
quencyV. To distinguish the two rotating systems that we
introduced, we call the system rotating with frequencyv0
frame I, and the system rotating with frequencyV frame II.
After the second transformation, the neutron spin encoun
effectively static magnetic fields. Then we get for the syst
of equations

i\
dC2

dt
5S 2mnA iV/2

2 iV/2 mnA DC2~ t !. ~6!

In this new system~frame II!, the rotation of the field reveal
itself like a permanent magnetic field of strengthV/g . This
newly formed field makes its own contribution to the sp
phase.

The last step, which should be done, is to revolve fram
over the anglef0 defined by the ratio between valuegA and
V such that cosf05A/AA21(V/g)2 and sinf0

5(V/g)/AA21(V/g)2. HeregA is, in fact, the frequency o
the Larmor precession in frame I, andV is the rotating speed
of the magnetic field in frame I. Therefore, we introducek
5gA/V as an adiabaticity parameter of the rotating fram
01361
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and rewrite cosf05k/Ak211 and sinf051/Ak211. After
rotating the system through the anglef0, we have the system
of the uncoupled equations with simple solutions:

C3
1,2~ t !5C3

1,2~0!exp~7 iAk211Vt/2!. ~7!

The wave functionsC,C1 ,C2, andC3 are related by ma-
trixes of transformations from the laboratory system to fra
I, then from frame I to frame II, and from frame II to th
system rotated through the anglef0, respectively. Then afte
returning to the laboratory system and accounting for
boundary conditions, one gets the solution for a neut
leaving the system at a timet11t ~wheret5 l /v):

C~ t11t!5Ĉ~ t1 ,t!C~ t1!, ~8!

whereĈ(t1 ,t) is a 232 matrix with elements

C115C22* 5sinf0 sinf exp~ iv0t/2!, ~9!

C1252C21* 52@cosf2 i cosf0 sinf#exp„iv0~ t11t/2!….
~10!

Here we introduced the designationf5(Ak21121)Vt/2.
The extra term2Vt/2 insuresf50 when there is no field
with amplitudeA.

C. NRSF with adiabatic passage

Let us derive the expression for the spin-flip probabilityr
from Eqs.~8!–~10!. Assuming the initial occupation number
a(t0)51 andb(t0)50, the spin-flip probability is given by
the occupation number of the spinor component↓ after the
flipper:

r5b* ~ t11t!b~ t11t!5
k21cos2f

k211
512

sin2f

k211
.

~11!

Hencer depends on the value of the parameterk, which is
the adiabaticity parameter of the NRSF with the gradi
field, which is the only remaining field in the rotating fram
I and which can be rewrittenk5gAl /pv.

It is seen from Eq.~11! that resonant spin flip occurs fo
big k, i.e.,

k5g lA/pv@1. ~12!

The inequality@Eq. ~12!# is the adiabatic condition im-
posed on the length of the flipperl, the magnitude of the
gradient fieldA, and the value of velocity,v. Accounting for
the relation between velocityv and wavelengthl @v5b/l,
where b53.9583105 (Å cm s21)#, it is immediately seen
that at givenl andA, the condition@Eq. ~12!# is well satisfied
4-4
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NEUTRON WAVE-INTERFERENCE EXPERIMENTS WITH . . . PHYSICAL REVIEW A64 013614
for a wavelength range beyond a certain minimum. He
the spin-flip probabilityr of NRSF is highly stable and equa
practically to unity for a broad wavelength spectrum atl
.lmin . This last conclusion is the basis for designing t
broadband adiabatic spin flipper@10#.

The phase shift between interfering neutron waves w
opposite spin states inside the ‘‘adiabatic’’ resonant flippe
also derived from Eqs.~8!–~10!. For that, we assume th
initial occupation numbersa(t0)51/A2 and b(t0)51/A2.
Then the polarization componentsPx andPy , perpendicular
to the magnetic field, are given by

Px5^sx&5cos~v0t!cos 2f

2sgn~A!ucosf0usin~v0t!sin 2f

'cos„v0t1sgn~A!2f…, ~13!

Py5^sy&5sin~v0t!cos 2f

1sgn~A!ucosf0ucos~v0t!sin 2f

'sin„v0t1sgn~A!2f…, ~14!

because in the adiabatic approximation Eq.~12! one has
ucosf0u5k/Ak211'(121/2k2)'1. So the sign of the gra
dient (cosf0;k;A) comes into the phase obtained by t
neutron in the flipper. This phase, as seen in Eqs.~13! and
~14!, is combined from the phase of the rotating frame
(v0t), as it is in a conventional flipper@5#, and from the
phase (f), which is in fact the phase of the spin in th
magnetic field of the rotating frame I,f5(Ak211
21)Vt/2. In the adiabatic approximation Eq.~12!, we can
rewrite f'gAt/22(121/2k)Vt/2. Here the first term is
the dynamical or Larmor phase in the rotating frame I, a
the second term is the geometrical or Berry’s phase. The
term is much smaller than the former one and it has a ra
fundamental interest. Let us neglect it for simplicity.

Considering the question of the phase stability with
spect to external influences, which is important for practi
applications, first of all we shall admit that the first termv0t
of the total phase depends on the stability of the gener
feeding the rf coil, which is always very high. Concernin
the phasef, when the parameterk is varied, althoughk@1,
this results in significant variations of the Larmor part of t
phase, while Berry’s phase has a weak dependence ok.
Therefore, the distortion of the effective field in the rotati
frame I determines the stability of the total phase. When
effective magnetic field is disturbed, the solution, nevert
less, is still valid as long as the adiabatic condition is sa
fied. We should only correct for the change of the phasef.
The simplest examples of a distortion ofBeff

W ~which are the
point of our interest! are that the permanent fieldB0 changes
from the valuev0 /g or the value of the gradient 2A differs
from the value of the amplitudeBrf at its maximum, or both
together. Nevertheless, under the adiabatic approxima
we can rewrite the phasef in the following way:

f'
g

2E uBeff~ t !udt5
g

2E ABz,eff
2 ~ t !1Bx,eff

2 ~ t !dt, ~15!
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where Bz,eff(t)5B02v0 /g1A8cos(pv/l)t and Bx,eff(t)
5A9sin(pv/l)t. A8 andA9 are the amplitudes of the gradien
field and the oscillating field as set by the experimental
For arbitrary values ofB0 , A8, and A9, the exact solution
does not exist@9#. Nevertheless, Eq.~15! can be used in a
computer simulation so that we can compare the experim
tal data off with the calculated data. Furthermore, we noti
that a relatively large change ofB0 results in a small change
of the phasef, while a change in the gradient is direct
proportional to the value of the phasef.

D. NRSE: Final expressions

Next the neutrons fly through a spaceL free of magnetic
field. In this space, they are not influenced by a magn
field until they enter the second flipper at the momentt1
1t1T, whereT5L/v. So only the time-dependent part o
the spinor function changes, i.e.,C(t11t) becomesC(t1
1t1T). Finally, upon leaving the second flipper att11t
1T1t, the neutron states may be described according to
~5! by C(t11t1T1t)5Ĉ(t11t1T,t)C(t11t1T).

Now we proceed to calculate the final polarization in t
x,y,z directions using the resulting functionC(t11t1T
1t). The polarization componentPi is found by calculating
^s i&5C* (t11t1T1t)s iC(t11t1T1t), wheres i is the
(232) Pauli matrix for that polarization component. To pr
duce results that can be compared with experiments, we n
to specify the polarization state of the neutron beam bef
entering the first flipper. When we start with polarizatio
along they direction, the occupation numbersa(t0) and
b(t0) of the spinor components are both equal to 1/A2.

The final polarization componentsPx and Py consist of
numerous terms. Most of them are oscillating functions
time t1. In addition, they are reduced by the factor sinnf0
with n51, . . . ,4 and sinf0'0. Hence they do not contribut
to the time-averaged polarization as measured in our exp
ments. We may therefore average out or neglect these te
We obtain the following for the polarization componen
Px ,Py :

Px5^sx&'r2 cos@2v0~T1t!1sgn~A1!2f1

2sgn~A2!2f2#, ~16!

Py5^sy&'r2 sin@2v0~T1t!1sgn~A1!2f1

2sgn~A2!2f2#. ~17!

In the above formulas, we suppose that the spin-flip pr
abilities for both flippersr1 and r2 are close to 1; that is
their adiabatic parametersk1 ,k2 are much bigger than 1. We
suppose that the gradientsA1 andA2 of the permanent fields
in the flippers may differ. Here sgn(A1,2)561 depends on
the mutual orientation of the spin and the gradient of
permanent field. When flipper 1 and 2 are identical,
phasesf1 andf2 are compensated, since the spin enter
the second flipper is opposite to the spin entering the first
because of the spin flip in the first flipper. Therefore, t
phase of the polarization signal after such mutual compen
tion is 2v0(T1t).
4-5
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When both arms of the spin echo setup are operating,
~16! and ~17! become

Px5r4 cos@DF#, Py5r4 sin@DF#, ~18!

DF52v0~T12T2!1sgn~A1!2f12sgn~A2!2f2

2sgn~A3!2f31sgn~A4!2f4 . ~19!

Here the phase shiftDF is determined by the difference i
the lengths of the arms (T1 andT2) and by combinations o
the phasesf1,2,3,4 with signs determined by mutual orienta
tions of the spin and the magnetic-field gradients of e
flipper. From Eqs.~18! and ~19!, one can see that fo
k1,2,3,4@1 the spin-flip probability does not depend on t
relative variations of the permanent magnetic fieldB0 andA,
and is equal to 1. So the amplitude of the SE signal has o
a little change when the magnetic fieldB0 is varied. The
phase shift is changed by varying the values ofA1,2,3,4only.

III. LAYOUT OF THE NRSE EXPERIMENT

The measurements described in this paper were ca
out using the polarizing mirror setup SP at IRI, Delft. Figu
3 gives a schematic outline of this setup. A polychroma
neutron beam emerging from a 2-MW swimming-pool-ty
reactor is polarized by polarizerP. Using rotator (R1), the
polarization of the beam is rotated towards they axis, i.e.,
perpendicular to the guide field. The system consisting
two rf spin flippers is located downstream from this rota
R1. This system can be considered as the first arm of a
echo setup. In our experiments, we setB0 equal to 365 G or
760 G and the frequency of the oscillating field equal to 1
MHz or 2.25 MHz, respectively, to fulfill the resonance co
dition Eq.~4! at the center of the flipper. The length of the
coils is 0.1 m and they are placed at a center-to-center
tance ofL50.5 m. The permanent magnetic field is pr
duced by an electromagnet with pole shoes such that
magnetic field is relatively homogeneous over the length
the flipper. It drops exponentially outside both sides of
magnet. Two specially constructed coils were placed
tween the pole shoes to create the gradient of the perma
field. These coils were wound in such a way that the m
netic field is positive over one-half of the magnet and ne

FIG. 3. Schematic drawing of the setup realized at the SP b
line at IRI Delft: P polarizer; R1, R2 polarization rotators; SF1
SF2, SF3, and SF4 are the NR spin flippers; LC, Larmor coil;A,
analyzer; MC, monochromator crystal; MD, detector for quasim
nochromatic beam;D, detector for white beam. The system consi
ing of SF1 and SF2 makes up the first arm of a spin echo s
while SF3 and SF4 make up its second arm. The phasef caused by
the difference between first and second arms is measured a
field B1 generated in LC needed to compensate this phase.
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tive over the other half, having zero field at the middle. T
current passing through these coils is proportional to
magnitude of the magnetic field (z component! in the rotat-
ing frame I, denotedA in Sec. II. The rf coil with a cross
section of 30330 mm2 is located in the center betwee
these two coils, with the oscillating field along thex axis.
With this construction, we could vary the following param
eters of the flippers independently: the magnetic fieldB0
from 0 to 1000 G, the gradient 2A of the permanent field
from 0 to 100 G, and the amplitude of the oscillating fie
from 0 to 40 G. After transmission through the two rf flip
pers, neutrons pass the field stepper and a block-shaped
@called ‘‘Larmor coil’’ ~LC!# of length 0.32 m, which pro-
duces a static magnetic fieldBW 1. The second arm consists o
two other identical flippers. Their static magnetic fieldBW is
opposite to the static magnetic field in the first two flippe
The second arm of the SE setup is followed by a sec
polarization rotator (R2) and an analyzer (A). By Bragg
reflection at a monochromator crystal~MC!, neutrons with
wavelengthl50.19–0.23 nm are reflected into various d
tectors of the multidetector~MD!. The spread of the wave
length spectrum in each detector is 0.02 nm, approximat
The neutron beam transmitted through the crystal monoc
mator with a ‘‘white’’ spectrum~so-called ‘‘white beam’’! is
measured by the detectorD. The polarization was measure
as a function of the phasef acquired after passing throug
both SE arms. The latter is varied by the value of the m
netic fieldB1 in the ‘‘Larmor Coil.’’

IV. RESULTS

A. Spin-flip probability: Experiment

As was mentioned above, the spin-flip probabilityr is an
important quantity that determines the amplitude of the
signals. It was measured in a separate experiment with o
one flipper between polarizer and analyzer as a function
the permanent fieldB0 while the gradient coil was set to
constant value. In this setup, one measures in factPz . From
the definition of the polarization,r is connected toPz by

r5~12Pz!/2. ~20!

Figures 4~a! and 4~b! show broad resonance lines for tw
values of the resonance frequencyn51.08 MHz(B0

res

5365 G) andn52.25 MHz (B0
res5760 G), respectively.

To demonstrate the ability of the flipper to reverse sp
equally for any wavelength, the spin-flip probability for th
white beam~full line! and for the monochromatic beam wit
l50.232 nm~squares! are plotted together. It appears th
the spin-flip probability for the monochromatic beam coi
cides with that of the white beam. The width of the res
nance lines at half-height (r5 1

2 ) is determined by the mag
nitude of the gradient 2A of the permanent magnetic field. I
our case, the gradient comprises 80 G from minimum
maximum, as can be deduced from the width of the curve
their bottom. The relative asymmetry of the resonance lin
which is more pronounced in the case ofn52.25 MHz@Fig.
4~b!#, is connected with the nonsharp boundary of the m

m

-
-
p

the
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netic fieldB0. We point out that the field range withr'1, a
so-called ‘‘plateau,’’ extends over a range of about 40
aroundB0

res, which is about half the field gradient.
Another method to determiner is based on using two

flippers and measuring the detector count rate for the f
different states of the flipper system~both flippers switched
off I 00, one or another flipper onI 10,I 01, both flippers
switched onI 11!. Using the measured ratesI 00,I 10,I 01,I 11,
one can obtain the spin-flip probabilities of both flippers:

r15
1

2 S 11
I 112I 10

I 002I 01
D , r25

1

2 S 11
I 112I 01

I 002I 10
D .

The efficiency of each flipper, integrated over the who
spectrum, was found for the case ofn51.08 MHz: r1
50.98360.003, r250.99760.003, r350.99760.003, r4
50.98160.003; and for the case ofn52.25 MHz:
r1 5 0.976 0.01, r2 5 0.986 0.01, r3 5 0.996 0.01, r4
50.9860.01. For monochromatic beams with long wav
length,r i is even closer to 1.

The wavelength dependence of the spin-flip probabi
was also obtained using the so-called Larmor preces
spectroscopy@20#. In this method, a polarized neutron bea
passes through a magnetic fieldB. Due to Larmor precession
the intensity after the analyzer varies periodically as a fu
tion of the field:

I ~B!5I S2E
0

`

s~l!P~l!cos~clB!dl, ~21!

whereI S is the average intensity,s(l) is the spectral density
P(l) is the wavelength dependence of the polarizing pow

FIG. 4. Dependence of the spin-flip probabilityr in one NR
spin flipper on the permanent magnetic fieldB0 for the white spec-
trum beam~full line! and for the beam with the wavelengthl
50.23 nm~squares!.
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andc is a constant related to the length of the coil produc
the fieldB. Fourier transformation ofI (B) yields the quantity
F(l)5s(l)P(l):

F~l!5s~l!P~l!5E
2Bmax

Bmax
@ I ~B!2I S#cos~clB!d~cB!.

~22!

The intensityI (B) with initial polarization~i.e., rf power in
the flippers off! and with polarization after four spin-flip ac
tions~i.e., rf power atn51.08 MHz on! is presented in Figs
5~a! and 5~b!, respectively. The Fourier transforms ofFon(l)
andFoff(l) are plotted in Fig. 5~c!. Defining r̄ as the aver-
age ofr1 , r2 , r3, andr4 ~ i.e., r̄5 4Ar1r2r3r4) at anyl,
we find from Eq.~20! that Pz5122r̄. Hence the quotient
Fon(l)/Foff(l) is equal to (122r̄)4. From this it follows
that r̄5(11 4AFon/Foff)/2. Figures 5~d! and 6 give r̄(l)
found in this way atn51.08 MHz andn52.25 MHz, re-
spectively. The wavelength dependence ofr̄(l) according to
Eq. ~11! with the sine square averaged function andk
5gAll/(pb), whereA540 G andl 50.1 m, is plotted in
the same figures. It can be observed that the spin-flip pr
ability reaches 1 atlmin'0.2 nm and remains equal to 1 fo
the whole wavelength spectruml.lmin in accordance with
the theoretical description.

B. Spin echo experiment

In the setup described in Sec. III and in accordance w
Eqs.~18! and~19!, we can vary several parameters to chan
the phase of the SE signal: two main parameters are
length of the SE armT5L/v and frequencyv0. To check
that the phase, produced by the NRSE, is proportional to
distanceL and the resonant frequencyv0, we changed the
distance between flippers in the first arm while the seco
arm stayed without changes for two different frequenci
Figure 7 displays the ‘‘white’’ SE signals forL equal to
50, 51, 52, and 53 cm atf 51.08 MHz as a function of the
phaseF, i.e., as a function of the compensating fieldB1 in
the Larmor coil~LC in Fig. 3!. The SE signal, observed from
the figures, shifts at a rateDFexp523p per 1 cm. The theo-
retical value of the rate, derived from Eqs.~18! and ~19!, is
DF theor52gB0

resl̄/b54pnl̄/b522p per 1 cm with l̄
50.2 nm. The rate of change ofDF obtained from an
analogous experiment atn52.25 MHz is equal toDFexp
542p per 1 cm and from theoretical consideration it
DF theor545p per 1 cm. Sincel̄ is set with an accuracy o
about 10% and the value ofDL was measured with the sam
order of accuracy, the theoretical and measured values o
rateDF coincide within the error bars. The numbers fou
for DF illustrate the behavior of the biggest contribution
the total phase@Eqs.~18! and~19!#, which is proportional to
v0. Thus we have shown experimentally that the NRSE te
nique works with NRSF with adiabatic passage and
‘‘white’’ beam may be used in such experiments.

The next two experiments shown below shed light on
key parametersB0 and 2A of the flipper, which determine
phase stability with respect to variations of the perman
4-7
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magnetic field. In the first experiment, the polarization a
function of the fieldB1 in the Larmor coil~i.e., the SE sig-
nal! was measured for the white beam at several value
the permanent fieldB0 in one flipper while the gradient 2A

FIG. 5. Intensity of the white beamI (B) as a function of the
magnetic fieldB: ~a! when non-one-spin flipper is operating;~b!
when all four flippers are switched on;~c! wavelength dependenc
of F(l)5s(l)P(l) obtained by Fourier transformation of th
quantityI (B) when non-one-spin flipper is operating~squares!; and
when all four flippers are switched on~circles!; ~d! the system ad-
justed atn51.08 MHz: the spin-flip probability for one average

flipper r̄ as a function of wavelength~circles!; the theoretical value

of r̄, according to Eq.~11!, with averaged out sine square.
01361
a

of

of the field in this flipper remained constant and the para
eters of the other flippers were also kept constant. Figur
shows the SE signals at three different values ofB0 when the
rf coils are switched off. So these SE signals correspond
Larmor precession in the total fieldB01A cos(px/l) of the
flippers. It is observed that in order to compensate the a
tional phaseF produced in one flipper by changingB0, we
need to increaseB1 asB0 increases.

Figure 9 shows the same evaluation of the resonance
nal as Fig. 8 when the rf coils in all flippers are switched o
In this case, the SE setup works in the NRSE mode. We
see that the position of the SE signal moves little asB0 is
changed. The amplitudes of the signals correspond to
initial polarization multiplied byr1r2r3r4, plotted in Fig.
4~a!. The position of the SE signal as a function of the p
manent magnetic fieldB0 is presented in Fig. 10, when the
coils are switched off~squares! and on~circles!. When rf is
off, the shift DFoff of the position of the spin echo signa
upon change of the permanent magnetic fieldB0 is given by
DFoff5*0

l (DB0)dx, hence linear inDB0. This is indeed
seen in Fig. 10. When the rf is switched on, this chan
denotedDFon is given by Eq.~16!. It is seen in Fig. 10 that
the observed phase shift indeed agrees with the calcul
one ~solid line! taking A540 G. The main conclusion de
rived from this experiment is that the change of the perm
nent magnetic field in the flipper has little effect on the pha
of the NRSE experiments.

Another manifestation of this effect appears in the co
parison between the SE signals with rf coils switched on a
off at n52.25 MHz ~Fig. 11!. The strong permanent field
required by the resonance condition Eq.~4!, produces a
strong gradient ofB0 in the magnet over the cross section
the neutron beam. Different values ofB0 give different val-
ues of line integrals over the beam cross section. This res
in decoherence over the beam, and the SE signal wit
switched off becomes smeared and hardly distinguisha
from the noise@Fig. 11~a!#. When the rf coils are switched

FIG. 6. The system adjusted atn52.25 MHz: the spin-flip

probability for one averaged flipperr̄ as a function of wavelength

~circles!; the theoretical value ofr̄, according to Eq.~11!, with
averaged out sin2 function.
4-8
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on, the phase shift is not so sensitive to variations ofB0, so
the SE signal will be restored@Fig. 11~b!#. There is an addi-
tional source of stability of the phase when the rf coils a
switched on. As was predicted in@18#, the stability is also
provided by the fact that the magnetic field on both sides
the magnets is mirrored and therefore variations of the p
manent magnetic field will be compensated.

In the second experiment, we investigated the effects
the gradient 2A of the magnetic field in one of the flippers o
the phase shift at constantB0. We measured the SE signals
several different values for the gradientA in one flipper as a
function of B1, when the rf coils are switched off. Since th
two halves of the gradient coil compensate their contri
tions to the phase„DFoff5*0

l @A cos(px/l)dx50#…, the SE
signal does not move with a change of the gradient. Thi
shown in Fig. 12~open circles!. When the rf is on, according
to Eq. ~16!, the phase changes linearly with the absol

FIG. 7. PolarizationPy : the spin echo signals at four differen
distances between first and second flippersL
550, 51, 52, 53 cm at the frequencyn51.08 MHz as a function
of the phaseF, i.e., as a function of the ‘‘compensating’’ fieldB1

in the Larmor coil~LC in Fig. 3!.
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value of the gradient. This was indeed found as shown
Fig. 12~open squares!. Results of the calculations with fixe
B0, while A is varied, are also shown in Fig. 12 as solid line
The theoretical curves and experimental points coincide.

V. SUMMARY

In this paper, we described the basic principles of neut
resonance spin echo using resonance coils with adiab
passage of the neutron spin. The solution of the Schro¨dinger
equation is derived for a specific configuration of the ma
netic fields, required by adiabatic passage of the neutron
in the resonance system. From this solution, we obtained
expressions for the probability of the spin-flip process
well as for the phase of the neutron wave, which the neut
experiences when it flies through the coil. It is observed fr
the theoretical expression as well as shown experiment
that NRSFs with adiabatic passage, in contrast to conv
tional resonance flippers, provide a neutron wavelen
range of spin-flip high efficiency~probability r51), limited
only by a certain minimal wavelength. Since the spin-fl
process withr51 occurs for a broad wavelength spectru
the whole spectrum of the neutron wavelength is involved
the precession in contrast to experiments with conventio
resonance flippers.

The precession phase inside the coil is an addition of th
contributions in the rotating frame approach. The first, b

FIG. 8. PolarizationPy : the spin echo signals at three differe
permanent magnetic fieldsB05334, 350, 367 G in one of the
flippers as a function of the fieldB1, when the rf coils are switched
off.
4-9
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GRIGORIEV, KREUGER, KRAAN, MULDER, AND REKVELDT PHYSICAL REVIEW A64 013614
gest contribution is the phase of the rotating framev0t. The
second one is the precession phase of the neutron spin i
rotating frame since it follows adiabatically the effectiv
field of this frame. The third, smallest one is Berry’s pha
due to the magnetic field that varies adiabatically in t

FIG. 9. PolarizationPy : the spin echo signals at three differe
permanent magnetic fieldsB05334, 350, 367 G in one of the
flippers as a function of the fieldB1, when the rf coils are switched
on.

FIG. 10. Position of the SE signal as a function of the perman
magnetic fieldB0 when the rf coils are switched off~squares! and
on ~circles!. Results of the calculations are denoted by solid line
01361
the

e
s

rotating frame. Although we did not perform an experime
that would show the manifestation of Berry’s phase, such
experiment is in preparation. The idea of this experimen
to measure the phase shift as a function of the magnitud
the magnetic field in the rotating frame for both negative a
positive signs of the permanent-field gradient, using the p
cipal scheme of the present installation. In full agreem
with experiment, described in@12#, we would observe the
phase ‘‘jump’’ of 2p in the range of the small values of th
magnetic field. Since we work with the ‘‘white beam,’’ w

nt

.

FIG. 11. PolarizationPy : ~a! the spin echo signals when the S
setup is adjusted for operating atn52.25 MHz and rf coils are off;
~b! the spin echo signals when the SE setup is adjusted for opera
at n52.25 MHz and rf coils are on.

FIG. 12. Position of the SE signal as a function of the gradi
of the magnetic fieldA when the rf coils are switched off~squares!
and rf coils are on~circles!. Results of the calculations are present
on the figure by solid lines.
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can certainly identify the phase shift without ambiguity
multiples of 2p.

The phase shift between neutron spin states and the
plitude of the interference pattern are derived for the sys
of two coils and for the full SE setup, as is required f
NRSE spectroscopy. In the experimental part of this wo
we showed, in accordance with theoretical description,
the amplitude of the interference pattern for the white be
is proportional to the product of spin-flip probabilities
each coilr1r2r3r4. It was demonstrated that our setup sim
lated a dc field integral 2gB0L with B5365 G andB
5760 G atL550 cm for the whole wavelength spectrum
It was also shown that the phase difference between inte
ing neutron waves is relatively insensitive to variations of
-

-

o,
ev

.

-
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permanent magnetic field. Its stability is determined
variations of the gradient 2A, which is a much smaller quan
tity.

ACKNOWLEDGMENTS
The authors wish to thank J. Zandijk for developing a

building the amplifiers to generate the rf fields. This work
part of the research program of the ‘‘Stichting voor Fund
menteel Onderzoek der Materie~FOM!,’’ which is finan-
cially supported by the ‘‘Nederlandse Organisatie vo
Wetenschappelijk Onderzoek~NWO!.’’ The work was partly
supported by the INTAS Foundation~Grant No. INTAS-97-
11329!. One of the authors~S.V.G.! thanks RF FR~Project
No. 00-15-96814! and the Russian State Programme ‘‘Ne
tron Research of the Condensed State.’’
r-

-

@1# R. Golub and R. Ga¨hler, Phys. Lett. A123, 43 ~1987!.
@2# R. Gähler and R. Golub, J. Phys.~Paris! 49, 1195~1988!.
@3# R. Golub, R. Ga¨hler and T. Keller, Am. J. Phys.62, 779

~1994!.
@4# F. Mezei, Z. Phys.225, 146 ~1972!.
@5# S.V. Grigoriev, W.H. Kraan, F.M. Mulder, and M. Th. Re

kveldt, Phys. Rev. A62, 063601~2000!.
@6# F.M. Mulder, S.V. Grigoriev, W.H. Kraan, and M. Th. Re

kveldt, Europhys. Lett.51, 13 ~2000!.
@7# V.F. Ezhov, S.N. Ivanov, V.M. Lobashev, V.A. Nazarenk

G.D. Porsev, O.V. Serduk, A.P. Serebrov, and R.R. Tal’da
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