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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 theliBghreequation,
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 wy7. 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 approachini 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 flipper plays an important role in such experiments. The flip-
per is a combination of the permanent fi&ld and, perpen-
Neutron resonance spin ectfidRSE) is becoming a new, dicular to it, field of amplitudeB,; oscillating at frequency
important method to determine the energy transfers in neur,;. Two conditions, bounding the parameters of these mag-
tron beam scattering experimerits-3]. In this method, as netic fields, must be fulfilled to have the spin-flip process
well as in the conventional spin ecli8E) techniqud 4], the  complete. First, the frequency of the rf field matches the
energy transfer or velocity change of neutrons caused by Zeeman energy difference between the two spin eigenstates
sample is measured by comparing the amount of precessigiroduced by the permanent fieldz2;= yB,. Second, the
before and after scattering. The NRSE technique startegtrength of the rf field,, the length of the flippe, and the
when Galer and Golub proposed an alternatite the con-  neutron velocity(or wavelength must satisfy the equation
ventional methoy possibility to produce spin precession in yBl/v= 7. Therefore, the full spin flip is realized for one
zero field(ZF) between two resonance spin flippers contain-yalue of the wavelength spectrum. When a partial rather than
ing rf coils [1-3]. In a number of articles, they investigated a complete spin-flip process occurs, this results in the appear-
the main principles of the ZF precession and carried out exance of four neutron waves in the space between the flippers.

periments showing advantages and possibilities of the newhese waves interfere and each pair of them produces a new
“mode” in SE spectrometry. In particular, they showed that yitinct interference patters,6].

a pair of the rf flippers, operated in resonanrgg= yB, and

separated by a distande, simulates a dc field integral To avoid a wavelength dependence of the spin-flip prob-

ability, at present we use a neutron resonance spin flipper

EY?F’L’ erlleredy |stthz r)fetjtron gyromagnetic ratio. -.Ejh's zf' NRSP with adiabatic passage of the spin instead of a con-
ect 1S well understood If Larmor précession IS ConsIdered agg g 5 one, as has been used until now in the NRSE

?n mterferenlced ph;npm_znogl betth?en two stl_Jp)_?r;?gsed "ethod. NRSFs with adiabatic passage were applied for the
ron waves. Indeed, inside the stalic magnetic-lield TegIoNg ot time at the beginning of 197¢3,8]. The main charac-
the incoming neutron wave with momentunwill become teristics and advantages of this flipper are the following.
the superposition of spin state waves with a phase shift thatirst, the range of high efficiencgspin-flip probability is
is determined by the momentum differerlceandk_ . Then  practically equal to unityis limited only by some minimum
after spin flip in an rf coil, neutrons leave the static magnetiovavelength\ ,;, of the neutron spectrum. Second, this flip-
field and the momentum difference is doubled because of thper has a relatively high flipping stability with respect to the
energy-conservation law. The second flipper, positioned at affect of external magnetic field. Since a spin-flip process
distancelL from the first one, cancels the difference in mo-with p=1 occurs for the “white” neutron spectrum in this
menta and therefore stops the precession. flipper, the whole spectrum of neutron wavelengths is in-
As was shown irf5,6], the spin-flip probability of the rf  volved in the precession, in contrast to experiments in which
conventional resonance flippers are used.
It is worthwhile to mention that the principle of adiabatic
*Email address: grigor@rvv.Inpi.spb.su passage of the spin in neutron experiments has full analogy
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in NMR [9]. The adiabatic passage of the neutron spin renetic field will be compensated. Section Il gives details con-

quires specific changes in configuration of the magneticerning the setup. The results of the measurements are given

fields of the flipper[10]. The permanent field must have a in Sec. IV. The experiment confirms the conclusion made in

gradient along the neutron path, so that the resonant poiriec. Il. Although we have not measured Berry’s phase in our

(2mvs=yB,) occurs approximately at the middle of the present experiments, it_s discussion shed_s a_ldditional light on

flipper. The amplitude of the oscillating fieBl; also is not  the problem of adiabatic passage of a spin in the NRSF. We

constant, but increases from the entrance to the middle, hagall also propose and discuss an experiment with a NRSF

its maximum there, and then decreases toward the exit of th&ith adiabatic passage in which Berry’s phase can be ob-

flipper. The question arises of what is the phase of the neis€rved. Finally, it is wise to notice that many basic ideas

tron wave if its spin interacts with such a flipper. One can@Pout phase accumulation due to spin precession, which are

expect a distortion of this phase, caused by a violation of th@ddressed in the present paper, are discussed in a new book

resonance condition over the whole neutron path except for 8 Rauch and Werngr.9].

single point in the middle. To clarify this point, consider a

neutron flying through such a magnetic configuration in the Il. NEUTRON RESONANCE SPIN ECHO

frame rotating with the frequenay,=27v. In this frame, WITH ADIABATIC SPIN FLIPPERS

one comes to the problem of the spin behavior in a “slowly”

rotating field, namely the resultant of the gradient and am-

plitude of the rf field. If the adiabatic condition is fulfilled ~ The principle of the adiabatic NRS flipper is easy to ex-

(the Larmor frequency of the spin precession in this rotating?lain in the classical approach of the rotating frgi@g Such

frame is much higher than the rotation rate of the field tha@ flipper consists of two mutually perpendicular magnetic

rotates itself. the neutron spin follows the direction of the fields. The first is a permanent field with a gradient along the

resultant magnetic field in the rotating frame and thereforex axis and parallel to the axis. The other one is an oscillat-

becomes reversed with respect to field in the laboratoryng field with frequencyw, and amplitudeB(x) perpen-

frame. The question of the spin phase in the magnetic fieldjicular to it. The frequency of the oscillating field is chosen

which is adiabatically varied, was intensively discussed insuch that resonance occurs at some point near the middle of

relation with Berry’s phasgl1]. The discussion resulted in the region where the gradient is present. The particle trajec-

understanding that this phase is a sum of two contributiongory is parallel to thex axis.

the dynamical phase caused by Larmor precession and the As proposed ir{10], in order to make the system math-

geometrical phase caused by rotating the field in space, s@matically treatable, we use the model of the so-called sine-

called Berry’s phase. Several experiments were carried out teosine modulation of the effective field in the frame rotating

demonstrate Berry’s phase in neutron spin rotafit-14. at ratew around thez axis of the laboratory system. This

It was additionally shown that Berry’s concept could be gen-means that the amplitude of the oscillating fielgh(x), dis-

eralized and expanded to NMR interferomefhb—17. tributed along the neutron pai=[0, ], is described by the
Combining achievements of the NMR and neutron specsine function

troscopy, we conclude that the total phase of the neutron

wave in the magnetic field configuration of NRSF with adia-

batic passage is asum of three contribut'ions. The first, big- Brf(x)=Asin( 775). 1)

gest contribution is the phase of the rotating framg. The I

second one is the precession phase of the neutron spin in the

rotating frame while it follows the effective field of this

frame adiabatically. The third, smallest one is Berry’s phaselhe dependence or of the permanent field(x) is de-

or the geometric phase, since the magnetic field rotates adiacribed by the cosine function

batically in this rotating frame. This “double” rotation—

rotating the magnetic field in the rotating frame—seems to

be rather confusing, although all contributions, distinguished

theoretically, can be visualized experimentally. The formulas

describing the spin-flip probability of one flipper are derived

in Sec. Il. We calculate also the phase shift between interwhereBy is the field in the centex,=1/2, | is the length of

fering neutron waves and how it depends on the parametetbe flipper, andA is the amplitude of the modulation. The

of the flipper. The phase shift between neutron spin statesecond term of this equation will show up as a permanent

and amplitude of the interference pattern are also derived fagradient field added to the homogeneous figid It will be

a system of two NRSFs with adiabatic passage as is requiredknoted as “gradient field.”

for NRSE spectroscopy. It will be shown that the phase dif- When the resonance condition for the center is fulfilled

ference between interfering neutron waves is relatively in{wqo= y,Bg), then neutrons, as seen in the rotating frame, are

sensitive to variations of the static magnetic field but not toaffected by the sum of the effective fields: the static field

variations of the gradient. As was predicted 18], the sta- along thez axis, reduced by the valug,, and the amplitude

bility is additionally provided by the fact that the magnetic of the rf field B, which also appears static. Figure 1 shows

field on both sides of the magnets is mirrored in the NRSEhe schematic picture of the magnetic-field configuration in

experiment and therefore variations of the permanent maghe rotating frame. For a neutron that flies through such con-

A. Qualitative description

B(x)zBoJrAcos(rrIE), (2
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FIG. 1. Scheme of the effective magnetic fields in the frame
rotating with frequencyso. Neutron spin follows the effective mag-
netic field in this frame, which means a spin flip in the IaboratorytW
frame.

FIG. 2. (a) Sketch of the system of the magnetic fields of the
o NR spin flippers with a guide field between theth) (k,x)
diagram of the wave vectors as a function of position along the

figuration with velocityv, according to Egqs(1) and(2), the beam.

effective field rotates in the-z plane with frequency)  phase difference, i.e., the precession, is halted. The levels
=mv/l. At the same time, the neutron spin rotates about thik , . andk_ _ represent the splitting in momentum when the
effective field at frequency_ = yA, whereA is the magni-  gpin-flip probability p of both flippers is equal to 1. The
tude of the effective field. If the magnitude of the effective amount of ZF precessio('or precession phaﬁes propor-
field A is large enough, so thab >() (the adiabatic ap- tional to the inner area between them and is equatpto
proximation), then the neutron spin follows the effective = [Tk 4+ (X) —k__(x)]dx.
field. Coming back to the laboratory system, this means that yhile the precession phase in the space over the length
spins are reversed on their passage through the flipper, asggtween the flippers is clearly seen, the precession phase
shown in Fig. 1. . _ obtained by the neutron spin inside NRSF with adiabatic
As is mentioned above, precession of a neutron spin Magassage should be clarified. Indeed, we might expect that the
be effectively produced in the system of two rf spin flippersprecession phase would be strongly disturbed and smeared in
placed at a distancke from each other. Figure(d shows  sych a flipper for the following reasons. The static magnetic
schematically the system of the magnetic fields of two rf spirie|d has a gradient that results in a distortion of khevel
flippers with a guide field between them. If spin flipping spiitting. If the x coordinate of the spin flip has an uncer-
occurs in the first flipper, the neutron states exchange a ph@ainty over the length of the flipper, the difference between
ton of energyh wo= —2u,Bo with the rf field. So during the k. and k_ (therefore the phase differenceight also be
spin flip in the rf field, neutron spin states split by the mag-smeared. However, the phase will be shown to have a well-
netic field B with momentak_=ko—(u,B/hv) and k. defined value in the following quantitative approach. We will
=Ko+ (unB/fiv) will gain or lose an amount of potential conclude that the precession phase inside the flipper is made
energyAE=2u,B,. Then, upon leaving the static field, their yp of three contributionsin the rotating frame approagh
potential energy is released as a kinetic-energy change. ThgRe phase of the rotating frame,r, the precession phase of
the splitting of the wave vector is doubled:. becomes the neutron spin in the rotating fram@y|Bg(t)|dt, and
ko_=ko—=(2unBo/fiv), ki  becomes k,.=ko since it follows adiabatically the effective field, a contribu-

+(2unBo/fiv). This is shown in the K,x) diagram[Fig.  tion of the rotation of the effective field over or Berry's
2(b)], i.e., the diagram of different wave-vector paths be-phase.

tween the flippers as a function of position along the beam.

In the zero-field region after the flipper, these waves interfere B. Solution of the Schradinger equation
and their phase differenceé= [j[k, . (x")—k__(x")]dx’

— 2wt implies an effective precession in space. This spatial
precession, however, takes place in almost zero fistd :

called “zero-field” (ZF) precessioh In static experiments, hgve. tf). treat the pehawor of a plgne nae(tu;[roln Walio)

this is unobservable because the phase difference betwedfith initial occupation numbers at ting(, ) in the sys-

the two interfering waves continues to grow in time at thetem of two NRSFs with adiabatic passage, separated in space
rate 2wy. The time-dependent behavior in ZF precessionby the distance. as a solution of the Schdinger equation.
may be halted by transmitting the neutron through another r{Here t, is the time at which the neutron enters the first
spin flipper identical to the first one. Then bdth, andk_ _ flipper.) First we consider the wave of a neutron with veloc-
return toky, and also the difference in evolution rate in time ity v passing along with coordinatethrough the magnetic-

o, disappears by emitting or absorbing the photon in thefield configuration, described by Ed4) and(2). The Schre
second flipper. Thus, the growth of both the spatial and timelinger equation for this system can be written as

In order to derive these conclusions quantitatively, we
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dv [ —p[Bo+Acodax/)]  wAsin(mx/l)expiwot)

! at pmrAsin(mx/l)exp —iwgt)  un[Bo+Acogmx/I)] P . @

Adhering to the standard way of solving the system ofand rewrite cogy=k/\Vk?+1 and sing,=1/Vk*+1. After
coupled differential equation®), first we move into a coor-  rotating the system through the angfg, we have the system
dinate system rotating with frequeney, whosez axis coin-  of the uncoupled equations with simple solutions:
cides with that of the laboratory system. Thus we transform
away the exponential or oscillating part of the nondiagonal PIAt)=¥iA0)exp Fivk?+10t/2). (7)
terms and reduce the diagonal terms by the vélwg/2u,, .
When v, satisfies the resonance condition at the center ofhe wave functionst',¥,,¥,, and¥; are related by ma-
the flipper, trixes of transformations from the laboratory system to frame
I, then from frame | to frame Il, and from frame Il to the
wo=YBg (4) system rotated through the anghg, respectively. Then after

. ) returning to the laboratory system and accounting for the

with y=—2pu,/#, we reduce the problem to the solution of houndary conditions, one gets the solution for a neutron

the following system of equations: leaving the system at a tintge+ = (wherer=1/v):
s A¥s —unA_cos(wx/I) pnAsin(ax/1) o). V(ty+7)=C(ty, 1) W(ty), ®
dt mrAsin(x/1) A cog mx/l) R
(50  whereC(tq,7) is a 2X2 matrix with elements
Writing x=ut, Eq. (5) is transformed to the problem of a C11=C3,=sin ¢ sin ¢ expli wg7/2), 9

neutron spin in a magnetic field of amplitudeotating with

frequency Q1=mv/l. This problem was extensively dis- C,,=—C3;=—[c0S¢—i cosep,Ssin@lexpliwg(ty+ 7/2)).
cussed recentlyl1-13 as that concerning the manifestation (10
of Berry’s phase in neutron experiments. Indeed, Berry’s law

has its simplest form in the case of a sgirparticle in an  Here we introduced the designatief= (Vk*+1—-1)Q /2.
external magnetic field. When this magnetic field is variedThe extra term—()7/2 insures¢ =0 when there is no field
adiabatically such that the precession frequency of the spiwith amplitudeA.

in the field is much higher than the rotating speed of the field

itself, then the spin phase depends not only on the interior C. NRSF with adiabatic passage

dynamics, bUt also on its geometric histqd/l]. This fre- Let us derive the expression for the spin-flip probabitity
qugncyﬂ V\.”” show up in the resulltlng phase of the neutron from Eqgs.(8)—(10). Assuming the initial occupation numbers
spin. I—_|ow it happens can be easily understqod |f one transc—((to)zl andg(t,) =0, the spin-flip probability is given by
forms into a new rota_ltlng frame abOl.Jt theaxis with fre- the occupation number of the spinor compongrdfter the
guency{}. To distinguish the two rotating systems that Wereflipper'

introduced, we call the system rotating with frequengy ’

frame I, and the system rotating with frequerf@yframe 1. k2+cog ¢ sirt ¢

After the second transformation, the neutron spin encounters  p=g*(t,;+ 7)B(t;+ 7) = =1— )
effectively static magnetic fields. Then we get for the system k*+1 k?+1

of equations (13)

Hencep depends on the value of the parametewhich is
)qxz(t), (6) the adiabaticity parameter of the NRSF with the gradient
field, which is the only remaining field in the rotating frame
| and which can be rewrittek= yAl / v .
It is seen from Eq(11) that resonant spin flip occurs for

dv,
1h——=

dt

—uA QN2
—iQR2  uA

In this new systentframe II), the rotation of the field reveals
itself like a permanent magnetic field of strengitiy. This

: ; > . bigk, i.e.,
newly formed field makes its own contribution to the spin 9K 1.
phase. _ _ k=ylAlmv>1. (12
The last step, which should be done, is to revolve frame Il
over the anglep, defined by the ratio between valgé\ and The inequality[Eq. (12)] is the adiabatic condition im-

Q such that cogy=A/VAZ+(Q/y)?2 and sing, posed on the length of the flippér the magnitude of the
=(Q/y)IJAZ+ (01 v)%. HereyA is, in fact, the frequency of gradient fieldA, and the value of velocity;. Accounting for
the Larmor precession in frame |, afdis the rotating speed the relation between velocity and wavelength\ [v=8/\,
of the magnetic field in frame I. Therefore, we introddce where 8=3.958<10° (A cms 1)], it is immediately seen
=yA/Q as an adiabaticity parameter of the rotating frame Ithat at giverl andA, the condition Eq. (12)] is well satisfied
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for a wavelength range beyond a certain minimum. Hencavhere B, (t)=Bp— wo/y+A’cos@u/l)t and By x(t)
the spin-flip probabilityp of NRSF is highly stable and equal =A"sin(mv/l)t. A" andA” are the amplitudes of the gradient
practically to unity for a broad wavelength spectrumiat field and the oscillating field as set by the experimentalist.
>N\min- This last conclusion is the basis for designing theFor arbitrary values oB,, A’, andA”, the exact solution
broadband adiabatic spin flippgt0]. does not exisf9]. Nevertheless, Eq.15) can be used in a
The phase shift between interfering neutron waves wittcomputer simulation so that we can compare the experimen-
opposite spin states inside the “adiabatic” resonant flipper igal data of¢ with the calculated data. Furthermore, we notice
also derived from Eqgs(8)—(10). For that, we assume the that a relatively large change Bf, results in a small change
initial occupation numberse(ty)=1/y2 and B(to)=1/y/2.  of the phasep, while a change in the gradient is directly
Then the polarization componerfg andPy, perpendicular  proportional to the value of the phage
to the magnetic field, are given by

P.— () g ) 2 D. NRSE: Final expressions
=(0y)=c0q wyT)COS
X X 0 Next the neutrons fly through a spacdree of magnetic

—sgnA)|coseg|sin(wgT)sin 2¢ field. In this space, they are not influenced by a magnetic
field until they enter the second flipper at the moment

~Cogwo7+Sgr(A)2¢), (13 47+, whereT=L/v. So only the time-dependent part of
_ . the spinor function changes, i.el(t;+ ) becomesW¥ (t;
Py=(ay)=sin(wy7)cos 2 +7+T). Finally, upon leaving the second flipper @t 7
+5gn(A)|coso|cog wor)sin 2¢ + T+ 7, the neutron states may be described according to Eq.
. (5) by W(t1+7+T+7)=C(ty + 7+ T,7)W(t,+7+T).
~sin(wo7+sgr(A)2¢), (14) Now we proceed to calculate the final polarization in the

) . . o X,Y,z directions using the resulting functiod(t;+7+T
because in the adiabatic azpproxmatlon Ef2) one has |7y The polarization componet, is found by calculating
|cosd| =K/ Vk*+1~(1-1/%k%)~1. So the sign of the gra- (. §_p* (t, + 7+ T+ 1) oW (t, + 7+ T+ 7), whereo, is the
dient (cospo~k~A) comes into the phase obtained by the ;3 2y pauli matrix for that polarization component. To pro-
neutron in the flipper. This phase, as seen in E&8) and  g,ce results that can be compared with experiments, we need
(14), is combined from the phase of the rotating frame Iy, gpecify the polarization state of the neutron beam before
(wo7), @s it is in a conventional flippeliS], and from the  gntering “the first flipper. When we start with polarization
phase QS), yvhlch is in fact the phase of the spin in the along they direction, the occupation numbeis(t,) and
magnetic field of _the _rotating frar_ne lp=(VKk?+1 B(to) of the spinor components are both equal tq2l/
—1)Q7/2. In the adiabatic approximation E(L2), we can The final polarization componen®, and P, consist of
rewrite ¢~ yA7/2—(1-1/2K)Q7/2. Here the first term IS nymerous terms. Most of them are oscillating functions of
the dynamical or Larmor phase in the rotating frame I, and;me t,. In addition, they are reduced by the factor"sip
the sgcond term is the geometrical or Berry’s p_hase. The lagith n= 1,...,4 and sirhy~0. Hence they do not contribute
term is much smaller than the former one and it has a ratheg, he time-averaged polarization as measured in our experi-
fundamental interest. Let us neglect it for simplicity. ments. We may therefore average out or neglect these terms.

Considering the question of the phase stability with réqye optain the following for the polarization components
spect to external influences, which is important for practicalp p .
X1t y:-

applications, first of all we shall admit that the first teapr

of the total phase depends on the stability of the generator Py={(0y)~p?cog2wo(T+ 7)+sgr(A,)2¢,
feeding the rf coil, which is always very high. Concerning

the phasep, when the parametéris varied, althougtk>1, —Sgn(Az)2¢,], (16)
this results in significant variations of the Larmor part of the )

phase, while Berry’s phase has a weak dependenck. on Py=(0y)=~p?si2wo(T+7)+sgr(A1)2¢;
Therefore, the distortion of the effective field in the rotating —SgrA)26,]. (17)

frame | determines the stability of the total phase. When the
effective magnetic field is disturbed, the solution, neverthe-

less, is still valid as long as the adiabatic condition is satisyjjities for both flippersp; and p, are close to 1; that is,

fied. We should only correct for the change of the phése o\ 4 iaatic parameteks k, are much bigger than 1. We
The simplest examples of a distortion Bf¢ (which are the  suppose that the gradiems andA, of the permanent fields
point of our interestare that the permanent fieRh changes  in the flippers may differ. Here SOAg »)=*1 depends on
from the valuew,/y or the value of the gradient®differs  the mutual orientation of the spin and the gradient of the
from the value of the amplitudB,; at its maximum, or both  permanent field. When flipper 1 and 2 are identical, the
together. Nevertheless, under the adiabatic approximatiolphasess, and ¢, are compensated, since the spin entering
we can rewrite the phasg in the following way: the second flipper is opposite to the spin entering the first one
because of the spin flip in the first flipper. Therefore, the
phase of the polarization signal after such mutual compensa-
tion is 2wo(T+ 7).

In the above formulas, we suppose that the spin-flip prob-

d’% %j |Beﬁ(t)|dt:%f \/Bg,eﬁ(t)"'B)z(,eff(t)dti (15)
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Istarmof  2nd arm of tive over the other half, having zero field at the middle. The
| SE Setup‘ | SE Setup‘ current passing through these coils is proportional to the
) magnitude of the magnetic field componentin the rotat-
ing frame |, denotedA in Sec. Il. The rf coil with a cross
B """ " """ >@ section of 330 mn? is located in the center between

these two coils, with the oscillating field along theaxis.

FIG. 3. Schematic drawing of the setup realized at the SP beardVith this construction, we could vary the following param-
line at IRI Delft: P polarizer;R1, R2 polarization rotators; SF1, eters of the flippers independently: the magnetic fiBlgd
SF2, SF3, and SF4 are the NR spin flippers; LC, Larmor dyil; from 0 to 1000 G, the gradient” of the permanent field
analyzer; MC, monochromator crystal; MD, detector for quasimo-from 0 to 100 G, and the amplitude of the oscillating field
nochromatic bean®), detector for white beam. The system consist- from 0 to 40 G. After transmission through the two rf flip-
ing of SF1 and SF2 makes up the first arm of a spin echo setupers, neutrons pass the field stepper and a block-shaped coil
while SF3 and SF4 make up its second arm. The piiasaused by  [called “Larmor coil” (LC)] of length 0.32 m, which pro-

the difference between first and second arms is measured as t%ces a static magnetic ﬁeﬁil The second arm consists of

field B; generated in LC needed to compensate this phase. . . . . . S
19 P P two other identical flippers. Their static magnetic fi@8dis

When both arms of the spin echo setup are operating, Eq pposite to the static magnetic field in the first two flippers.

(16) and(17) become he second arm of the SE setup is followed by a second
polarization rotator R2) and an analyzerA). By Bragg
P,=p*co§Ad], P,=p*sifAd], (18  reflection at a monochromator crystaiC), neutrons with
wavelengthh =0.19-0.23 nm are reflected into various de-
AD =2wy(T;—T,) +5gr(A;)2h; — SgrAL) 2, tectors of the multidetectaiMD). The spread of the wave-
length spectrum in each detector is 0.02 nm, approximately.
—sgn(A3)2¢3+sgnAs)2¢,. (19 The neutron beam transmitted through the crystal monochro-

mator with a “white” spectrum(so-called “white beam? is
Here the phase shifi® is determined by the difference in measured by the detectbr. The polarization was measured
the lengths of the armsTg andT,) and by combinations of as a function of the phas¢ acquired after passing through
the phasesp; , 3 4with signs determined by mutual orienta- both SE arms. The latter is varied by the value of the mag-
tions of the spin and the magnetic-field gradients of eachetic field B, in the “Larmor Coil.”
flipper. From Egs.(18) and (19), one can see that for
Ki232>1 the spin-flip probability does not depend on the
relative variations of the permanent magnetic fiBljdandA, IV. RESULTS
and is equal to 1. So the amplitude of the SE signal has only A. Spin-flip probability: Experiment
a little change when the magnetic fieR}, is varied. The

phase shift is changed by varying the valuesigh 5 ,only. As was mentioned above, the spin-flip probabilitys an

important quantity that determines the amplitude of the SE
signals. It was measured in a separate experiment with only
lll. LAYOUT OF THE NRSE EXPERIMENT one flipper between polarizer and analyzer as a function of

The measurements described in this paper were carridfl® permanent field, while the gradient coil was set to a
out using the polarizing mirror setup SP at IRI, Delft. Figure constant value. In this setup, one measures inRactFrom
3 gives a schematic outline of this setup. A polychromaticthe definition of the polarizatiorp is connected td>, by
neutron beam emerging from a 2-MW swimming-pool-type _
reactor is polarized by polarizét. Using rotator R1), the p=(1=P2)12. (20
polarization of the beam is rotated towards thexis, i.e.,
perpendicular to the guide field. The system consisting ofigures 4a) and 4b) show broad resonance lines for two
two rf spin flippers is located downstream from this rotatorvalues of the resonance frequenay=1.08 MHz@By®
R1. This system can be considered as the first arm of a spir 365 G) andv=2.25 MHz Bg*=760 G), respectively.
echo setup. In our experiments, we Bgtequal to 365 G or To demonstrate the ability of the flipper to reverse spin
760 G and the frequency of the oscillating field equal to 1.08qually for any wavelength, the spin-flip probability for the
MHz or 2.25 MHz, respectively, to fulfill the resonance con- white beam(full line) and for the monochromatic beam with
dition Eq.(4) at the center of the flipper. The length of the rf A=0.232 nm(squarey are plotted together. It appears that
coils is 0.1 m and they are placed at a center-to-center dighe spin-flip probability for the monochromatic beam coin-
tance ofL=0.5 m. The permanent magnetic field is pro- cides with that of the white beam. The width of the reso-
duced by an electromagnet with pole shoes such that theance lines at half-heighp& 3) is determined by the mag-
magnetic field is relatively homogeneous over the length ohitude of the gradient & of the permanent magnetic field. In
the flipper. It drops exponentially outside both sides of theour case, the gradient comprises 80 G from minimum to
magnet. Two specially constructed coils were placed bemaximum, as can be deduced from the width of the curves at
tween the pole shoes to create the gradient of the permanetiieir bottom. The relative asymmetry of the resonance lines,
field. These coils were wound in such a way that the magwhich is more pronounced in the casewsf 2.25 MHz[Fig.
netic field is positive over one-half of the magnet and nega4(b)], is connected with the nonsharp boundary of the mag-
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10 andc is a constant related to the length of the coil producing
' v=1.08 MHz the fieldB. Fourier transformation df(B) yields the quantity
0.8 1 F(N)=s(N)P(N):
0.6 - B
Q max
041 F()\)=s()\)P()\):J_ [1(B)—Ilg]cogcAB)d(cB).
0.2 (22)
0.0 - - ; . e The intensityl (B) with initial polarization(i.e., rf power in
230 300 330 400 430 500 the flippers off and with polarization after four spin-flip ac-
B, (gauss) tions(i.e., rf power atv=1.08 MHz on) is presented in Figs.
o] P 5(a) and 8b), respectively. The Fourier transformseg,(\)
' 7 v=1225MHz andF ,#(\) are plotted in Fig. &). Defining p as the aver-
0.8 ° s
5 age ofpy, pz, ps, andpy (i.e.,p="Vp1popsps) atany\,
o 007 we find from Eq.(20) that P,=1—2p. Hence the quotient
0.4 / For(M)/Foi(N) is equal to (£ 2p)*. From this it follows
rﬁ __ 4 . . -,
021 i that p=(1+ *VFon/Foi)/2. Figures &d) and 6 givep(\)
;7 R found in this way atv=1.08 MHz andv=2.25 MHz, re-
0.0 et : ey : — -
650 700 750 800 850 900 950 spectively. The wavelength dependence @f) according to
B, (gauss) Eqg. (11) with the sine square averaged function akd

=yAIN/(7B), whereA=40 G andl=0.1 m, is plotted in
FIG. 4. Dependence of the spin-flip probabilityin one NR  the same figures. It can be observed that the spin-flip prob-
spin flipper on the permanent magnetic fiélgfor the white spec- ~ ability reaches 1 aX,;,;=0.2 nm and remains equal to 1 for
trum beam(full line) and for the beam with the wavelength  the whole wavelength spectrun®™ \ i, in accordance with
=0.23 nm(squares the theoretical description.

netic fieldB,. We point out that the field range wih=1, a B. Spin echo experiment
so-called “plateau,” extends over a range of about 40 G
aroundBg®, which is about half the field gradient.

Another method to determing is based on using two ;
flippers and measuring the detector count rate for the fouH1
different states of the flipper systethoth flippers switched €
off 199, one or another flipper otqg,lo;, both flippers
switched onl ;4). Using the measured ratégy,l 10,101,111,
one can obtain the spin-flip probabilities of both flippers:

In the setup described in Sec. Il and in accordance with
Egs.(18) and(19), we can vary several parameters to change
e phase of the SE signal: two main parameters are the
ngth of the SE arnT=L/v and frequencywy. To check
that the phase, produced by the NRSE, is proportional to the
distanceL and the resonant frequenay,, we changed the
distance between flippers in the first arm while the second
arm stayed without changes for two different frequencies.
Figure 7 displays the “white” SE signals fot equal to
50, 51, 52, and 53 cm d=1.08 MHz as a function of the
phased, i.e., as a function of the compensating fi@d in
the Larmor coil(LC in Fig. 3). The SE signal, observed from

_1
pl_2

T2

11— T4 1 11— lo1
v P2= +

IOO_IOl IOO_IlO

The efficiency of each flipper, integrated over the whole X . =
spectrum, was found for the case of=1.08 MHz: p; the figures, shifts at a rate®,,=237 per 1 cm. The theo-

=0.983+0.003, p,=0.997+0.003, p3=0.997+0.003, p, retical value of the rate, derived from Ed48) and(19), is
=0.981+0.003; and for the case ofv=2.25 MHz: A®ueo=2YBg N B=4mvN/f=22m per 1 cm with X

py=0.97%0.01, p, = 0.98+ 0.01, p; = 0.99+ 0.01, p, =0.2 nm. The rate of change af®d obtained from an
=0.98+0.01. For monochromatic beams with long wave-analogous experiment at=2.25 MHz is equal toA®e,,
length, p; is even closer to 1. =427 per 1 cm and from theoretical consideration it is

The wavelength dependence of the spin-flip probabilityA®,.,=457 per 1 cm. Sincex is set with an accuracy of
was also obtained using the so-called Larmor precessioabout 10% and the value d&fL was measured with the same
spectroscopy20]. In this method, a polarized neutron beam order of accuracy, the theoretical and measured values of the
passes through a magnetic fi@dDue to Larmor precession, rate A® coincide within the error bars. The numbers found
the intensity after the analyzer varies periodically as a funcfor A® illustrate the behavior of the biggest contribution of

tion of the field: the total phas€Eqgs.(18) and(19)], which is proportional to
wp. Thus we have shown experimentally that the NRSE tech-
N niqgue works with NRSF with adiabatic passage and the
1(B)=ls L S(MP(M)cogeAB)dh, (21) “white” beam may be used in such experiments.

The next two experiments shown below shed light on the
wherel g is the average intensitg(\) is the spectral density, key parameter8, and 2A of the flipper, which determine
P(\) is the wavelength dependence of the polarizing powerphase stability with respect to variations of the permanent
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16 11

14 1
1] RFoff v=2.25MHz
?E 10 A
S 1.0
— 6
4
24 a
@ R -10 0 10 20 0.9
B (gauss)
16
141 RF on
124 0.8 : : :
10 0.0 0.1 0.2 03 0.4
3 2 % (nm)
4] FIG. 6. The system adjusted at=2.25 MHz: the spin-flip
2 probability for one averaged flipper as a function of wavelength
0 y y T y T (circles; the theoretical value OE according to Eq(11), with
(b) -20 -10 B 0 1o 20 averaged out sfnfunction.
(gauss) ged out sffunctio
5 of the field in this flipper remained constant and the param-
s — o RF off eters of the other flippers were also kept constant. Figure 8
4 Df{ --»‘-:%d” — <« _RF on shows the SE signals at three different valueBgfvhen the
~ 3 ] J TR rf coils are switched off. So these SE signals correspond to
2 ] E.//-«/ Larmor precession in the total fiel,+ A cos@x/l) of the
o 27 dn/j ¥ Rg flippers. It is observed that in order to compensate the addi-
:F//'/ tional phaseb produced in one flipper by changirigy, we
14 ! i need to increasB; asB, increases.
0 ‘. : : e, Figure 9 shows the same evaluation of the resonance sig-
© 0.0 0.1 0.2 0.3 0.4 nal as Fig. 8 when the rf coils in all flippers are switched on.
A (nm) In this case, the SE setup works in the NRSE mode. We can
11 see that the position of the SE signal moves littleBasis
changed. The amplitudes of the signals correspond to the
v=1.08 MHz 1 initial polarization multiplied byp,p,p3p4, plotted in Fig.
1.0 4(a). The position of the SE signal as a function of the per-
manent magnetic fielB is presented in Fig. 10, when the rf
& coils are switched offsquaresand on(circles. When rf is
0.9 4 . 1 off, the shift A®  of the position of the spin echo signal
P ] upon change of the permanent magnetic figjds given by
0.8 . P theor Aqboﬁ:f{)(ABo)dx, hence linear inAB,. This is indeed
0.0 0.1 0.2 0.3 0.4 seen in Fig. 10. When the rf is switched on, this change
(d) A (nm) denotedA®, is given by Eq.(16). It is seen in Fig. 10 that

. . . the observed phase shift indeed agrees with the calculated
FIG. 5. Intensity of the white beart(B) as a function of the  gne (solid line) taking A=40 G. The main conclusion de-
magnetic fieldB: (2) when non-one-spin flipper is operatin)  rived from this experiment is that the change of the perma-

when all four flippers are switched oft) wavelength dependence nent magnetic field in the flipper has little effect on the phase
of F(A)=s(\)P(\) obtained by Fourier transformation of the ¢ ihe NRSE experiments.

quantity! (B) when non-one-spin flipper is operatifgjuares and Another manifestation of this effect appears in the com-
when all four flippers are switched doircles; (d) the system ad- 5 i5 hetween the SE signals with rf coils switched on and
jgsted 3tv=1.08 MHZ. the spin-flip probablllty for ong averaged off at v=2.25 MHz (Fig. 1. The strong permanent field,
fllpBerp as a.lfunctlon of wa\{elengtthzlrcles; the_theoretlcal value required by the resonance condition E@), produces a

of p, according to Eq(11), with averaged out sine square. strong gradient oB, in the magnet over the cross section of

the neutron beam. Different values Bf give different val-

magnetic field. In the first experiment, the polarization as aues of line integrals over the beam cross section. This results
function of the fieldB; in the Larmor coil(i.e., the SE sig- in decoherence over the beam, and the SE signal with rf
nal) was measured for the white beam at several values cdwitched off becomes smeared and hardly distinguishable
the permanent field, in one flipper while the gradient®  from the noisgFig. 11(@)]. When the rf coils are switched
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0.6 0.6

0.4 L =50 cm 0.4 B,=334G
0.2 0.2
a, 0.0 W\A 0.0
A
-0.2 -0.2
0.4 0.4
-0.6 . . . : \ 0.6
0 20 40 60 80 100 10 0 10 20 30
0.6 0.6
0.4 L=51lcm 0.4 B,=350G
0.2 0.2
a. 0.0 0.0 -
o
-0.2 -0.2
0.4 - 0.4
0.6 v 0.6
0 20 40 60 80 100 10 0 10 20 30
0.6
0.6
0.4 L=52cm 0.4 B,=367G
0.2
0.2
0.0
R 0.0 -
=9
0.2
-0.2 4
-0.4 4
-0.4 4
0.6 .
0 20 40 60 80 100 0.6

-10 0 10 20 30
0.6

B, (gauss)

0.4 4 L=353cm

024 FIG. 8. PolarizatiorP, : the spin echo signals at three different

oo permanent magnetic fieldB,=334, 350, 367 G in one of the
= flippers as a function of the field,, when the rf coils are switched

-0.27 off.

0.4 4

067 P A o5 A 5o value of the gradient. This was indeed found as shown in

B, (gauss) Fig. 12 (open squargsResults of the calculations with fixed

By, while Ais varied, are also shown in Fig. 12 as solid lines.

FIG. 7. PolarizatiorP, : the spin echo signals at four different The theoretical curves and experimental points coincide.

distances between first and second flippersL
=50, 51, 52, 53 cm at the frequeney-1.08 MHz as a function V. SUMMARY
of the phaseb, i.e., as a function of the “compensating” fiel;

in the Larmor coil(LC in Fig. 3. In this paper, we described the basic principles of neutron

resonance spin echo using resonance coils with adiabatic
passage of the neutron spin. The solution of the Stihger
on, the phase shift is not so sensitive to variation8@fso  equation is derived for a specific configuration of the mag-
the SE signal will be restoreidrig. 11(b)]. There is an addi- netic fields, required by adiabatic passage of the neutron spin
tional source of stability of the phase when the rf coils arein the resonance system. From this solution, we obtained the
switched on. As was predicted [18], the stability is also expressions for the probability of the spin-flip process as
provided by the fact that the magnetic field on both sides ofyell as for the phase of the neutron wave, which the neutron
the magnets is mirrored and therefore variations of the perexperiences when it flies through the coil. It is observed from
manent magnetic field will be compensated. the theoretical expression as well as shown experimentally
In the second experiment, we investigated the effects ofhat NRSFs with adiabatic passage, in contrast to conven-
the gradient 2 of the magnetic field in one of the flippers on tional resonance flippers, provide a neutron wavelength
the phase shift at constaBg. We measured the SE signals at range of spin-flip high efficiencyprobability p=1), limited
several different values for the gradiehin one flipper as a only by a certain minimal wavelength. Since the spin-flip
function of B;, when the rf coils are switched off. Since the process withp=1 occurs for a broad wavelength spectrum,
two halves of the gradient coil compensate their contributhe whole spectrum of the neutron wavelength is involved in
tions to the phase(ACDOffzf{)[A cos@x/l)dx=0]), the SE  the precession in contrast to experiments with conventional
signal does not move with a change of the gradient. This isesonance flippers.
shown in Fig. 12open circles. When the rf is on, according The precession phase inside the coil is an addition of three
to Eg. (16), the phase changes linearly with the absolutecontributions in the rotating frame approach. The first, big-
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0.6 0.3
B,=334G RF off
0.4 0 p
027 B,=760G a
0.2 0.14 o =280x (2x)
N 0.0 o 0.0 WMWWWW"
-0.2 4 -01 b
04 -0.2 1
YT 0 1o 20 30 03 e g 10 20
0.6 B, (gauss)
0s] B,=350G
0.2 - 064 RF on
0.04 0.44 f=2.25MHz b
. 02] ®=1380x (2n)
0.2 4
a, 0.0
0.4 - 0.2]
0 10 0 10 20 30 -0.4+
0.6 -0.6
04 B,=367G -20 -10 B (goauss) 10 20
1
0.2 4
e ool FIG. 11. PolarizatiorP, : (a) the spin echo signals when the SE
setup is adjusted for operating@at 2.25 MHz and rf coils are off;
2] (b) the spin echo signals when the SE setup is adjusted for operating
0.4 4 at v=2.25 MHz and rf coils are on.
-0.6 T T T T
-10 [ 10 20 30 . . .
B, (gauss) rotating frame. Although we did not perform an experiment

that would show the manifestation of Berry’s phase, such an
FIG. 9. PolarizatiorP, : the spin echo signals at three different experiment is in preparation. The idea of this experiment is
permanent magnetic field8,=334, 350, 367 G in one of the to measure the phase shift as a function of the magnitude of
flippers as a function of the fiell,, when the rf coils are switched  the magnetic field in the rotating frame for both negative and
on. positive signs of the permanent-field gradient, using the prin-
G . cipal scheme of the present installation. In full agreement

gest contribution is the phase of the rotating frammg. The with experiment, described ifL2], we would observe the
second one is the precession phase of the neutron spin in tlB'ﬁase “jump” of, 2 in the range ,of the small values of the

rotating frame since it fo_IIows adlabatlcal!y the e’ffectlve magnetic field. Since we work with the “white beam,” we
field of this frame. The third, smallest one is Berry's phase

due to the magnetic field that varies adiabatically in this

1000
800
800
600 -
B =)
o)
400 R —
g 600
= 2001
5 2
2 3
f’g 0+ \09 400
2 .
2 g
& 2001
4
-400 200 o RFoff
600 o RFoff = RFon
o RFon
-800 - 0 T T T
1 . ] . 10 20 30 40
300 320 340 360 380 400 A (gauss)
B, (gauss)

FIG. 12. Position of the SE signal as a function of the gradient
FIG. 10. Position of the SE signal as a function of the permanenbf the magnetic fieldA when the rf coils are switched offquares
magnetic fieldB, when the rf coils are switched oféquaresand  and rf coils are orfcircles. Results of the calculations are presented
on (circles. Results of the calculations are denoted by solid lines. on the figure by solid lines.
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can certainly identify the phase shift without ambiguity of permanent magnetic field. Its stability is determined by
multiples of 2. v_ariations of the gradient&, which is a much smaller quan-

The phase shift between neutron spin states and the arfty-
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