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Four-wave neutron-resonance spin echo
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We develop a technique of scattering from many-body systems. It is based on the principle of the neutron
spin echaSE), where a neutron wave in the magnetic field splits into two waves, which are separated in space
or in time after propagation in this field. The neutron thus prepared as a probe passes through the sample to test
its properties on a spaéeor timet scale. This separation in space or in time can be measured using coherence
of these two waves as a phase skifbetween them. These two waves are collected or focused and compen-
sated by the SE technique in order to compare their phases after interaction with the sample. In this way one
studies interference between these waves and thus can directly measure the pair-correlation function in space
or in time. Instead of two-wave SE we propose to realize the four-wave neutron-resonance spgiNRSED
In our experiments, spin precession produced by a couple of the neutron-resonance coils in one arm is
compensated by an identical couple of other NR coils in a second arm of a spin-echo machine. The neutron
spin-flip probabilityp in the resonance coils is a key parameter of the NRSE arm. The limiting ¢gas@snd
p=1, provide, in quantum terms, a two-level-two-wdvsplitting of the neutron and result in the separation
of the split waves into two different lengths in spa&,R,) or in time (t;,t,). These two cases correspond to
Larmor precession with phasg in the static magnetic fields of the NR flippers or to NRSE precession with
¢-, respectively. The intermediate cases p<1, provides a four-level-four-wade splitting of the neutron
with the corresponding separations in spéiRg,R,,R3) or in time (t1,t,,t3). The interference of each pair of
waves after compensation results in three different echos with pkfases, and ¢;=(¢,+ ¢,)/2. Focusing or
compensating all four waves into a single point of the phase-of-waves diagram produces quantum interference
of all newly created waves. This task of focusing is experimentally performed. Different options for the
compensation are discussed. The experiment opens the possibility to measure a composite correlation function,
combined from several pair-correlation functions.
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[. INTRODUCTION flipper. Two of them have flipped spin and therefore a double
) ) ) splitting in k, while the two others have nonflipped spin,
Neutron-resonance spin eciiRSE is a new, quickly  hence no spliting. As was shown in RefS, 6], these waves
progressing method for manipulation of the spin in neutronyea|ly coexist and interfere, and each pair of these produces a
beam scattering experimenits-3). The magnetic-field pre- gistinct interference pattern. The question arises if one can
cession area of the conventional spin ecBB) techniqug4]  use this neutron split into four distinct waves in a neutron
is replaced in this method by a pair of resonance coils, placegcattering experiment, and then, what information one can
in field By and operated at frequenag, satisfying the reso-  obtain from it.
nance conditiorwge=yB, and separated by a distanceof A standard spin-echo technique operating with two waves
zero magnetic field. In terms of precession, this pair of RAs used to study a pair-correlation function in space or in
coils simulates a DC field integralhygBoL, wherey, is the  time. The spin precession, which is equivalent to a splitting
neutron gyromagnetic ratio. This is understood if Larmorof the initial plane wave into two plane waves, accumulates a
precession is considered as interference between two supérhase shift until the end of this SE arm. This phase shift
posed neutron waves. These waves come into existence beorresponds to a distanéq between the fronts of the split
cause in the static magnetic field the incoming neutron wav&/aves(or timet; in inelastic processg47,8]. The neutron

. >, . o thus prepared as a probe passes through the sample to test its
with momentunk is split into two waves with different mo- properties on a length scaRy (or time scale;). The second

mentak, andk_. The actions of the resonance coil on the SE arm collects the two neutron waves to compare their
neutron wave may be counted @9 splitting in the perma-  states after the interaction with the sample. In experiment it
nent field By; (2) spin flipping in the resonance coil3) a  is more correct to use the concept of the “correlation vol-
doubling of the splitting when neutron leaves the static magume” of the neutron beam described in detail in R&f. The
netic field By, due to the energy conservation law. This pre-correlation volume may be intuitively defined as those re-
cession, ok splitting, lasts until the second resonance coil,gions where coherent properties of the neutrons are signifi-
located at a distance from the first one, which cancels the cant. These properties are described by the correlation func-
splitting and therefore stops the precession. These coils tdion of the as-prepared incoming beam, which is the Fourier
gether and the distance between them make up a first StEansform of its resolution function. Thus, in case of spin
arm. When a partial rather than a complete spin-flip procesecho, the correlation volume is actually split and the spin-
occurs, four neutron waves appear in the space after the firecho timerygg or the spin-echo lengthysg is much longer
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than the correlation time, or the correlation length of the
incoming beam. “This splitting of the correlation volumes B
results in the fact that the spin-echo spectrometer measure
the time dependence of the scattering system correlatior
function directly” [8]. Nevertheless, for the purpose of the RF RF X
clear definition and distinction of the split waves we use
through the present paper the terminology of one plane wave
being split into two or more others. p=0 y—\ Kk, b
As described above, the initial neutron wave may be split g 2 sz, N\
into four waves in the first SE arm by setting the spin-flip
probability of the first resonant coil equal to 1/2 so that each k
of the two neutron wave@vith opposite spin statg¢gntering p=1 k,, c

the coil is divided into two at the exit. Now, in the precession Kk

path of the first SE arm these four neutron waves produce m

phase shifts corresponding to distané®sR,,R; (or time ko %
intervalsty,t,,t3). The resonant coil at the end of the first SE W

arm stops the precession of all waves in time and in space Tk

The neutron thus prepared probes the sample simultaneously

on the length scal&,;,R,,R; (or at the same point on the FIG. 1. (a) Sketch of the system of magnetic fields of a neutron-
time scalet;,t,,t3). The second SE arm mirrors the action of resonance spin-echo setup. Each arm consists of two RF spin flip-
the first one, so at its end the four neutron waves are conpers with a guide field between theth) (k,x) diagram of the wave
bined. In this way these four neutron waves after their intervectors as a function of position along the beam for flippers with
action with the sample contribute to the SE pattern. Theyspin-jlip Qrobabilityp=0 andPy L B. (¢) (k,x) diagram forp=1

allow one to collect information from two correlation dis- andP,_L B,.
tances in real space, time, or both of them and to measure a

composite correlation function, which.may be of interest ingram. The first option is to locate the coil between the two
case complex structures are present in the sample. Thus tgBin flippers of the first SE arm. The second one is to locate
resonance coil is realized as a basic element for a new typg petween the SE arms, or upstream or downstream the
of the interferomete(9,1(] and opens a new field, which \hole setup, which is equivalent. The compensation coil or
may be referred to as neutron resonance interferometrie|q |ocated at different places affects the superposed waves
Many basic |d_eas abou_t phase accumulation due to spin pres the RE and DC SE patterns differently. In the paper we
cession are discussed in a recent book by Rauch and Wemggoy experimentally and theoretically that the combination
(1. of the possibilities of the adiabatic NRSF with one of the
In this paper we concentrate mostly on the developmengtions of the compensation coil makes it possible to influ-
of the technique to deal with four-wave neutron-resonancepce these four waves in such a way that they are focused in
spin echo. We describe the principles of this spin echo and, single point of the phase-of-waves diagram.
demonstrate its realization on the present setup, which was Tphe paper is organized in the following way. The princi-
built as spin-echo SANS installatigi2,13. In this particu- pal scheme of the NRSE with partial spin flip is shown in
lar setup we used adiabatic neutron-resonant spin flippei§ec_ ||, We give also a receipt for focusing the four-wave SE
[14-1§. Since a spin-flip process with=1 occurs for the  pattern using the parameters of the NRSF with adiabatic pas-

“white” neutron spectrum in this flipper, the whole spectrumgage The principal difference of the location of the compen-
of neutron wavelengths is involved in the precession, in COngation fields at the installation is also discussed. Section Il

trast to exp(_ariments wh_ere conventional resonance fIippepﬁveS details concerning the setup. The results of the mea-
are used. It is also possible to produce four-wave SE patterf},rements are given in Sec. IV and in Sec. V. Section VI
with ordinary neutron-resonant spin flippers. Then this patyesents a short discussion on the application of the proposed
tern is realized for a limited wavelength range only. technique to NRSE in connection with the correlation func-

To reveal the properties and the principles of the phasgon The concluding remarks are given in Sec. ViI.
compensation process, one must offset the spin-echo setup

by means of a so-called compensation coil and measure the
polarization of the beam in making a scan with this coil Il. NRSE WITH PARTIAL SPIN FLIP p=1/2
around SE. The polarization signal obtained in this way has a
characteristic shape and is called “SE pattern.” Depending on
whetherp=0 or p=1, we denote these patterns as “DC-SE  Figure 1a) shows schematically the system of the mag-
pattern” or “RF-SE pattern.” The full width at half maximum netic fields of two RF spin flippers with a guide field be-
of this pattern depends on the wavelength spread of thewveen them as a first spin-echo arm and an identical system
beam, which produces this pattern. Off setting the spin-echwith negative value of the field as the second SE arm. For the
setup is equivalent to scanning the so-called “phase-ofsimplest case, when no spin flip occuis=0), the (k,x)
waves” diagram for the precession modes introduced aboveliagram of the wave vectors as a function of position along
In principle, two different positions can be chosen for thethe beam is shown in Fig.(}). At the positions of the flip-
compensation coil to make this scan in phase-of-waves digsers, the neutron spin states split by the magnetic fBld

RF RF
(&0 &0 a

<>
7
H

>

A. Principal scheme
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into waves with wave vectork =ky—u,B/7iv and k, =kg p=172 a
+un,B/hv. The phase shift, provided by this splitting, is pro- KGO
portional to the area betwedq_ andk_, and equals

1= J [Ki—(x) — ko (x)]dx, (1) k,

where the integral is taken over the whole length of the SE
arm.k,_,k_, indicate the paths of the neutron waves are split
in the first flipper. This is referred to as “DC mode” of pre-
cession, that is, Larmor precession in the static field of the
flippers only. The phase shift between these waves is com- P = 112
pensated by an opposite phase shift in the second SE arm. |
order to observe this compensation, the initial polarization
must be set in the “precession” mode, i.e., perpendicular to ko

the quantization axisP, L B,,.

When the spin-flip process is complépe=1), the neutron
states exchange a photon of enefigy=2u,B, with the RF FIG. 2. (a) (k,x) diagram forp=1/2 andPyL Bq. (b) (k,X)
fie!d. So durin_g the spin fIip_in th_e area of RF field, neutrondiagram forp=1/2 andPy|By.
spin states withk_ and k, will gain or lose an amount of
potential energyAE=2u,By. Upon leaving the static field,
their potentia}l energy is released as a kinetic energy change. ¢é:f [k, (x) — k__(x)]dx. (4)
Then the splitting of the wave vector is doubléd:becomes
k__=kg—2unBo/ hv; k. becomesk,,=ky+2u,Bo/fiv. This is o .
shown in the(k,x) diagram[Fig. 1(c)]. In the zero-field re- ~ON€ can show thaj;3—¢3—(¢1+¢3)/2, SO the’,:se interference
gion after the flipper the phase shift in each of them is botht‘_:"rms . correspond t_o half the “sum area” taken for cases
(x,) dependent: ¢(x,t)=J% [ky.(x)—k__(x)]dx —2w¢t.  P=LIFig- AO)]andp=0[Fig. Ub)]. o
This growth of both the spatial and time parts of the phase, One can simplify the 3|tth|oD by setting the initial polar-
i.e., precession, may be halted by transmitting the neutrotzation parallel to the fieldPy[Bo, thus letting a neutron
through another RF spin flipper identical to the first one. Byoccupy only onek level initially and keep=1/2[Fig. 2(b)].
emitting or absorbing the photon in this flipper, béth and ~ The corresponding phase shift is produced by khievels
k__ return tok, and also the difference in evolution rate in (ki+ andk.-) and is equal to
time wq disappears. The amount of this precesgionpre-
cession phages proportional to the area betwekn,(x) and hy= f [k, (%) = k() JdIX, (5)
k__(x) and is equal to

which corresponds to half the “difference area” taken for
_ _ casesp=1 [Fig. 1(c)] andp=0 [Fig. 1b)]: ¢d4=(po—p1)/2.
¢2_f (k00 = k09 Jax @ This last term represents the interference patterns in Ram-
sey’s problem of the separated oscillating fieldg,18].
This phase shift is compensated by the second SE arm with From the proposed scheme it is seen that the phases of the
two RF spin flippers operating at=1. This mode of preces- four waves created in the first SE arm are compensated by
sion is henceforth referred to as “RF mode” of precession. Ithe phase shifts in the second SE arm and interfere with each
is worthwhile to notice that such a scheme was proposed fopther.
the first time in Refs[1-3] and was developed later in Refs.
[5,6] for the case of an incomplete spin-flip process. B. Compensation coils
When the spin-flip process is incompld@<p<1), all
four k levels in the space between flippers will be occupie
[Fig. 2@)]. The second flipper doubles the number of wave
by splitting them in(k, w) space again. Thus, at the end of Lin
the first SE arm we have eight waves at four differ&nt & =y, where ¢, :f Ak (x)dx. (6)
levels, indicated as an arrow in Figia2 These waves inter- 0
fere with phase shiftg;, ¢,, ¢3, and ¢;, where

d SE focusing occurs when the phase shift produced in the
S]‘irst SE armg, is equal to that of the second aigy, so that

It never happens automatically because of small differences
either betweer, andL, or betweemAk, andAk,. For each
¢3:f[k++(x)—lc+(x)]dx (3) precession option of the SE machitBC and RB, a
small, but practically unavoidable, distortion between SE
arms is present. These values are not necessarily equal.
and Therefore we need to compensate the valbe= ¢ — ¢,
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1st arm of 2nd arm of
SE setup SE setup
ml)

I O Y o O
PRI [SEUTT]ISEY 7] 1S3 ISF4/[R2]lA [KMC

FIG. 5. Schematic drawing of the setup realized at the SP beam
line at IRI Delft: P, polarizer;R1, R2, polarization rotators; SF1,
SF2, SF3, and SF4 are the NR spin flippe24; andC2, the com-
pensating phase coils; A, analyzer; MC, monochromator crystal;
MD, detector for quasimonochromatic beam; D, detector for white
beam. The system consisting of SF1 and SF2 makes up the first arm
of a spin-echo setup while SF3 and SF4 make its second arm. The
phase¢ caused by the difference between first and second arms is
measured as the fielB; generated inC1 and/orC2 needed to
compensate this phase.

real experiment the SE pattern arises as soon as the correla-

tion volumes of two different waves are intersected. When
FIG. 3. The phase-of-waves diagram of the four individual no intersection occurs, no SE pattern in observed. Only for

waves(DCUP, DCYo"n RFUP, and RE°"") as a function of the mag- the reason of clear distinction for the four different waves we

netic field of the compensation coil located at one of the two dif-keep using the terminology of the plane split waves.

ferent positions(a) between two spin flippers of the same SE arm,  Suppose we place the compensation €dilin the space

field value denote®q; (b) between the two SE arngapstream or  between RF flippers of the first SE arm. For0 [Fig. 1(b)],

downstream the setypfield value denotedc,. an addition of the compensating field increases the phase

difference between two neutron waves forming the so-called

using a compensation coil and to do this ig(DC) and  DC-SE pattern. Fop=1 [Fig. 1(c)], the same addition of

for ¢c(RP), successively. field decreases the phase difference between the waves mak-
Figures 3 and 4 show schematically the phase-of-waveld the so-called RF-SE pattern. Figurgag shows the

diagram of the four individual waves as a function of the Phase-of-waves diagram as a function of the magnetic field

magnetic fieldsBs; and B, of the compensation coil€1 Bcy. Each wave 'S_d'ﬁefe”“y aﬁeCted by the magnetic field

andC2, respectively. These compensation coils are located &t depend]!nt% on ;]ts spmf sézéte. An mc.rterz]atsheB@{ I.eadés :O 3

one of the two different positionsi) between two spin flip- deecr?ca)?:c? ISGOW% pbuatsti gn incrvg:: cv)\:‘l the ehzgg]osf?f(\a/vas\évn

pers of the same SE arm, field value denoig; (ii) be- ( ' P

with the same spin stateenoted RE°Y). It is vice versa for
tween the two SE arm@pstream or downstream the sefup the two waves vF\)/ith spi(n upsee Fig. 32)]. So, we conclude

field value denotedc; (see Fig. 5 The importance of the .« that the four wavegDCIown DCUP, RFIOWN and RFEP)

concept of the correlation volumes should be pointed oUgannot be focused in one single point of the phase-of-waves
here[8]. The spheres in Figs. 3 and 4 demonstrate the COlgiagram by using only this compensation coil.

relation volumes of each of the four individual waves. In the  Before proceeding to the other compensation @2,
consider what an extended scanBy; does. An increase of

§ Bc; first makes the two DC waves, D€and DC°"" to
0 @& coincide at the point calle®pc.se [Fig. @)]. Further in-

a " By crease ofBc; separates these two waves, but instead, leads
the phases of the wave B®" and RE°"" and simulta-
neously the wave D& with the wave RFP to coincide at

B.se [Fig. 3@)]. Each of these pairs makes different SE
n patterns, which we call “intermediate” SE. Peculiarly, for
both these interference patterns, the spin states of the inter-
fering waves are co directed despite being opposite for both
[0) SE patterns. As a consequence, the intermediate SE patterns

b are only observed when the polarization of the incoming
beam is parallel to the quantization axéong the fieldB;).

At last what happens with even further increase of the field
{ Bc; is focusing the two RF waved&RF'P and REY") at the
DE-gdown point Bgr_se [Fig. J@)]. This RF-SE as well as the DC-SE is

observed for the incoming polarization perpendicular to the
guantization axis because here two waves with opposite spin

FIG. 4. The phase-of-waves diagram of the four individual State interfere.

waves as a function of the fieB; for two different values of the
gradient fieldA of the first NRSF.

When we locate a compensation c@? outside the SE
arms, for instance, between thésee Fig. 5, the addition of
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the compensating fiel®., increases the phase shift both RF field, and are influenced by the permanent fi&gl
between the two DC and the two RF waves. Thus using thenly.

same terminology, an increase of the fi@d, produces a As was shown in Ref[12], when the amplitudes of the
decrease of the individual phase of both the wave§®™C gradient field and the RF field are equal=A"=A, the pre-
and RF°"" Again it is vice versa for the waves with spin cession phase differenca® of the flipped state in the
state ugFig. 3b)]. The scan 0B, shows also four different magnetic-field configuration of NRSF with adiabatic passage
SE patterns: one for two DC waves at the pdpkt.gg two  is

for the intermediate patterg®FP and DC°"" and (RF#"" ——

and DCP) at the pointB,.sg and the fourth one is for the Ad¢=wor+ (£) @ = w7+ (£) (VK" + 1). (8

two RF waves at the poirirr.se[Fig. 3b)]. All of them are  The first term is the contribution of the rotating frarfe,7),
observed for spin perpendmular to the_quantlzanon axis. a5 in a conventional flippef1-3]. The second ternte;
Thus we see that the different locations of the compensa: - 12.7) is the precession phase in the rotating frame.

tion coil or field affect the superposed waves of the RF anq,. sign is determined by the sign of the gradient fi&Vd

S;r?oEt %?&ir?gu?I:fv(;r\?er]él){naggeogeE S'ggfrﬁogﬁiﬂzeggnrﬂr;?'with respect to the spin. In practice, the variation of the
: ) P : . X%\ffective field in the rotating frame determines the stabil-
use of two compensation coils, one between the flippers o o L
) |t¥ of the total phase. Therefore, it is more realistic to
the first arm and another one between two arms, enables U8h1ace the phase. of E 8) by [ [Berdx. Then under
to focus simultaneously both DC and RF modes. P phaser 9. Y Jo [BerrlCX.

the adiabatic approximation we can rewrite it in the fol-
lowing way:
C. NRSE focusing with adiabatic spin flipper

Y Y| g2 2
NRSF with adiabatic passage in both SE arms, apart from ¢t~ ;f |Betr(x)|dx= _f VB er(X) + By er(¥)dX, (9)

the possibility to make partial fligimportant for multiwvave v

splitting) offer an opportunity to shift the DC and RF pat- where B, (X)=By—wo/ y+A’ codmx/l) and By e(X)

terns independently from the compensation c@idlsandC2.  =A" sin(wx/l). A’ and A” are the amplitudes of the gradi-
For an adiabatic passage of the neutron spin one needst field and the oscillating field as set by the experimen-

[12,14 a permanent homogeneous fi@lglwith added to ita talist.

gradient along the neutron patk[0,l], so that the resonant Contrary to it, the precession phas®, of the nonflipped

point (27v,=yB) occurs approximately at the center of the states in the magnetic-field configuration of NRSF with adia-

flipper: x=1/2, wherel is the length of the flipper and; is  batic passage is

the frequency of the oscillating field. We describe the gradi- | |

ent field asB(x)=A’ cogwx/l). Second, one needs an oscil- Aq)n:f BO(X)dX:f Bo + A cog mx/l)dx = Byl.

lating field B,s(x,t) which increases from the entrance to the 0 0

middle, and then decreases toward the exit of the flipper, (10)

described byB(x)=A" sin(ax/1)coq wgt). _ _ _
The exact expression for the spin-flip probability, derivedHence the SE signal of the nonflipped states does not shift

in Refs.[12,16, is given as with a change of the gradient.
Thus three parameters of the flipper may be varieq:
p=1-sirf pl(K2+1), (7)  A’, andB,. The amplitude of RF field varies the spin-flip

probability p or relative weight of the flipped and nonflipped
where ¢ is the phase of the spin in the magnetic field of thestates. The value of the gradieitchanges the phase shift of
reference frame rotating at the frequenayr andk=w /Q  the flipped stategRF'? and RF°"" of Fig. 4) and has no
is the adiabaticity parameter of the reference frame. It i€ffect on the nonflipped stateBC'? and DC"" of Fig. 4).
clear that the spin flip is complete for all neutrons with a Contrary to it, the value of the permanent fidg changes
velocity (wavelength satisfying the adiabatic condition. the phase of the nonflipped states and has relatively small
This means the adiabaticity paramekesbeys the inequal- influence on the flipped states.
ity k=y,Al/mv>1. The spin-flip probability may be The combination of the effects of the compensation coil
readily changed between 1 and 0 by varying the adiaba@nd the adiabatic spin flipper is shown in the phase-of-waves
ticity parametek from k> 1 to k=0 in one single point of diagram in Fig. 4. As discussed in Sec. Il B, the scan of the
the flipper. It is most convenient to arrange this by chang-compensation fieldc, produces the SE patterns: DC pat-
ing the amplitude of the RF field” from A’ _ to 0. When  tern, intermediate pattern, and RF pattern. A change of the
the spin-flip process is partial, the neutron state becomes @adient in one of the adiabatic NRSE flippers results in a
coherent sum of the stateRF'P, RFOW" DCUYP, and shift of the position of the RF-SE pattern, as is demonstrated
DCdOWﬁ). During passage through the f||pper the phasein Flg 4. In this way all WaVeS may be focused at one pOint
shifts of the flippedRF) states and nonflippeC) states  Of the phase-of-waves diagram.
are different but nevertheless certain. Thus the phase of
the flipped states is the sum of the contributions coming
from the gradient field and RF field. At the same time the The measurements below were carried out using the po-
unflipped states are affected by neither gradient field noftarizing mirror setup SP at IRI, Delft, shown schematically in

Ill. LAYOUT OF THE NRSE EXPERIMENT
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Fig. 5. A polychromatic neutron beam emerging from a 2 104 i
MW swimming-pool type reactor is polarized by polariZer "-""'h

Using rotator(R1) the polarization of the beam is rotated 0.8+ _' % ]
towards they axis, i.e., perpendicular to the guide field. The 0.6 - % i
first spin-echo arm consisting of two RF spin flippers is lo- =3 . L

cated downstream from this rotat®i. In our experiments 0.4 : \ 1
we setB, equal to 414 G and the frequency of the oscillating 0.2 1 : 3 -
field equal to 1.22 MHz, respectively, to fulfill the resonance _, \__
condition at the center of the flipper. The length of the RF 0.0

coils is 0.1 m and they are placed at a center-to-center dis- 300 350 400 450 500 550
tance ofL=0.9 m. The permanent magnetic field is produced B, (G)

by an electromagnet with pole shoes such that the magnetic i : i : i
field is relatively homogeneous over the length of the flipper. 109 w=v=w — .
It drops outside both sides of the magnet. Two specially con- 08, ) - |
structed coils were placed between the pole shoes to create ' '

the gradient of the permanent field. These coils were wound 0.6 . - ]
in such a way that their magnetic field is positive over one e 041 ]
half of the magnet and negative over the other half, and ' . )

having a zero field at the middle. The current passing 0.2 . . 1
through these coils is proportional to the magnitude of the 00 .t

magnetic field(z componentin the rotating frame, denoted ' : : : : :
A’ in Sec. Il. The RF coil with a diameter of 30 mm is 40 -20 0 20 40
located in the center between these two coils, with the oscil- A (G)

lating field along thex axis. With this construction we could ————
vary the following parameters of the flippers independently: 1.0 -

the magnetic field3, from 0 to 1000 G, the gradient®? of 08 .

the permanent field from 0 to 80 G, and the amplitude of the '

oscillating field from 0 to 40 G. After transmission through 0.6 -

the two RF flippers, neutrons pass the field stepper. The sec- o -

ond arm consists of two other identical flippers. Their static 0.4 '

magnetic fieldB is opposite to the static magnetic field in the 0.2

first two flippers. Two compensation coilS1 and C2 of e ' ]
length 0.40 m were located at some position between the two ' ——T T
RF flippers in the first SE arm and between SE arms, respec- 0 5 1018 I320 2(; 3035 40
tively. Both coils can produce a static magnetic fi@din RF (G)

the range from —-80 to +80 G. The second arm of the SE
setup is followed by a second polarization rotatB2) and
an analyzer(A). By Bragg reflection at a monochromator
crystal  (MC), neutrons  with  wavelength \

FIG. 6. Dependence of the spin-flip probabilityn one NR spin
flipper on the permanent magnetic fiddd (a); on the gradient field
A (b); on the oscillating field valueBgg (c) for wavelength\

. . =0.2 .
=0.19,...,0.23 nm are reflected into various detectors of the nm
multidetector(MD). The spread of the wavelength spectrum p=(1-P,)/2. (1)
in each detector is 0.02 nm, approximately. The polarization _ _
was measured as a function of the precession pkase- Figure &a) shows a broad resonance line measured with

res

quired after passing through both SE arms. The latter is va€dual to the resonance frequency=1.22 MHz (B
ied in different ways by the values of the magnetic fisdds =414 G. The width of the resonance line at half heigpt
andBg, in the phase compensation cold andC2 and by =1/2) is determined by the magnitude of the gradieAt Bf
the parameters of the adiabatic flippérsind B, the permanent magnetic field. In our case the gradient com-
prises 80 G from minimum to maximum as can be deduced
from the width of the curves at their bottom. The field range
IV. RESULTS: NRSF WITH ADIABATIC PASSAGE with p~1, a so-called “plateau,” extends over a range of
about 40 G aroun@®’®, which is about half the field gradi-
ent. The magnetic field therefore may be changed within the
The spin-flip probabilityp is an important quantity which  range B >~A<B,<By*+A. This change in field, does
determines the amplitude of the SE signals. It was measureabt affect the probability but significantly changes the phase
in a separate experiment with only one flipper between poef the DC mode while the phase of the RF mode stays un-
larizer and analyzer as a function of the permanent fgld changed. The asymmetry of the resonance line is connected
while the gradient coil was set to a constant value. In thiswith the nonsharp boundary of the magnetic fiBlg
setup one measures in faB}. From the definition of the Figure &b) shows the dependence of the spin-flip prob-
polarization,p is connected td>, by ability p on the value of the gradiemd’ at optimal By

A. Spin-flip probability
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=414 G and the maximal value &z-=38 G. The value of
the gradient was varied from -40 to +40 G in the experi- «
ment. For sufficiently large absolute val(@ G) of the gra- .
dient|A|, the spin-flip process becomes complpte 1. This
allows us to change the value of the gradient beyond 25 G in
order to change the phase of the SE-RF mode. As was showr
above, the position of the SE-DC pattern does not change s
with the gradientA. ;
Figure &c) shows the dependence of the spin-flip prob-
ability p on the value of théBz at optimalB,=414 G and
the maximal value of the gradie®=40 G. We used this
dependence for setting=1/2 toprovide the four-wave split-
ting in this SE experiment. It was verified also that the posi- —I
tion of the SE does not significantly change with the value of *
the Bgg

RF (+ - - +)

i |

=]

[RF (---+) |
i

l
J (I

\H ‘!Wh'.f -

|RF(+++.)|d

“\ ‘\ r
-

B. Phase shift by NR spin flipper with gradient

1B,

We find it more convenient to vary the gradient of one o
neutron-resonance spin flipper in focusing the four-wave SE,
since a change in the parameBgrmakes, although insignifi-
cantly, some shift of the RF-SE pattern along with a strong
shift of the DC-SE pattern. The value of the gradiénbas
no effect on the DC-SE pattern at all while its effect on the o
RF-SE pattern is significant. To demonstrate this we show in
Fig. 7 the position of the SE-RF pattern as a function of the
field B, of C1. C1 was operated only over the relevant o
range to reveal the SE patterns. As was mentioned above, the_l ] N‘ d M
NRSF contributes to the phase shift of the neutron passing~ ] ,” WI ’ 1 i NW’"
through it as 4p; [Eq. (10)], where the sigri+) is determined ] |‘ “
by the mutual orientation of the spinor and gradient of the
field with respect to the neutron velocity. Thus, when the -1oo 50 0
signs of all four flippers are positivie- + ++), the combina- B., (®
tion of the contributions to the total phase shift[is¢s . . o
- ¢r0)— (+o3—@1a)], because the first flipper changes the FIG. 7. Spin-echo spectra as a functionBgf; for five different
sign of spinor and therefore it will be opposite for the secondfomPinations of the signs of the field gradients in flippes(e).
flipper. Thus, for all gradienté++++) positive the phase The DC-SE position is the same for all combinatigfis
shifts induced by all flippers to the RF-SE mutually cancel; it
is also true for all gradienté-——-) negative. When one of Phase-of-waves diagram. To produce such focusing one
the gradients changes sigsay, the first ong the cancella- needs at least two independent tools to influence these
tion does not hold and the SE pattern is shifted. Considerin§/aves. In Sec. | we denoted them as'RFRF*"", DC'",
the contributions of the gradient fields of all flippers as iden-2nd DC°"" these waves compose the RF-SE and DC-SE
tical @r1121314=@cr WE can change the total phase shift patterns, respectively. The independence of the tools means
s o1 OF the RF-SE pattern from g to +4pgg This is  not only that they are energized from different power sup-

shown in Fig. Ta) for the (+-—+) combination Withe i plies but that the magnetic fields, provided by these tools,
=4ggr in Fig. 7(b) for the (~——+) combination withey affect the RF waves and DC waves differently as was ex-

=20cr in Fig. 7(c) for the (~—--) and (++ + +) combina- plained in Sec. Il B. In accordance with this definition, we

tiO;DSG\FIQVith(p J =(()')in Fig 7((d) for )the(+(+ +-) CZ)mbination can consider action a1 and action of the gradient field of

with :f‘é" ! and iﬁ Fig. Te) for the (—++-) combi- the adiabatic NRSF as independent. The same applies to ac-

natiogr:fc\(/)itthqo Per a0 Asg\l/;/as mentioned above. the DC 1ons of C1 andC2 and forC2 and the gradient field. These
ftot—~ FPGR: )

echo is not influenced by the gradiertsat all. Its location three possible combinations are now of particular interest for

also is shown in Fig. (). It coincides practicallybut not us.
exactly with the RF-SE with gradients++++) and

(-—=-).

il M ”l’w

(-++-)| e

8,

fW i

- " f

) ' ' ' ' ' ' ' ' ' '
o o O O 0O 0O 0O 0O o 0o 0O O O O 0O 0o o o o o O O O OO o o o o o o
® A O H O ©® A O A ©® ©® b O b © O A O H O O A O B © ©® M O b~ @

50 100

A. Focusing with C1 and the gradient field of NRSF

If we do not take special precautions, the scan made by
the field of C1 reveals the RF-SE pattefp=1) at a certain
point. A scan made gi=0 with the same phase colil reveals

The four neutron waves generated in the first SE arm othe DC-SE pattern at a point far away from the RF-SE pat-
the NRSE experiment may be focused into one point of theern. In correspondence to the scheme in F{g),3ve focus

V. RESULTS: FOUR-WAVE SE FOCUSING
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FIG. 8. The polarization as a function of ttig, for the com-
ponent perpendicular to the quantization axis:1 (a), p=0 (b),
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FIG. 9. The polarization as a function of tig, for the com-

p=1/2 (c), and the component parallel to the quantization axis PONent perpendicular to the quantization axis:1 (&), p=0 (b),

=1/2 (d). Four waves(DC!P, DCY"" RF'P, and RE°"Y do not

come in SE in one point.

the two RF waves aB;;=76 G and the two DC waves at
Bc1=—11 G[Fig. 8a) and 8b), respectively. When we set
p=1/2 in allflippers, we can focus the waves Rand DCP
as well as the RE"" and DC°"" at the pointBc;=33 G
[Fig. 8c)]. We denoted this SE pattern as intermedidé).
There are two features of the Int-SE pattefh):it can be

p=1/2 (c), and the component parallel to the quantization axis
=1/2 (d).

axis, whenp=1/2.Absence of a four-wave SE pattern at the
intermediate position is also demonstrated in the experiment,

see Fig. &d).

In order to focus all four waves at the same point of the

Bc1, we change the value of the gradietsuch that the
position of the RF-SE pattern shifts toward the position of

observed only when polarization is parallel to the quantizaDC-SE pattern. This is shown in Fig. 9. We have measured

tion axis (along the fielg; (i) it is halfway betweerBze.qe

andBpc.se

the polarization of the beam perpendicular to the quantiza-
tion axis for three different casep=1 [Fig. Aa)], p=0 [Fig.

Thus we indeed can identify the four different waves con-9(b), and p=1/2 [Fig. 9c)]. Additionally, the polarization
tributing to these SE patterns. Since all four waves are not iparallel to the quantization axis was measured doerl/2
focus simultaneously, no SE pattern can be observed in thgig. Ad)]. Thus when all four waves are focused in one
polarization components perpendicular to the quantizatiopoint of the phase-of-waves diagram, then four-waves SE is
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0.4+— - ' ' - 2 - '
A(F1)=-375G A(F1)=-33G B.,=0 iy RF SE
0.2 | et . W \”'\\(\/\ i) a
Wt o Int-SE ! f
o 0.0 :: O-W
_1o r
n_l A fereannna AR NU [\/\Jﬂv\f Y
-0.2 , | | |
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0.4 Bea (@)

FIG. 10. The polarization as a function of tBg, for the com- o
ponent perpendicular to the quantization axis1/2 at diferent _: 04
values of the gradient field=33,35,37.5 G. o

e sl
| s “f ”
nt-SE U

i
;\ J \/\U(\ }( \V [ AN Y S I e

implicitly observed at the point of focusing far=1/2 and ‘\ DC-SE
Po L Bo. -2 : :

It is interesting to point out that the polarization perpen- -40 20 0 20 40
dicular to the quantization axi®, is not O far out of SE B, (G)

position but shows a slow waving behavior as a function
Bc. This is connected with the position; of the two DC and onent perpendicular to the quantization axis:1, p=0, and
two .RF waves on the phase-of-waves diagram. It is well seeﬁl/2 atptwg diferent field vaI?Jes of thel aB>21_0 fa) and Bcli
in Fig. 4(b) that when the R¥ and RF°*"waves are out of _, Gb).
the RF-SE position, this is also valid for the EXCand
DCY"n waves. Their added interference patterns result irRFUP, RFIOWn DCUYP, and DCY" Thus we use the action of
zero polarization. On the other hand, interference betwee@1 to set mutual positions of the RF-SE pattern and the
the RFEP and DC"" waves as well as between the R DC-SE pattern, while€C2 reveals the SE patterns on its own
and DC® waves gives polarizatioR, # 0 independently of scale ofBg,.
the value ofB¢;. This happens due to the fact that the"RF At the arbitrary value of the field of1, the four waves
and DC°""waves(as well as the Rf""and DCP waveg  are out of echo and are able to create separated patterns only.
have an equivalent positions on tli&; scale and their To demonstrate this we measured the polarization as a func-
phases change equally as a functiorBef. tion of the B, for the component perpendicular to the quan-
However from this consideration there does not followtization axis atp=1, p=0, andp=1/2 at diferent field val-
any slow waving behavior of this polarization component.ues of theB.;. The observed SE patterns for two particular
This fact is connected with difference in effect of the mag-values of the field oB.; are shown in Fig. 11B;;=0 (a)
netic fieldB¢; on the DC and RF waves. In the fidinean  and B;;=20 G (b). In this case, in correspondence to the
approximation, taking into accoufEg. (1)], the magnetic scheme of Fig. @), we focus the two RF waves &,
field affects both DC and RF waves equally, but accounting=10 G and the two DC waves Bt,=-10 G. In full accord
for the small quadratic term, which is different for DC and with the scheme of Fig.(3), one also can focus intermediate
RF waves, one can come to the conclusion that it leads t§E patterns built by the RFand DC°""waves along with
such a smooth waving behavior, as was observed in the exne RF®“" and DCP waves, at the poinB;,=0 G. To ob-
periment. To demonstrate it clearly we show the four-waveserve the last pattern, we have to create these waves, i.e., to
SE pattern at three different values of the gradikmf one  setp=1/2 in all flippers. It is clear that now it can be ob-
flipper (Fig. 10. It is seen that the change of the RF phaseserved only when the polarization is perpendicular to the
for w/4 makes both smoottiong) wave and quick'shor)  quantization axis. The point of the intermediate SE obeys the
wave shifted to the same value of4. The shift of the RF  equationB,;.se=(Bgr.se+ Bpc.sp)/ 2.
pattern formr/2 makes destructive interference and SE van- For the case oB¢;=20 G, the picture of the locations of
ishes. Such a behavior of the SE pattern in responBei@s  SE patterns is qualitatively the same. The setfg differ-
not convenient for the experimentalist, because it is difficultent from 0 shifts DC and RF patterns in different directions
to predict a polarization value of the intermediate SE pattermn the scaldc, in accord with the statement th@l andC2
and have a maximum of all SE patterns at one point. affect the RF and DC waves differently. Thus now we ob-
serve RF-SE focus @&-,=34 G and DC-SE focus &c,=
—-30 G, while the focus of the Int-SE pattern is found at the
point Be,=-2 G.
One can use another combination of independent tools, To show explicitly the position of the SE patterns as a
which is more convenient for focusing of all four waves: function of B¢, ¢p, both compensating coils, we determined

FIG. 11. The polarization as a function of tBg, for the com-

B. Focusing with C1 and C2
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40 ' 5 - - with a time delayryseat the sample position, i.e., being split
o RF-SE 4 e longitudinally. More precisely, the measured quantity
o DC-SE i .
201 & Int1-SE i ° _J d | 12
& IN2-SE | | & (o9 = | dwS(q,w)codwysg ~ (0, TnsH), (12
S 0mmteees 0 oo o where S(q,w) is the scattering function and(q, 7ysg
m A o =[{p(r;, ) p(r;+R,t;+ 7ysp)exp(igR)dR is the intermediate
-20- i scattering functiof 7].
. K “q A recent development of the SE technique with tilted
i fields resulted in a new type of SANS machine, the so-called
'4960 a0 20 T 0 20 4o SESANS techniqué19,20. In this technique, the neutron
B wave splits not longitudinally but transversely with respect
ct to the beam direction by a distanégse at the sample posi-

FIG. 12. The position of the SE on the map made of the com 0" The measured quantity in this case
pensating fieldsBc; and Bg,. The cross point of two lines for
DC-SE patterns and for RF-SE patterns gives the four-wave SE (o = f dgSg)cogqdnse ~ | (Snsp (13)
point which isB¢;=-10 G andBc,=0 G.

where S(q) is the scattering function ankddysg ={p(i;)p(r;

the position of the RF, DC, and Int SE patterns and different, 5NSF_i->x)> is the projection of the density-density correlation
values ofBc, as a function ofBc, and vice versa. We can g,nction on one of the axes perpendicular to the incident
plot a map of SE positions with the compensating fi@ds  oqm.

andBc, as axegFig. 12. It is well seen in this map that the When NRSE withp=1 is used to realize SESANS, the

Int-SE position almost does not change as a functioB&gf  measured quantity becomes a function of both space and
or as a function ofBc,. We can also find the intersection jme

point of the two lines for the DC-SE patterns and for the
RF-SE patternB-;=-10 G andB-,=0 G. It corresponds to
the point where the four waves B¢ DCY"" RF'P, and
RF9o"" come in focus: the four-wave SE point. At this point
we performed the measurement of the polarization as a func-

tion of B¢, with the polarization perpendicular to the quan'wherel(éNSE, TNSE):<P(Fiati)p(ﬂ"'éi»x’ti"'TNSE»- One of the

tization axis, andp=1/2 and atB;;=-10 G (Fig. 13. It o . . i . .
should be noticed that now one can use the gradient of thggple'(;?ﬂgnsbgfféﬁifﬁpfr:gnﬁgm tﬁgg?&uehiizcggfsd;z dtkt1r|1$e
resonant flippeA to adjust SE such that it would have maxi- pape y - P
: . gradient field of the NR spin flippers to change the param-
mum possible amplitude. . )
eters Syse and myse independently, thus studying, for ex-
ample, the dynamics of the system on the characteristic dis-
tancedyse
_ _ _ _ Application of the four-wave SE to SESANS technique
The conventional spin-echo technique is used to study feads to the combination of the four neutron waves after their
density-density correlation functio®(R, 7ysg [7]. The neu- interaction with the sample. In this case, the polarization of
tron wave splits into two waves and both go the same patlthe beam in a direction perpendicular to the quantization axis
may be given as

f dgSq, w)cogqdysgcod wrysp ~ | (dnse Tnse)

(o0 =

(14)

VI. NRSE AND CORRELATION FUNCTION

0.4 1 1 L L I
N-wave SE (o0 = f do2, S(q,w)codqdspcodw sy
0.2 n
~2 1(SNsE TNsE) (15
0.04

where &g and 7y g are the transverse distance and the time
delay, respectively, between different split neutron waves at
-0.2- the sample positiofDCU?, DC"" RF'P, and RE°"". Such
a composite correlation function may be useful in the
04 N study of periodical structures near a phase transition. In
40 -30 -20 -10 0 10 20 30 40 such an experiment the distance or delay-time between

B neutron waves may be adjusted to the periodicity of the

c2 . .
structure under study. This may enhance a desirable con-

tribution to the scattering and suppress an unwanted one.
Further details of the applications for four-wave NRSE are
currently under study.

o
m
—
I
o

FIG. 13. The polarization as a function of tBg, for the com-
ponent perpendicular to the quantization axis1/2 at Bgi=
-10 G.
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VIl. CONCLUDING REMARKS should be realized to improve the signal to noise ratio of the
setup.

(1) In this paper we demonstrated the possibility to real- (3) In contrast to the standard SE technique, which

ize spin echo of four different neutron waves or wave pack-

ets, which are produced by the neutron-resonance spin fliﬂ2r

per in a typical neutron-resonance spin-echo setup. In ord&ic@/€ty), the four-wave spin echo described above splits a
to focus all waves or wave packets in a single echo, on&€utron into four waves in the first SE arm, thus scanning the

needs to install at least two “independent’” compensatiois@Mple simultaneously on the length scal®aR;,R; (or at
coils. The independence of the coils implies that they affectN® Same point on the time scaletait,, t;). When all four
rf and dc spin-echo patterns differently. When the coils ard!€Utron waves are combined in the single spin echo, one can
located one between two neutron resonance spin flippers gféasure a composite correlation function. The first candidate
the first SE arm and another between two SE arms of th&r such a study is the hard sphere system. It was recently
setup, then the condition of the independence is fulfilled. Thé&hown that the pair-correlation function in these systems is
magnetic fields composing NRSF with adiabatic passage caffe!l visualized and can be directly measured by spin-echo
be used for an additional adjustment. SAI_\IS [21]. Application pf the four-wave NRSE mstead of
(2) At the moment the four-wave neutron-resonance spirPfdinary SE for SANS is, therefore, very much desired in
echo is realized on the existing setup using a standar@rder to measure directly this composite correlation function.
scheme: two NRSF witp=1/2 is one SE arm anather two
NRSF withp=1/2 is_ thesecond echoing SE arm. As a con- ACKNOWLEDGMENTS
sequence, the amplitude of the SE pattern is 1/3 of the initial
polarization. Another scheme may be proposed, where the This work is part of the research program of the “Stich-
amplitude of the four-wave SE pattern is as high as the initiating voor Fundamenteel Onderzoek der Mateff®OM),”
polarization. In this scheme, the first SE arm is built of threewhich is financially supported by the “Nederlandse Organi-
NRSF at equal distance from each other with spin-flip prob-satie voor Wetenschappelijk Onderzoa@kWO).” The work
ability p;=1/2,p,=1, andp=1/2.This allows one to splita was partly supported by INTAS foundatiofGrant No.
neutron into four waves and then focus them partially. ThdNTAS-03-51-6426. One of the authorgS.V.G) thanks
second SE arm consists of two NRSF witf1 andps=1in  (Project No. SS-1671.2003.2he Russian State Program
addition to the first three units. Such scheme, or its analodg)Neutron Research of the Condensed State.”
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