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Aksenov V. L. et al. D13-2004-47

The Polarized Neutron Spectrometer REMUR

at the Pulsed Reactor IBR-2

A new polarized neutron spectrometer REMUR has been constructed and commissioned.

The spectrometer REMUR is dedicated to investigations of multilayers and surfaces by polar-

ized neutron reflection and of the inhomogeneous state of solids by diffuse small-angle polar-

ized neutron scattering. The spectrometer operates in the neutron wavelength interval 1 10� Å.

In the reflectometry mode it allows one to complete polarization analysis and neutron posi-

tion-sensitive detection within the solid angle of scattering 22 10 4. �
� rad. The spectrometer en-

sures good statistics of the reflectometric data in the scattering wave vector interval

3 10 5 103 1
� � �

� � Å�1. In the small-angle scattering mode the spectrometer allows the investigation
of neutron scattering processes without spin-flip over the detector's neutron registration solid an-
gle interval from 4 10 3

�
� to 10 1� rad and the scattering wave vector interval from 0006 015. .� to

003 0 7. .� Å�1, respectively.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR.
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Àêñåíîâ Â. Ë. è äð. Ä13-2004-47

Ñïåêòðîìåòð ïîëÿðèçîâàííûõ íåéòðîíîâ ÐÅÌÓÐ

íà èìïóëüñíîì ðåàêòîðå ÈÁÐ-2

Ñîçäàí è ââåäåí â ýêñïëóàòàöèþ íîâûé ñïåêòðîìåòð ïîëÿðèçîâàííûõ íåéòðîíîâ

ÐÅÌÓÐ, ïðåäíàçíà÷åííûé êàê äëÿ ïðîâåäåíèÿ èññëåäîâàíèé ìíîãîñëîéíûõ ñòðóêòóð

è ïîâåðõíîñòåé ïóòåì ðåãèñòðàöèè îòðàæåíèÿ ïîëÿðèçîâàííûõ íåéòðîíîâ, òàê

è äëÿ èçó÷åíèÿ íåîäíîðîäíîãî ñîñòîÿíèÿ òâåðäîãî òåëà ñ ó÷åòîì äèôôóçíîãî ðàññåÿíèÿ

ïîëÿðèçîâàííûõ íåéòðîíîâ íà ìàëûå óãëû. Ñïåêòðîìåòð ðàáîòàåò â èíòåðâàëå äëèí âîëí

íåéòðîíîâ 1 10� Å è â ðåôëåêòîìåòðè÷åñêîì ðåæèìå èçìåðåíèé ïîçâîëÿåò îñóùåñòâëÿòü

ïîëíûé ïîëÿðèçàöèîííûé àíàëèç è ïîçèöèîííî-÷óâñòâèòåëüíîå äåòåêòèðîâàíèå íåéòðî-

íîâ â òåëåñíîì óãëå ðàññåÿíèÿ 2 2 10 4, �
� ðàä. Íà ñïåêòðîìåòðå ñòàòèñòè÷åñêè îáåñïå÷åííû-

ìè ÿâëÿþòñÿ ðåôëåêòîìåòðè÷åñêèå èçìåðåíèÿ â èíòåðâàëå èçìåíåíèÿ âåêòîðà ðàññåÿ-

íèÿ íåéòðîíîâ 3 10 5 103 1
� � �

� � Å�1. Â ìàëîóãëîâîì ðåæèìå èçìåðåíèé ñïåêòðîìåòð ïîçâî-

ëÿåò ïðîâîäèòü èññëåäîâàíèå ïðîöåññîâ ðàññåÿíèÿ íåéòðîíîâ áåç ïåðåâîðîòà ñïèíà

â äèàïàçîíå òåëåñíîãî óãëà ðåãèñòðàöèè íåéòðîíîâ äåòåêòîðîì îò 4 10 3
�

� äî 10 1� ðàä

â èíòåðâàëå çíà÷åíèé âåêòîðà ðàññåÿíèÿ îò 0006 015, ,� äî 003 0 7, ,� Å�1 cîîòâåòñòâåííî.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè íåéòðîííîé ôèçèêè èì. È. Ì. Ôðàíêà ÎÈßÈ.

Ñîîáùåíèå Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004
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INTRODUCTION

Originally, polarized neutrons were used to study the structure of the inho-
mogeneous magnetic state of ferromagnetics by measuring the polarization of the
polarized neutron beam transmitted through the sample (neutron depolarization
method) [1Ä3]. At present, the ˇeld of polarized neutron applications has es-
sentially widened. Today, it includes, for example, studies of the structure of
magnetics by diffuse neutron scattering [4], investigations of magnetic excitations
in ferromagnetics by measuring the angular distribution of the scattered polar-
ized neutron [5], studies of low-frequency excitations in solids by the neutron
spin-echo method [6] and, ˇnally, studies of the layered nanostructure by neutron
re�ection (neutron re�ectometry method [7]). Neutron re�ectometry as a method
for the investigation of solid body surfaces started to be intensely developed com-
paratively recently, in the 1980s. One of the ˇrst polarized neutron re�ectometers
in the world is the polarized neutron spectrometer SPN put into operation at the
IBR-2 reactor in 1984. An original element in SPN is the Korneev spin-�ipper
with a stretched working area in the vertical direction [8, 9]. The ˇrst experiments
with SPN were made in the depolarization mode. Then it operated as a neutron
re�ectometer for a long time [10]. Today, rapid advances in nanotechnology re-
quire the creation of complicate magnetically noncollinear periodic structures and
bilayers with perfect interfaces, plane-structured nanostructures, structures with
zigzag-like interfaces, etc. [11]. To serve the purpose, in various neutron research
centers about forty neutron re�ectometers have been built and the polarized neu-
tron re�ectometry method is being intensely developed. The development goes in
the following directions: increasing of the information density of measurements,
raising of the polarization efˇciency of the spectrometer, extending of the mea-
surement range and increasing of the momentum transfer measurement resolution,
increasing of the luminosity of measurements, of the measuring sensitivity of a
speciˇed parameter (e.g., an absolute value of the magnetization vector, rotation
angle of the magnetization vector, layer thickness, etc.), increasing of the scat-
tered neutron registration solid angle, and reducing of the neutron count intensity
background. Nanoroughnesses in the vicinity of the interface, magnetic or nuclear
inhomogeneities in some layers affect one or another interaction or microproperty
of the structure. Therefore, of importance is the registration of the diffuse scatter-
ing of polarized neutrons by the structure. In this connection, it should be noted
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that the neutron re�ectometry method is compatible, in terms of its technical
realization, with the method of diffuse neutron scattering on inhomogeneities in
the medium. In fact, the experimental basis of the neutron re�ectometry method
is that it is necessary to measure neutron re�ection in the vicinity of the critical
wave vector transfer kc = 4π sin θc/λ, where λ is the neutron wavelength, θc is
the critical neutron glancing angle. The value of kc depends on the density of
nuclei and the neutron scattering amplitude on the nucleus and is of the order
2 · 10−2 �A−1. For thermal neutrons with the wavelength λ = 1.8 �A it corre-
sponds to the scattering angle θscat,r = 2θc ≈ 6 · 10−3 rad. At the same time, the
experimental basis of the diffuse neutron scattering method is to conduct measure-
ments in the vicinity of the wave vector transfer q = 2π sin (θscat,d)/λ = 2π/d,
where d is the linear dimension of the inhomogeneity in the medium (correlation
length). From the equation for q it follows that if ≈ 300 �A, the scattering angle
is θscat,d ≈ 5.9 · 10−3, which is close to the critical scattering angle θscat,r in the
re�ectometry method. So, the correspondence between the angular characteristics
of the two types of neutron scattering, the necessity to know the structure and the
distortions it has at interfaces as well as the level of substance homogeneity in
the structure's layers point to the fact that it is important to envisage in the polar-
ized neutron spectrometer the registration of specular and diffuse re�ection from
interfaces or surfaces as well as the registration of small angle neutron scattering
on inhomogeneities in the medium volume.

1. THE FUNCTIONAL SCHEME OF THE SPECTROMETER

In the polarized neutron spectrometer REMUR there is realized:
1. Mode to measure the re�ection of polarized neutrons and their transmission

through a layered structure (re�ectometric mode), and the mode to measure diffuse
small-angle neutron scattering (small-angle mode).

2. Complete polarization analysis of the re�ected and the scattered neutron
beam [12] that allows the investigation of processes with/without a change in the
neutron spin state.

3. Polarization analysis of the neutron beam with respect to the local ˇeld in
the investigated sample based on the effect of spatial splitting of the neutron beam
that occurs if there exists a nonzero probability of neutron transition between spin
states.

4. Position-sensitive detection of neutrons with the angular resolution in the
horizontal plane ±0.17 mrad.

5. Shifting of the polarization efˇciency of the re�ectometric mode in the
neutron wavelength interval 1.5 ÷ 5 �A accomplished by changing the glancing
angle of the neutron beam falling on the supermirror of the neutron polarizer.
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6. Automated switching over of the state of the spectrometer during its
operation in a speciˇed mode, automated acquisition of the spectrometric data,
control of the state of individual blocks of the spectrometer.

7. Visualization and express-analysis of the spectrometric data.
Figure 1 shows the functional scheme of the spectrometer. The fast neu-

trons formed in the active zone (AZ) of the reactor get thermolized in the water
moderator WM situated around the AZ. The moderator thickness is 5 cm, which
sets the time of fast neutron moderation and the thermal neutron pulse duration
at 320 µs [13]. The moment of thermal neutron emission from the moderator
is further used as a reference point to determine the time of neutron �ight from
moderator to neutron detector. The time of �ight, in turn, determines the neu-
tron wavelength, which is the essence of the time-of-�ight method at the pulsed
neutron source. The thermal neutron beam emitted from the moderator is shaped
using the double-disc neutron chopper DCh (the chopper-to-moderator distance
is L1 = 4.5 m). The neutron chopper transmits the main thermal neutron pulse
and shuts off four satellite pulses of thermal neutrons arising in a period of time
multiple of 40 µs after the main pulse was generated. The satellite pulses arise
due to that the auxiliary neutron re�ector passes by the active zone. Leaving
the chopper the neutron beam enters the collimator C1 situated in the wall of
the reactor biological shielding (the diameter of the round inlet in the collima-
tor is 200 mm, the collimator-to-moderator distance is L2 = 9 m), goes along
the conic convergent neutron guide NG and enters the second collimator C2 at
the exit of the neutron guide (the cross section of the inlet in the collimator is
20× 160 mm2, the distance from the moderator is L3 = 20 m). Along the 4.5 m
path behind the second collimator the systems formed the polarized neutron beam
for the re�ectometric and small-angle modes of the spectrometer are installed in
the direction of the beam and parallel to each other. Each of them consists of two
units ˇxed, respectively, to two movable platforms PL1 (L4 = 20.5 m) and PL2
(L5 = 24.5 m) shared by the systems. The platforms stretching 1200 mm in the
direction of the neutron beam have drives at the ends to displace them across the
beam. The drives are used to adjust the units with respect to the neutron beam.

The polarized neutron beam formation system for the re�ectometric mode
includes the collimator CR1, neutron polarizer PR and the collimator CR2. The
1200 mm long collimator CR1 is ˇxed to the ˇrst platform and has the inlet
10 × 80 mm2. The polarizer PR ˇxed to the second platform is a supermirror
on a glass substrate measuring 28 × 100 × 800 mm3. The collimator CR2 is
400 mm long and its inlet has the exit cross section 2 × 80 mm2. An optimal
situation of the collimator CR2 that would provide for the transmission of the
neutron beam re�ected from the polarizer and a low fast neutron background level
is achieved by rotating the collimator about the rotation axis coinciding with the
polarizer exit. At the exit of the collimator a neutron beam with the cross section
2 × 80 mm2 is formed.
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The polarized neutron beam formation system for the small-angle mode con-
sists of the polarizer PM and the collimator CM ˇxed to the ˇrst and sec-
ond platforms, respectively. The polarizer is a stack of 300 mm long straight
supermirrors 1 mm apart. The inlet in the polarizer has the cross section
38 (horizont.) × 42 (vert.) mm2. At the exit of the polarizer a neutron beam
with the cross section 20 × 42 mm2 is formed. The collimator CM is 1200 mm
long and has an inlet with the cross section 40 × 40 mm2.

On its way to the sample the formed polarized neutron beam also goes through
the cadmium diaphragm D1 (L6 = 25 m), exit collimator C3 (L7 = 26 m), spin-
�ipper SF1 and the second diaphragm D2 (L7 = 28.5 m). The cross section of
the inlet in the diaphragm is adjusted within the limits (0÷ 50)× (0÷ 160) mm2

by remote control. The cross section of the inlet in the collimator C3 is
100 × 200 mm2. The gradient radiofrequency (RF) spin-�ipper is a 160 mm
diameter by 300 mm length solenoid surrounded with curved coils of special
design which changes to the opposite the neutron beam polarization. The al-
ternating magnetic ˇeld of 10 Oe at 75 Hz is directed along the solenoid axis
parallel to the neutron beam and the permanent magnetic ˇeld generated by the
coils is perpendicular to the direction of the neutron beam, and it varies from 40
to 10 Oe along the beam direction.

The sample position is at L8 = 29 m behind the moderator. The sample is in
a special holder to the entrance and exit of which diaphragms made of 1 mm sheet
cadmium can be ˇxed. In the re�ectometric mode the neutrons re�ected from the
sample go through the second spin-�ipper SF2 (SF2 is analogous to SF1), the
focused (fan-shaped) beam polarization analyzer APF (L9 = 33.4 m) [14] and
are registered with the position-sensitive detector PSD (L10 = 33.7 m) [15]. The
described equipment can be also used for small-angle investigations in the slit
geometry as is shown in [15].

In the small-angle mode neutrons are registered with the multicounter
(32-counter) neutron detector (MCD) located at 1.5 ÷ 7.5 m from the sample.

2. THE EQUIPMENT OF THE SPECTROMETER

2.1. Polarizers and Polarization Analyzer. The polarizers and polarization
analyzer are made from supermirror with the critical angle of thermal neutron
re�ection θc(λ = 1.8 �A) = 6.3 mrad which is 2 times larger than that from the
surface made from natural nickel [16]. Since the neutron beam glancing angle in
the polarizer (polarization analyzer) θ is ˇxed, to the critical angle θc(λ = 1.8 �A)
there corresponds the critical wavelength λc (�A) = 1.8θ/θc(λ = 1.8 �A). As
is known, the principle of operation of the supermirror polarizer (polarization
analyzer) consists in that neutrons whose spin projection lies in the direction of
the magnetic ˇeld (neutrons in ®+¯ spin state) are re�ected from the magnetic
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supermirror layer and neutrons with the spin projection in the opposite to the
magnetic ˇeld direction (neutrons in ®-¯ spin state) are transmitted through the
layer and get absorbed in the next layer that has a larger neutron capture cross
section. The ratio of the re�ected neutrons in the ®+¯ to ®-¯ spin state r = j+/j−

determines the polarization efˇciency of the polarizer (polarization analyzer) P =
(r− 1)/(r +1). The polarization efˇciency P is close to unity (at the same time,
r � 1) if λ � λc for which the re�ectivity of neutrons in the ®+¯ spin state is
R+ ≈ 1 and for the re�ectivity there holds the condition R+ � R−.

The polarizer in the re�ectometric mode is a glass plate measuring H×D×L=
100 × 28 × 800 mm3 whose H × L surface is covered with a supermirror layer.
The side L is along the neutron beam and the sides H and D are directed across
the beam, H in the vertical and D in the horizontal direction. The plate thickness
D = 28 mm is chosen to provide for sufˇcient �atness of the plate from the
viewpoint of ensuring a not large angular width of the re�ected neutron beam.
The width of the polarized neutron beam d (in the direction perpendicular to the
mirror plane) that in certain conditions determines largely the angular resolution
of the spectrometer is related to the neutron beam glancing angle θ and the su-
permirror polarizer length l as d = lθ. The neutron beam glancing angle at the
polarizer can be adjusted within the limits 3 · 10−3 ÷ 10−2 rad by rotating the
supermirror, which gives d = 0.24 ÷ 0.8 mm. At the same time, the critical
wavelength changes within the limits 0.86 ÷ 2.84 �A, respectively.

To execute the small-angle mode, there are envisaged two polarizers: a stack
of straight mirrors (SSM) and a stack of curved mirrors (SCM). A stack of mirrors
is used because of the necessity to obtain, on a limited distance along the beam,
a polarized neutron beam with a large cross section. Due to the possibility to
have a not large neutron glancing angle the polarizer SSM is characterized by not
large value of λc, which is important in the work with a ®warm¯ neutron source.
The average glancing angle in SSM is θav = ∆d/l, where ∆d is the spacing
between mirrors equal to 1 mm in the discussed SSM. If the mirror length
l = 300 mm, θav = 3.3 · 10−3 rad, which gives the critical length λc = 0.94 �A.
The disadvantage of SSM is that part of neutrons may go through the polarizer
without being re�ected from the mirror if no special measures are taken. As a
result, the polarization efˇciency of the polarizer reduces. To avoid the efˇciency
reduction, the condition d < 2Lps · θav, where Lps is the polarizer-to-sample
position distance, must be met. It is chosen that in the spectrometer Lps = 9 m,
which gives the maximum beam width dmax = 59.4 mm. The value of dmax

reduces, however, to 40 mm due to beam divergence and a ˇnite size of the
sample.

On the other hand, the advantage of the polarizer SCM is the absence of direct
sight through it. At the exit of such a polarizer there will be only the neutrons
re�ected from the polarizer's mirror. As a result, the maximum neutron beam
width equals the width of the inlet in the polarizer. For SCM, however, λc appears
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to be larger than for SSM and is determined by a number of parameters [17]:
λc = 4a/ldσ, where ld = 2(2aρ)1/2 is the length of direct line of sight, a is the
channel width, ρ is the radius of curvature, σ = (Nb/2π)1/2, N is the density
of nuclei in the matter, b is the coherent scattering amplitude that is a sum of
the nuclear and magnetic amplitudes. For SCM in the spectrometer REMUR,
ld = 500 mm, a = 0.6 mm and σ = 3.5 · 10−3 A−1, which gives λc ≈ 1.4 �A.

The analyzer in the spectrometer REMUR is unique [14]. Somewhat analo-
gous is the analyzing system of mirrors in the small-angle scattering spectrometer
in Petersburg Institute of Nuclear Physics (PNPI), RAS in Gatchina [18]. In
the re�ectometric experiment with prevailing specular re�ection, of special im-
portance, however, is the positional relationship between the investigated sample
and analyzer mirrors. While in the conventional analyzer the mirrors plane is
oriented to be perpendicular to the sample or parallel to the scattering plane, in
the REMUR polarization analyzer the planes of the polarizer mirrors and of the
sample are parallel to each other. At the same time, each mirror in the analyzer
is oriented so that it formed a certain, equal for all of them, angle with a straight
line drawn from one point, the focus of the analyzer. The stack of mirrors looks
like a fan and this is why the focused analyzer is called a fan-like analyzer. The
investigated sample is placed in the focus of the analyzer. The focal distance
of the analyzer is 4400 mm, the distance between 0.3 mm thickness mirrors is
0.93 mm at the entrance and 1 mm at the exit and the neutron beam glancing
angle on the mirror (the inclination angle of the mirror plane with respect to the
radius vector drawn from the focus) is 4.5 mrad. The mean square uncertainty
of the neutron beam glancing angle on one mirror in the analyzer is 0.09 mrad,
which is 2 times smaller than an analogous value for the detector and it does not
virtually lead to a decrease in the neutron detection resolution. At the same time,
the relative mean square deviation of the glancing angle on the mirror is 2 % and
the mean square dispersion over mirrors of the polarization efˇciency does not
exceed 0.5 %. It is obvious that to have these very parameters of polarization
efˇciency in the presence of the sample, the neutron beam width on the sample
(sample effective thickness) must not be larger than half the discreteness step
in the analyzer ∆d/2 = 0.65 mm. At the same time, the size of the sample
in the direction of the beam must be not larger than 90 mm and the precision
of sample positioning in the direction across the beam must be not worse than
0.2 mm. As a rule, such requirements are satisˇed in the re�ectometric mode.
An important advantage of analyzers of the type is their high luminosity. It is
due to the fact that if the analyzer mirrors and the sample have a vertical ori-
entation, as it is the case in the fan-like analyzer, they appear to be matched
with respect to divergence in the horizontal and vertical planes. Let us make
assessments of the luminosity gain in the REMUR analyzer in comparison with
the conventional analyzer. For the REMUR analyzer we have the relationship
Sf = SaΩs = SaSs/L2

sa for the product of the analyzer inlet cross-section area
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Sa and the solid angle of sample acceptance Ωs, where Ss = hsds is the sample
cross-section area, Sa = hada is the analyzer cross-section area, hs and ha are the
sizes of the sample and the analyzer, respectively, in the direction of the sample
plane orientation, ds = ls sin (θ) and da are the effective size of the sample and

Table 1. The parameters of the polarizers and analyzers of the REMUR spectrometer

Re�ectometric polarizer: one mirror

Substrate dimensions 28 × 100 × 800 mm3

Polarized neutron beam cross section 0.24 ÷ 0.8 mm
Beam glancing angle 1 ÷ 3.3 mrad
Critical wavelength 0.86 ÷ 2.84 �A

Small-angle polarizer: stack of straight mirrors

Number of mirrors: 32
Glass substrate thickness 0.2 mm
Spacing between mirrors 1 mm
Mirror length 300 mm
Coating on two sides
Polarized neutron beam cross section 20 × 42 mm2

Inlet cross section (vent.× horiz.) 42 × 38 mm2

Critical wavelength 0.94 �A

Small-angle polarizer: stack of curved mirrors

Number of mirrors 45
Substrate thickness 0.3 mm
Spacing between mirrors 0.6 mm
Mirror length 2 × 260 = 520 mm
Coating on two sides 50(FeCo/TiZr)
Inlet cross section (vert.× horiz.): 40 × 40.2 mm2

Radius of curvature 50 m
Critical wavelength λcrit. 1.4 �A

Re�ectometric analyzer: stack of focused mirrors

Number of mirrors 94
Substrate dimensions 250 × 60 × 0.3 mm3

Mirror inclination angle with respect to
radius vector drawn from focus 4.5 mrad
Channel cross section input 0.93 × 40 mm2

output 1.0 × 40 mm2

Beam capture angle in horizontal plane 27.3 mrad
Focal distance 4400 mm
Inlet cross section (vert.× horiz.) 40 × 120 mm2

Transmission ®geometric¯ 0.66
Coating on two sides FeCoV/TiZr
Critical wavelength 1.3 �A
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the size of the analyzer mirror, respectively, in the direction perpendicular to the
sample plane, Lsa is the sample-to-analyzer distance.

For a conventional analyzer we have Sn = Ssδθa(ha/Lsa), where δθa is
the mean square value of the glancing angle at which the mirror of the analyzer
works effectively. The luminosity gain is determined by the factor β = Sf/Sn =
da/(δθaLsa). Let δθa be ∆da/4la, where la is the length of the mirror and ∆da

is the distance between the mirrors in the analyzer. Then β = 4dala/(∆daLsa).
If da = 38 mm, la = 300 mm, ∆da = 1 mm, Lsa = 4400 mm in the analyzer,
β ≈ 10. So, the gain increases with increasing da and decreasing Lsa, and
la/∆da is a constant that characterizes the mirror quality. Table 1 summarizes
the parameters of three different polarizers and the polarization analyzer of the
REMUR spectrometer.

Figure 2 shows the re�ectivity for ®+¯ spin neutrons (Fig. 2, a, c) and the
polarization efˇciency of mirrors the fan-like analyzer and the SCM polarizer

Fig. 2. The re�ectivity of neutrons with the plus spin component from (a, c) and the
polarization efˇciency of the supermirror (b, d) as a function of the neutron wavelength
normal to the mirror surface (the neutron wavelength is 1.435 �A). a, b) Å one side of the
mirror, c, d) Å the other side of the mirror
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(Fig. 2, b, d) are made from. Figure 2, a, b presents the data for one side and
Fig. 2, c, d Å for the other side of the mirror. The measurements were conducted
for the neutron wavelength 1.435 �A. In Fig. 2, the X-axis shows the parameter
λ/θ, the ®perpendicular¯ wavelength. First of all it is seen that the characteristics
of the mirrors are the same for their two sides. Second, it is seen from Fig. 2, a, c
that the critical value of the perpendicular wavelength is λ⊥ = 300 �A, which
gives σ = 1/λ⊥ = 3.3 · 10−3. From Fig. 2, b, d it is seen that starting from
λ⊥ = 500 �A the polarization efˇciency somewhat drops. It is due to the corre-
sponding growth of the neutron re�ection coefˇcient for the ®-¯ spin component
(which is obvious if one considers the dependence R+(λ)). Figure 3 illustrates
the wavelength dependence of the polarization efˇciency of the re�ectometric po-
larizer (curve 1), fan-like analyzer (curve 2), curved analyzer for the small-angle
mode (curve 3), and the straight polarizer for the small-angle mode (curve 4).
For the sake of comparison there is also shown an analogous curve for the po-
larization efˇciency of the polarizer in the SPN spectrometer (curve 5) [10]. It
is seen that in the wavelength interval λ > 2 �A the polarization efˇciency curves
of the polarizers and the polarization analyzer in REMUR go higher above the
polarization efˇciency curve for the SPN polarizer.

Fig. 3. The wavelength dependence of the polarization efˇciency: 1 Å small-angle curved
polarizer; 2 Å re�ectometric polarizer (the glancing angle is 4.6 mrad); 3 Å focused
polarization analyzer (the glancing angle is 4.5 mrad); 4 Å small-angle straight polarizer
(the glancing angle is 4.6 mrad); 5 Å SPN spectrometer polarizer
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Fig. 4. The polarization ratio η over the wavelength interval 1.4 ÷ 10 �A as a function of
the analyzer rotation angle α for the diaphragm-to-analyzer distances 4.15, 4.45 or 4.95 m

Figure 4 shows the polarization ratio η between spin-�ipper off/on neutron
counts over the wavelength interval 1.4 ÷ 10 �A as a function of the analyzer
rotation angle α and the situation of the neutron beam on the analyzer on the left
of the center (if viewed in the direction of the neutron beam), in the center or on
the right of the center. The diaphragm at sample position has a width of 0.5 mm
and the neutron beam width on the detector is 14 mm. The diaphragm-to-analyzer
distances are 4.15, 4.45 or 4.95 m. It is seen that for the distance 4.45 m the
curves corresponding to the different situations of the neutron beam coincide.
This is an indication of that the diaphragm is in the focus of the analyzer if the
distance between them is 4.45 m.

2.2. Spin-Flippers. In the spectrometer REMUR there is employed a gra-
dient RF spin-�ipper [19Ä22] whose permanent and alternating magnetic ˇelds
vary sinusoidally as a function of the coordinate z along the neutron beam direc-
tion. The permanent magnetic ˇeld varies as H0(z) = H0(z0) + A cos (πz/LSF)
and the amplitude of the alternating magnetic ˇeld is described by the equation
Hrf(z) = 2A sin (πz/LSF), where LSF is the spin-�ipper length, z0 = LSF/2 is
the coordinate of the spin-�ipper center, A = H(0) − H(z0) is the modulation
amplitude. The alternating magnetic ˇeld frequency equals the Larmor preces-
sion frequency of neutrons ωL in the magnetic ˇeld H(z0) in the center of the
spin-�ipper. The probability of neutron spin �ip due to the described spin-�ipper
is [23]

f =
k2 + cos2((π/2)

√
1 + k2)

k2 + 1
. (1)

To derive Eq. (1), it is assumed that the adiabatic ability parameter k = γHe/Ω is
a constant. Here He = [(H(z)−H(z0))2 +(Hrf/2)2]1/2 is the effective magnetic
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ˇeld, Ω = v(Hrf/2)[d(H(z) − H(z0))/dz]/H2
e , v is the neutron velocity, γ

is the neutron gyromagnetic ratio. Figure 5 illustrates the dependence of the
spin-�ip probability on the parameter of adiabatic ability. It can be seen that
some speciˇed minimum fmin is achieved at a minimal kmin corresponding to
the minimal neutron wavelength λmin. As further the wavelength increases to
inˇnity, f(λ) grows and tends to unity. So, the working wavelength interval of
a spin-�ipper with fmin < f < 1 is λ � λmin. Using H(z) and Hrf(z) in the
explicit form we obtain

k = γALSF/[πv sin2(πz/LSF)]. (2)

From Eq. (2) it is seen that k is a function of the coordinate z and is inversely
proportional to the neutron velocity. As a result, for a minimal k we obtain
kmin = γALSF/(πvmax) and for an averaged over coordinates k we have kav =
2kmin > kmin. The equation kav = 2γALSF/(πv) can be used for the estimation
of the spin-�ipper parameters. Let fmin(λmin = 1 �A) � 0.99 correspond to
kav(λmin = 1 �A) = 10. For the speciˇed length LSF = 500 mm we obtain
A = 7.5 Oe. The calculation technique of the gradient RF spin-�ipper is described
in detail in [20]. It is chosen that in the REMUR spin-�ippers H(z0) = 26 Oe
which corresponds to the frequency 76 kHz of the RF magnetic ˇeld. The
spin-�ipper is controlled manually or automatically by means of a special �ipper
drive (FD). Direct current from a power supply is supplied to FD that generates a
76 kHz signal to a RF coil. The alternating magnetic ˇeld amplitude is regulated
by direct current from the power supply. The permanent magnetic ˇeld changes in
dependence on the current in the leading coils. The tuning process of the gradient
RF spin-�ipper is described in more detail in [22]. From Fig. 6 it is seen that a
real distribution of magnetic ˇelds over the length of the gradient spin-�ipper is

Fig. 5. The neutron spin-�ip probability in a system of skew harmonic magnetic ˇelds as
a function of the adiabatic ability parameter

Fig. 6. The real distribution of magnetic ˇelds over the length of the RF gradient spin-
�ipper
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Fig. 7. The wavelength depen-
dence of spin-�ip probability in
dependence on the situation of
the beam x with respect to the
center of the spin-�ipper: ◦ Å
gradient spin-�ipper, x = 0;
• Å gradient spin-�ipper, x =
20 mm; � Å Korneev spin-
�ipper, x = 0; � Å Korneev
spin-�ipper, x = 1.5 mm

close to sinusoidal. The guide magnetic ˇeld outside the spin-�ipper region is
about 10 Oe.

Among the advantages of the gradient RF spin-�ipper are:
1) A noncollimated neutron beam (divergence up to 0.1 rad) with a large

cross section (∼ 100 cm2);
2) No strong requirements for the stability and homogeneity of the magnetic

ˇelds or for the stability of the alternating magnetic ˇeld frequency;
3) The absence of substances on the way of the neutron beam.
Figure 7 depicts the wavelength dependence of the spin-�ip probability for

the gradient RF and Korneev spin-�ippers measured with a 1.5 mm wide by
30 mm high neutron beam [8, 9]. The curves 1 and 2 are of the gradient RF
spin-�ipper with the beam situation in the center and at 200 mm off the center of
the spin-�ipper. The curves 3 and 4 are of the Korneev spin-�ipper with the beam
situation in the center and at 1.5 mm of the center of the �ipper, respectively. It
is clearly seen that the spin-�ip probability in the Korneev spin-�ipper changes
signiˇcantly at the smallest displacement of the beam. And vice versa, it does

Table 2. The parameters of the gradient RF spin-�ippers

First spin-�ipper Second spin-�ipper

Vacuum tube inner diameter, mm 150 100
Dimension: length×width× height, mm3 800 × 360 × 520 800 × 320 × 530
1) Permanent magnetic ˇeld coil:
1 mm diameter copper wire
Coil resistance, Ohm 32.3 23.4
Coil current, A 1.8 2.2
2) RF coil:
Coil length along the beam, mm 300 300
Alternating magnetic ˇeld frequency, kHz 76.4 73.4
Direct current from power supply, A 1.5 1.3
Power supply consumed voltage, V 22 14
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not practically change in the gradient spin-�ipper at a sizable displacement of the
neutron beam situation. Table 2 summarizes the parameters of the spin-�ippers
included in the REMUR layout.

2.3. Neutron Detectors
2.3.1. The Detector for the Re�ectometric Mode. In the re�ectometric mode of

the REMUR spectrometer neutrons are registered with a gas-ˇlled one-dimensional
position sensitive detector (PSD) [15]. The employment of PSD instead of the
gas-ˇlled neutron counter used earlier has made it possible to simplify consid-
erably the process of sample adjustment, reduce the statistics acquisition time
several times when the sample causing diffuse neutron scattering is studied, made
it possible to perform the monitoring of the intensity of neutrons by measuring
the direct and the scattered beams simultaneously, to conduct, in the absence of
diffuse scattering, simultaneous measurements of the intensity of specular beams
and the background.

PSD is a proportional multiwire cell in a hermetic duraluminium box with a
120 × 40 mm2 cross-section inlet. The inside dimension of the box is
200 × 100 × 48 mm3. The registration of neutrons is based on the reaction
of neutron capture in 3He nuclei and the emission of secondary ˇssion products,
protons and tritium nuclei: 3He(n, p)3H + 764 keV. The gas layer thickness is
24 mm at a 3He pressure of 3.4 atm. To raise the spatial resolution, propane with
a partial pressure of 2 atm, is added to the volume of the gas in the detector. The
spatial resolution of the detector is 1.5 ÷ 2.5 mm (FWHM). The highest resolu-
tion, on the order of 1.5 mm, is achieved in the center of the detector. The width
of the position channel of the detector is 0.69 mm and the number of position
channels is 256. The duration of the time channel is 128 µs and their number is
2048. The dead time of the detector is 37 ns. The parameters of the detector are
summarized in Table 3.

Table 3. The PSD parameters

Gas mixture 3He (3.4 atm) + C3H8 (2 atm)

Sensitive volume dimension 120 × 40 × 24 mm3

Inlet window dimension 120 × 40 mm2

Inlet window material Al (alloy D16T)
Spatial resolution (FWHM) in the center Å 1.5 mm

at edges Å 2.5 mm
Registration efˇciency for λ = 2 �A 70%

To determine the PSD neutron registration efˇciency, in addition to PSD
there was used a monodetector (helium counter CHM-17, time channel width
64 µs, number of channels 2048) placed immediately before the PSD. Three
count intensities were measured: Jp Å the PSD count intensity without the
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monodetector, Jm Å the count intensity of the monodetector, and Jpm Å the
PSD count intensity with the monodetector. The following relationships can be
written for them:

Jm = J0Amεm, Jp = J0Apεp, Jpm = J0ApεpA
2
m(1 − εm),

where J0 is the neutron beam intensity before the detector; Am = exp (−bmλ) is
the neutron transmission coefˇcient of the monodetector wall; Ap = exp (−bpλ)
is the neutron transmission coefˇcient of the PSD inlet window; εm = 1 −
exp (−cmλ) and εp are the neutron registration efˇciency of the monodetector
and PSD, respectively; λ is the neutron wavelength. To write the monodetector
neutron registration efˇciency in an explicit form, it is assumed that the registra-
tion efˇciency is only determined by neutron absorption in the gas (the read-out
efˇciency of the electronics is considered to be equal to unity). For εm, εp, and
J0 we have the following relationships:

εm = 1 − Jpm

Jp · A2
m

, εp =
Jp · A2

m − Jpm

Ap · Am · Jm
, J0 =

Am · Jm · Jp

Jp · A2
m − Jpm

.

In the calculation of εm, εp and J0 it was taken that bm = 3.55 · 10−3 (�A−1)
(0.2 mm brass monodetector wall) and bp = 3.09 · 10−3 (�A−1) (4 mm aluminum
PSD window). Figure 8 shows J0, εp, εm as a function of the neutron wavelength.
It is seen that there is little difference in the efˇciency of the detectors and over
the interval 1 ÷ 2 �A the efˇciency is 50 ÷ 70%. The dotted line is the calculated
neutron count due to neutron absorption in a gas with the absorption coefˇcient
cm = 0.7 �A−1. It demonstrates good agreement between the calculation and
experiment.

Fig. 8. The neutron detection efˇciency
of PSD (εp) and of the monodetector
(εm), the dashed line is the calculated
coefˇcient of neutron absorption by 3He
atoms in the monodetector, the curve J0

is the calculated neutron �ux density in
front of the detector

For the registration of an intense neutron pulse at a pulsed reactor, of special
importance is the operation speed of the detector. The parameter is assessed from
the measured dependence of the count intensity on the neutron beam cross section
that is set with a cadmium diaphragm. Figure 9 illustrates the dependence of the
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Fig. 9. The dependence of the neutron count on the
height of the diaphragm on the detector (the width
of the diaphragm is 1 mm): a) in the spectrum
maximum if the wavelength is 1.8 �A and the regis-
tration is in one time channel; b) in the wavelength
interval is 0.6 ÷ 8.8 �A

neutron count intensity on the
height of the diaphragm (its
width is 1 mm) for the cases of
registration in one time channel
(Fig. 9, a) and over the interval
0.6 ÷ 8.8 �A (Fig. 9, b). The data
makes it possible to estimate that
the maximum intensity for the
height of the diaphragm 1.7 mm
is 2.7 ·105 s−1 resulting in a dead
time of the detector of 37 ns.

2.3.2. The Detector for the
Small-Angle Mode. To perform
small-angle scattering experi-
ments with the spectrometer
REMUR, a 32-counter detector is
used. The detector consists of
cylindrical counters of four sizes.
Every eight equal size counters
are arranged with a 45◦ spacing
along a ring of some radius. The
counters with the diameter 12,
18, 32 and 50 mm and the sen-
sitive area length 50, 50, 95 and
110 mm are on the rings with the

radius 75, 120, 190 and 300 mm, respectively. Further, the counters in two groups
of 16 are positioned in two holders that are at an angle of 45◦ with respect to one

a b c

5032
24

18

R300
R190

R120
R75

R40

2
0
�

Fig. 10. The detector for the small-angle mode: a) front view; b) side view; c) counter
windows
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Fig. 11. The neutron background intensity for the
counters of the 1st and 4th ring of the detector of
the small-angle mode

another and are 50 mm depth
apart in the direction of the neu-
tron beam. Figure 10 shows the
front (a) and the side (b) view
of the detector and the view
of the windows (c) with their
dimensions. The windows are
made from sheet cadmium and
determine the beam cross sec-
tion on the counters.

Figure 11 shows the depen-
dence of the background count
intensity on the number of the
time channel for the counters of
the ˇrst ring (radius 150 mm)
and of the fourth ring (diameter
600 mm). The presented data
point to that the background
count rate of the fourth ring counters is about 40 times higher than that of the ˇrst
ring counters. This, as expected, is close to the ratio of the sensitive volumes of
the fourth to ˇrst ring counters that equals 38.3. The detector can be installed at a
distance of 1.5÷ 7.5 m. As a result, for the neutron wavelength range λ = 1.5÷
10 �A the detector covers the wave vector transfer interval Q = 6 ·10−3÷0.7 �A−1.

2.4. The Sample Environment. The investigated sample is in the sample
holder in the center of a goniometer. The goniometer has three axes of rotation
with a rotation step of 0.01◦, which enables:

1) rotation of the electromagnet by ±90◦ around the neutron beam axis;
2) rotation of the sample together with the electromagnet by ±20◦ around

the vertical axis;
3) rotation of the electromagnet by ±15◦ around the horizontal axis perpen-

dicular to the neutron beam.
The goniometer can also be displaced manually in the direction along and

perpendicular to the neutron beam within the limits ±100 mm.
The magnetic ˇeld on the sample at room temperature is generated by

the electromagnet with a set of replaceable polar shoes with the cross section
40 × 20 mm2, 60 × 40 mm2 or 110 × 70 mm2. The magnetic ˇeld in the plane
perpendicular to the beam can be chosen to have the direction from vertical to hor-
izontal. The gap between the polar shoes can be set at 15÷70 mm. The maximum
magnetic ˇeld for the gap 15 mm between the 40 × 20 mm2 cross-section polar
shoes is 20 kOe and for the 110×70 mm2 cross-section polar shoes it is 10 kOe.

For experiments at low temperatures a cryostat with 22 mm diameter quartz
windows on the way of the neutron beam is used. The cryostat keeps the
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temperature of the sample with a size of up to 40× 40 mm2 at 1.4÷ 600 K with
an accuracy of 0.01 K. The cryostat has a cryomagnet with a maximum strength
of a vertically directed magnetic ˇeld of 30 kOe. The accuracy the magnetic
ˇeld is set is ±0.3 Oe in the interval 0 ÷ 3.4 kOe and ±30 Oe in the interval
3.4 ÷ 30 kOe.

3. THE NEUTRON BEAM PARAMETERS

Figure 12, aÄc depicts the wavelength dependence of the thermal neutron
count and background count intensities (the neutron beam is shut off with a
1.5 mm cadmium sheet) for three polarization layouts: a) a straight polarizer for

Fig. 12. The count intensities of thermal neutrons (curve 1), of overcadmium neutrons
(curve 2) and of the ratio between them (curve 3): a) Å straight small-angle polarizer; b) Å
re�ectometric polarizer with a 100 times intensity attenuator and a fan-like polarization
analyzer; c) Å curved polarizer with a fan-like polarization analyzer
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Table 4. The neutron �ux on the spectrometer REMUR

Equipment Ωpol,
∫

1.5MW
det N(λ)dλ,

∫
2MW
sampleI(λ)dλ,

∫
2MW
sampleI(λ)dλ

Ω
,

sterad n/(s·cm2) n/(s·cm2) n/(s·cm2)·sterad
1 2 3 4 5

Re�ectometric
polarizer + fan-like 2.0 · 10−6 3.6 · 104 1.6 · 105 8.0 · 1010

polarization analyzer

Small-angle curved
polarizer + fan-like 0.7 · 10−6 7.6 · 103 6.8 · 104 1.0 · 1011

polarization analyzer

Small-angle straight 1.7 · 10−6 1.5 · 105 4.0 · 105 2.4 · 1011

polarizer

the small-angle mode, a detector at 29 m from the moderator, the beam cross
section 0.021 cm2; b) a re�ectometric polarizer with a fan-like analyzer, a detector
at 29 m from the moderator, the beam cross section 1.4 cm2; c) a curved polarizer
with a fan-like analyzer, a detector at 34 m from the moderator, the beam cross
section 0.035 cm2. Using the obtained count intensity the neutron �ux at sample
position is calculated. The measured and calculated results are summarized in
Table 4. It is taken into account that the integral efˇciency of the detector is
70% and the transmission of the fan-like analyzer is 0.6. The second column in
Table 4 shows the solid angle at which the exit of the polarizer is seen from the
neutron detector. The third column presents the integral-over-wavelength neutron
count rate of the detector at a nominal power of the reactor of 1.5 MW. The fourth
column summarizes the calculated neutron �ux at a sample position of 29 m from
the moderator if the reactor power is 2 MW. The data in the latter column are
important from the viewpoint of comparison with 2 · 105 n/s/cm2, the value of
an analogous parameter of the spectrometer SPN for the reactor power 2 MW.
Finally, the ˇfth column presents the calculated polarized neutron �ux density per
solid angle which is interesting to compare with a maximum possible density of
the unpolarized neutron �ux of 7 · 1011 n/(s · sm2· sterad) in the water moderator
and with 1.2 ·1010 n/(s · cm2· sterad), the value of the analogous parameter for the
SPN spectrometer. It is seen that the neutron loss is minimum in the case of the
straight small-angle polarizer and equals a factor of 0.7.

4. AUTOMATION OF THE SPECTROMETER PERFORMANCE

4.1. The System for Control of the Executive Mechanisms. The system con-
trols the executive mechanisms of the small-angle spectrometer REMUR used as
drives for step motors. The movement range of the executive mechanism is lim-
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ited by end ˇxings and it has two reference points to monitor the most frequently
used situations. The control system is constructed on the basis of the step-motor
controller BCSM in VME standard and it has the following characteristics:

1) alternate control of 1Ä32 step-motors;
2) type of control: speciˇed number of steps in the speciˇed direction;
3) movement range is limited by two end ˇxings;
4) possibility of monitoring of up to two reference points over the entire

movement range;
5) step frequency (starting from 1 Hz) is set by the program, it can be changed

during the movement.
The control system employs the switcher-ampliˇers of step-motors SMD-B2A

as step-drive motors with the following characteristics:
1) alternate control of four motor;
2) number of motor windings Å 2, 4;
3) switching pattern: unipolar and bipolar;
4) current in the motor winding Å 2/4 A;
5) switcher multiplexes the end ˇxings and reference points of the selected

executive mechanism;
6) switcher is made in CAMAC standard.
The control block of the physical setup BCFU enables the monitoring of the

state of the gate and of the phase of the neutron beam chopper.
The panel for manual control executes control of the executive mechanisms

right at their working site and performs:
1) selection of the number N = 1 ÷ 32 of the executive mechanisms;
2) indication of end ˇxings and reference points;
3) setting of the frequency of the control signal of the step motors within the

limits 1 Hz÷ 1 kHz.
The step motors are fed by the power supply PSU 32/10A.
The test block of the control system performs the following auxiliary func-

tions:
• start-, monitor-, and gate-signal formation,
• indication of start switching, neutron count by the monitor and of the gate

state,
• gate-signal ˇltration,
• multiplication of such signals,
• test mode of signal formation.
The system for control of the executive mechanisms of the spectrometer

includes:
1) diaphragms 1, 2, 3,
2) platforms 1, 2, 3,
3) neutron polarizers,
4) cadmium shutter,
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Fig. 13. The structural scheme of the control system of the REMUR executive mechanisms

5) goniometer,
6) polarization analyzer, etc.
Figure 13 presents the block scheme of the control system of the executive

mechanisms of the spectrometer REMUR.

4.2. The Data Acquisition System. The equipment for experimental data
acquisition from the detectors PSD and MCD, power supply and the detector
control are executed as CAMAC and VME crates (Fig. 1).

The PSD measuring and data acquisition structure includes 256 position and
2048 time channels [15]. The duration of the time channel is 128 µs.

A separate measuring channel for MCD has the following characteristics: the
number of time channels is 2048, the time channel width is 64 µs, the word
length is 24 bits. Signals from an individual MCD counter, via an ampliˇer and
the CNE detector number coder in a CAMAC crate, comes right to the DSP
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processor input of the VME crate where they are processed and then recorded
in the histogram memory block HM-32. As the measuring cycle completes the
data are read from the histogram memory and are transmitted to a PC for further
viewing and processing.

To enable the acquisition and initial viewing of the spectra obtained in the
experiment, a SONIX packet-based software complex is used. The software com-
plex includes the programs TOFA and VSP responsible for the operation of the
data acquisition and control system of the spectrometer. Acquisition, processing
and transmission to the histogram memory NM-32 of the spectrometric data are
performed by a soft hardware complex on the basis of the processor DSP in VME
standard. The main function of the program TOFA is to specify the parameters
and the experimental data acquisition time with their further transmission to the
hard disk of the VME system. VSP is a service program that enables express-
visualization of the obtained data by reading directly from the histogram memory.
Also, the program has a number of other possibilities that allow data assessment
in the course of measurements. The primary procession of the obtained exper-
imental data is done with a program written in the language OPEN-G2. The
program allows the presentation of the detector count as a function of the time
channel number nt, counter number nc, wavelength and of the wave number
transfer: I(nt, nc), I(λ), I(Q). The program adds up the counts of detectors
situated on one of the four rings; subtracts background counts; normalizes to
some speciˇed count, e.g., from a standard scatterer; calculates the macroscopic
scattering cross sections

∑+(q) and
∑−(q) for ®+¯ and ®-¯ spin states when the

data on polarized neutron beam scattering are used.
4.3. The Spectrometer Software. The experiment control software is based

on the Sonix complex [24] completed with some spectrometer-speciˇc programs.
The Sonix complex includes modules for control of data acquisition and spectra
recording, for control of beam intensity and the other experimental conditions,
such as the existence and frequency of reactor start signals, phasing of the chop-
per, opening of the beam gate, etc., for control of the movable components of
the spectrometer and of the thermoregulator EUROTERM. Speciˇcally for the
spectrometer there were developed and introduced into the scheme:

• module for control of current sources,
• module for rearranging of physical axes,
• program for express-visualization of the experimental data,
• program for adjustment.
To rearrange physical axes as speciˇed in an individual experiment, a spe-

cial module which calculates the adjusting platform displacement from the given
glancing angle or the coordinate of the target (sample position) is used.

The express-visualization program can be used for the experimental data
quality assessment. The program makes it possible to vary the scale of the
axes (without speciˇcation, the scale is set automatically), choose the neutron
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count viewing type (three-dimensional surface, level lines, color map), rotate the
three-dimensional graph, specify the region of summation, store the picture in the
format JPG and send it to print. The maximum number of neutron count spectra
shown at the same time is four.

The purpose of experimental determination of an optimal state of the setup
there serves the adjustment program [25]. It provides for the possibility of control
of the equipment and of the measuring process, effective access to the stored data,
express spectra processing, spectra viewing as well as some service functions.

To control the experiment in the automatic mode a speciˇcation (script) is
written in a special language. For the purpose of simplifying the procedure a
script editor adapted to the spectrometer has been developed. The user who
works on a personal computer ˇlls in, one after another, the areas on the pages of
the form and ˇnally gives a command to form a speciˇcation ˇle. The possibility
of automatic forwarding of a ready program to a VME-computer and loading of
a ready script for viewing and editing is also envisaged.

The general-purpose program OpenG2 [26, 27] for viewing and express
analysis of the spectra measured with the IBR-2 spectrometers is completed with
the module openg2 spn2 that realizes special-purpose functions making it possible
to work with the data measured with the spectrometer REMUR in the small-angle
or re�ectometric modes. The user interface of the program for small-angle data
allows fast selection between various functions and versions of data grouping, in-
cluding the selection of any group of 32-point scattering detectors arranged, e.g.,
on one radius or ring by a simple mouse click. On user's request, workspaces are
formed of the processed spectra for the purpose of further interactive procession
employing the standard functions of the program OpenG2 or storing them in
ˇles.

The Sonix complex is mainly realized on a VME-computer in the operation
system OS-9. The setup adjustment and express viewing programs are in MS
Windows, and the program for preliminary data procession is in Solaris on a
SUN workstation.

5. THE NEUTRON REFLECTIVITY MEASURING TECHNIQUE

5.1. Magnetically Noncollinear Structures. If the magnetization vector in
the investigated sample is noncollinear with the magnetic ˇeld strength vector on
the sample, the neutron re�ection coefˇcient is a 2 × 2 matrix whose elements
Rij are the neutron re�ection coefˇcients from initial i to ˇnal j neutron spin
state. In accordance with the preceding notation the states i and j are the states
®+¯ or ®-¯. The neutron count intensity of the detector can be written as:
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Iνϕ = I0
1
2

(
1 + Pa 0

0 1 − Pa

) (
1 − f2 f2

f2 1 − f2

) (
R++ R−+

R+− R−−

)
×

×
(

1 − f1 f1

f1 1 − f1

)
1
2

(
1 + Pp 0

0 1 − Pp

) (
1
1

)
, (3)

where I0 =
1
2
I ′0tatpε, I ′0 is the inlet neutron beam intensity in the polarizer, ε

is the detector efˇciency, tp = (t+p + t−p )/2, ta = (t+p + t−p )/2, Pp = (t+p /t−p −
1)/(t+p /t−p + 1), Pa = (t+a /t−a − 1)/(t+a /t−a + 1), t+p , t−p and t+a , t−a are the
transmission coefˇcients of the polarizer and the analyzer, respectively; f1 and f2

are the spin-�ip probability in the ˇrst and the second spin-�ipper, respectively;
ν and ϕ stand for the states ®on¯ or ®off¯ of the ˇrst and the second spin-�ipper,
respectively. Introducing the notation F1 = 2f1 − 1 and F2 = 2f2 − 1 we rewrite
Eq. (3) for the matrix element Iνϕ:

Ioff,off = I0[R++(1 + Pp)(1 + Pa) + R−−(1 − Pp)(1 − Pa)+

+ R+−(1 + Pp)(1 − Pa) + R−+(1 − Pp)(1 + Pa)]/4,

Ion,on = I0[R++(1 − F1Pp)(1 − F2Pa) + R−−(1 + F1Pp)(1 + F2Pa)+

+ R+−(1 − F1Pp)(1 + F2Pa) + R−+(1 + F1Pp)(1 − F2Pa)]/4,

Ioff,on = I0[R++(1 + Pp)(1 − F2Pa) + R−−(1 − Pp)(1 + F2Pa)+

+ R+−(1 + Pp)(1 + F2Pa) + R−+(1 − Pp)(1 − F2Pa)]/4,

Ion,off = I0[R++(1 − F1Pp)(1 + Pa) + R−−(1 + F1Pp)(1 − Pa)+

+ R+−(1 − F1Pp)(1 − Pa) + R−+(1 + F1Pp)(1 + Pa)]/4. (4)

From the system of Eqs. (4) we determine the neutron re�ectivities:

R++ =
1

4I0f1f2PpPa
[Ioff,off(F1Pp +1)(F2Pa +1)+ Ion,on(Pp −1)(Pa −1)+

+ Ioff,on(F1Pp + 1)(Pa − 1) + Ion,off(Pp − 1)(F2Pa + 1)],

R−− =
1

4I0f1f2PpPa
[Ioff,off(F1Pp −1)(F2Pa −1)+ Ion,on(Pp +1)(Pa +1)+

+ Ioff,on(F1Pp − 1)(Pa + 1) + Ion,off(Pp + 1)(F2Pa − 1)],
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R+− =
1

4I0f1f2PpPa
[Ioff,off(F1Pp +1)(F2Pa −1)+ Ion,on(Pp −1)(Pa +1)+

+ Ioff,on(F1Pp + 1)(Pa + 1) + Ion,off(Pp − 1)(F2Pa − 1)],

R−+ =
1

4I0f1f2PpPa
[Ioff,off(F1Pp −1)(F2Pa +1)+ Ion,on(Pp +1)(Pa −1)+

+ Ioff,on(F1Pp − 1)(Pa − 1) + Ion,off(Pp + 1)(F2Pa + 1)]. (5)

From Eq. (5) it is seen that in addition to the count intensities Ioff,off , Ioff,on,
Ion,off , Ion,on one must know the parameters I0, f1, f2, Pp, Pa that characterize
the spectrometer itself. The determination of the parameters of the spectrometer
(calibration of the spectrometer) is done using the method 3P2S (3 polarizers and
2 spin-�ippers) [28Ä30] that consists in that the count intensity is measured four
times without a sample, Ioff,off

e , Ioff,on
e , Ion,off

e and Ion,on
e , and four measurements

with a sample-calibrator, Ioff,off
c , Ioff,on

c , Ion,off
c and Ion,on

c . The measurements
without a sample effectively correspond to the case R++ = R−− = 1 and
R+− = R−+ = 0. The measurements allow the determination of the parameters
I0, f1, f2 and Pp, Pa:

I0 =
2(Ioff,off

e Ion,on
e − Ioff,on

e Ion,off
e )

Ioff,off
e + Ion,on

e − Ioff,on
e − Ion,off

e

,

PpPa =
(Ioff,off

e − Ioff,on
e )(Ioff,off

e − Ion,off
e )

Ioff,off
e Ion,on

e − Ioff,on
e Ion,off

e

, (6)

f1 =
1
2

(
1 +

Ion,on
e − Ion,off

e

Ioff,off
e − Ioff,on

e

)
, f2 =

1
2

(
1 +

Ion,on
e − Ioff,on

e

Ioff,off
e − Ion,off

e

)
.

A sample for which there hold the relationships R+−
c = R−+

c = 0 and R++
c �=

R−−
c is taken as a sample-calibrator. In the measurements with a calibrator there

are separately determined the parameters Pp and Pa and the re�ection coefˇcients
of the calibrator R++

c and R−−
c :

Pp =
√

C1C2

C3C4
, Pa =

√
C1C4

C3C2
,

(7)

R++
c = C5

{
1 +

√
C2C4

C3C1

}
, R−−

c = C5

{
1 −

√
C2C4

C3C1

}
,

where C1 = Ioff,off
c +Ion,on

c −Ioff,on
c −Ion,off

c , C2 = F2(Ioff,off
c −Ion,off

c )−Ion,on
c +

Ioff,on
c , C3 = F1F2I

off,off
c + Ion,on

c + F1I
off,on
c + F2I

on,off
c , C4 = F1(Ioff,off

c −
Ioff,on
c ) − Ion,on

c + Ion,off
c , C5 =

C3

2I0f1f2
.
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5.2. Magnetically Collinear Structures. If neutrons are re�ected from a
magnetically collinear structure they do not experience a transition from one spin
state to the other. So, different from zero are only the re�ection coefˇcients
R++ = R+ and R−− = R−, where R+ and R− are the re�ection coefˇcients of
neutrons with the initial spin state ®+¯ or ®-¯, respectively.

To determine R+ and R−, it sufˇces to use an experimental layout with one
spin-�ipper without polarization analyzers. Then the count intensity is measured
without a sample, Ie, and with a sample with the spin-�ipper on, Ion, and off,
Ioff :

R+ =
[1 − Pp(1 − 2f1)]Ioff − (1 − Pp)Ion

2f1PpIe
,

R− =
(1 + Pp)Ion − [1 + Pp(1 − 2f1)]Ioff

2f1PpIe
.

(8)

From Eq. (8) it is seen that it is also necessary to know the parameters
of the spectrometer f1 and Pp. The parameters f1 and Pp can be determined
by employing the experimental layout with two spin-�ippers and a polarization
analyzer described in the previous section. However, if one uses a calibrator with
a known re�ection coefˇcient, the parameters f1 and Pp can be determined from
the experiment with one spin-�ipper without a polarization analyzer:

f1 =
Ioff − Ion

2Ioff − Ie(R++
c + R−−

c )
, Pp =

2Ioff − Ie(R++
c + R−−

c )
Ie(R++

c − R−−
c )

. (9)

6. EXPERIMENTS EMPLOYING PSD

6.1. Software Support of the Experiment. To run the experiment and control
the experimental data acquisition, the program NEU00.exe installed on a PC is
used. The stored PSD data are written as a spectral ˇle in the binary form.
The program NEU00.exe executes the control subregimes Check Start and Main
Start. The Check Start is used for neutron measurements of short duration
carried out for the purpose of spectrometer tuning. The experimentalist then
speciˇes the acquisition time of one spectrum in hours, minutes and seconds. In
the process of spectrum the acquisition time is recalculated in terms of the number
of pulses (starts) by the formula m(starts) = 4.8163 ·t (s). The ˇle name is of the
type spectABN. The ˇle name must not have more than 8 symbols. The name of
the spectrum spect is speciˇed by the user and may contain from 1 to 5 symbols.
Further, in the course of measurements the indices ABN are automatically added
to the ˇle name. The indices A and B correspond to the state of the ˇrst and the
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second spin-�ipper, respectively, and the number N stands for the ˇle number.
The letter ®P¯ stands for the spin-�ipper state ®off¯ and the letter ®M¯ stands
for the spin-�ipper state ®on¯. The subregime Main Start provides for automatic
switching of the spin-�ipper and enables data acquisition for each state of a pair
of spin-�ippers during a period of time speciˇed for the given state. The different
states of the spin-�ipper alternate and repeat in cycles. This excludes the effect
of changes in the neutron beam intensity with time. Varying the ratio between
acquisition times for the different states it is possible to optimize the measurement
and carry it out in a shorter time. On completion of every measuring cycle spectra
are recorded as ˇles forming, with time, a progressive sum. As the speciˇed time
expires, to the existing ˇles there are added ˇles with the same name but a higher
ˇle number. This ensures safety of the data acquired during a measuring time
preceding any failure in spectrum acquisition. The program Main Start envisages
four measuring regimes in which the following spectra are created:

• regime 1 (spin-�ippers off) Å spectPPN
• regime 2 (ˇrst spin-�ipper on) Å spectPPN, spectMPN
• regime 3 (second spin-�ipper on) Å spectPPN, spectPMN
• regime 4 (two spin-�ippers on) Å spectPPN, spectMPN, spectPMN, spect-

MMN.

6.2. Experimental Data Preprocessing. By means of the program
NEUTXT.exe the spectrum binary ˇle spectABN is changed into the text ˇle
spectABN.txt of the form:

• First line presents the numbers 256 (the number of PSD coordinate channels
PSD) and 2048 (the number of PSD time channels).

• Second line presents the number of reactor starts and the integral neutron
count over all channels.

• Starting from the third line there is presented the two-dimensional matrix
2048 (number of lines) × 256 (number of columns) of neutron count per time
channel per coordinate channel.

For preprocessing of the data a packet of programs in the language
FORTRAN has been created. The input ˇles for the programs are the text
ˇles of spectra spectABN.txt and the output is the data text ˇles ˇle.dat contain-
ing columns of ˇgures. The ˇles ˇle.dat are ready for use in standard graphics
editing programs GRAPHER or ORIGIN or for further processing.

The following data preprocessing programs exist:
1. neu00.exe Å viewing of the two-dimensional distributions J(Nλ, Nx) and

of the one-dimensional distributions J(Nλ) and J(Nx);
2. lam as.for Å calculation of the dependence of the neutron count intensity

on the neutron wavelength for a speciˇed interval ∆Nx;
3. x as.for Å determination of the spatial distribution of the neutron count

intensity for a speciˇed interval ∆Nλ;
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4. f1 f2 pa.for Å determination of the spin-�ip probability in the ˇrst and
in the second spin-�ipper and of the product of the polarization efˇciency of the
polarizer by that of the analyzer from the data on the count intensity obtained with
the experimental layout ®polarizer → ˇrst-spin-�ipper → second spin-�ipper →
analyzer¯;

5. pa r.for Å determination of the spin-�ip probabilities in the spin-�ippers
and of the polarization efˇciency of the polarizer and of the analyzer from the
data on the count intensity obtained with the experimental layout ®polarizer →
ˇrst spin-�ipper → second spin-�ipper → analyzer¯ and ®polarizer → ˇrst
spin-�ipper → calibrator → second spin-�ipper → analyzer¯;

6. p.for Å determination of the product Pp Pa in the experiment with one
spin-�ipper and polarization analyzer; the spin-�ip probability by one spin-�ipper
is unity;

7. drt as.for Å determination of the re�ection coefˇcient from four count
intensities; the polarization efˇciency of the polarizer and of the analyzer, the
spin-�ip probabilities in the two spin-�ippers and the count intensity I0 are also
introduced.

6.3. Model Calculations. The ˇnal goal of the re�ectometric experiment is
obtaining of the experimental data for the determination of the neutron re�ection
coefˇcient Rexp, actual parameters of the structure (nuclear and magnetic optic
potentials in individual layers of the structure, thickness of the layers, interface
roughness, etc.). Since the angular and the time resolution of the spectrometer is
ˇnite the experimental re�ection coefˇcient is a convolution of the actual neutron
re�ection coefˇcient R(q) and the spectrometer resolution function· f(θ, t):

Rexp =
∫

j0(θ, λ) f(θ, t) R(q) dθ dt

/∫
j0(θ, λ) f(θ, t) dθ dt, (10)

where j0(θ, λ) is the neutron �ux density at the exit of the neutron polarizer, θ is
the neutron glancing angle on the investigated sample. To change Eq. (10) into a
simpler equation, let us note that, the transferred wave number q is related with
θ and the wavelength λ as q = 4π sin (θ)/λ. Then, the moderator-to-detector
neutron �ight time t is related with λ as t (ms) = 3.956λ(�A)L(m), where L
is the moderator-to-detector distance. Taking advantage of the relationships it
is possible, step by step, to pass from the variable t to λ and further from the
variables λ and θ to the variable q. Next, knowing the average wavelength λav

with the mean square accuracy δλ � λav and the glancing angle θav with the
mean square accuracy δθ < θav we can rewrite Eq. (10) as:

Rexp(qav) =
∫

j0(q, qav) f(q, qav) R(q) dq

/∫
j0(q, qav) f(q, qav) dq, (11)

where qav = 4π sin (θav)/λav. The integration over q is carried out within the
limits of variation of the wave number from qmin = 4π sin (θav −∆θ/2)/(λav +
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∆λ/2) to qmax = 4π sin (θav + ∆θ/2)/(λav − ∆λ/2), and ∆θ and ∆λ are the
intervals of the glancing angle and neutron wavelength, respectively. Since q
varies little around qav the resolution function can be presented in the form of
a Gauss function as f(q, qav) = c exp (−(q − qav)2/2σ2

q), where c = 1/2πσ2
q ,

σq = q[(δθ/θav)2 + (δλ/δλav)2]1/2, δθ and δλ are calculated. To calculate δθ,
we have:

δθ = [(h2
1 + h2

2/3)]1/2
/
Ldia, (12)

where h1 and h2 are the half width of the ˇrst and the second diaphragm and
Ldia is the distance between the diaphragms. The ˇrst is the diaphragm at the
exit of the polarizer. The role of the second diaphragm there can play either the
diaphragm with the half width hfs in front of the sample or the diaphragm with
the half width hs on the sample or the diaphragm with the half width hdet on the
detector (several PSD position channels can play the role of the latter). To choose
h2 and Ldia, there are used the parameters of the diaphragm for which the ratio
between its half width and the distance to the ˇrst diaphragm is smallest. Then
h2 = hfs and Ldia = Lfs if hfs/Lfs is smallest, h2 = hs and Ldia = Ls if hs/Ls

is smallest and ˇnally h2 = hdet and Ldia = Ldet if hdet/Ldet is smallest. It
should be noted that if ls sin (θ) < hs or if there is no diaphragm on the sample,
the sample itself plays the role of that diaphragm and hs = ls sin (θ)/2, where ls
is the length of the sample along the beam.

For the mean square wavelength δλ we have

δλ = 3.956 {[(τ/2)2 + (∆t/2)2]/3}1/2
/
L, (13)

where τ = 0.320 ms is the thermal neutron pulse duration, ∆t is the width of the
time channel of the detector which is equal to 0.128 ms for PSD and to 0.064 ms
for MCD. For L = 34 m and ∆t = 0, 128 ms we obtain that the wavelength
resolution of the spectrometer is δλ = 0.011 �A if PSD is used.

CONCLUSION

The effort to construct the new polarized neutron spectrometer was based on
many-year experience of investigations of the magnetic structure of bulk mag-
netic and superconducting materials [31Ä33] and of multiplayer magnetically non-
collinear nanostructures [34]. The orientation towards the creation of wide-band
and wide-aperture polarization instruments in combination with position-sensitive
detection together with the adopted concept of investigations with re�ectome-
try and small-angle scattering as complimentary methods appears quite justiˇed
in the case of a spectrometer at a pulsed neutron source. Figure 14 shows the
wavelength dependence of the gain factor for the parameter P 2I in the new spec-
trometer REMUR in comparison with the SPN spectrometer. It is seen that the
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Fig. 14. The gain factor of the parameter P 2I in the small-angle spectrometer REMUR
with small-angle and re�ectometric polarizers in comparison with the SPN spectrometer
for the cases of specular and diffuse isotropic neutron scattering

spectrometer efˇciency has grown tens of times in the case of specular re�ection
and hundreds of times in the case of diffuse scattering measurements.

Making an organic whole the measuring scheme of the spectrometer was
completed with our newly developed methods, including spatial splitting of the
neutron beam [35, 36] and generation of standing or enhanced standing neutron
waves in a layered structure [37, 38].

With the new spectrometer a ˇrst investigation of the coexistence of super-
conductivity and magnetism in a bilayer and in the periodic structure Fe/V [39]
has been performed conˇrming the REMUR operation efˇciency.

In conclusion we want to thank A. I. Okorokov, S. V. Grigoriev, V. A. Ul'ya-
nov, V. M. Pusenkov and A. F. Schebetov from PNPI who took active part in the
creation of polarization instruments, A. Sirotin, A. Kirilov, A. Bogdzel, A. F. Lev-
chanovskii and V. Zhuravlev from the FLNP Scientiˇc Experimental Division
of IBR-2 Spectrometric Complex who effectively participated in the creation
of automation and control, neutron detection, data acquisition and processing
systems, V. I. Konstantinov, A. A. Kustov and N. A. Volkov from FLNP Design
Bureau who developed mechanical blocks, and all the others who contributed to
the creation and startup of the spectrometer.
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