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Polarizing Beam-Splitter Device at a Pulsed Neutron Source
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A polarizing beam-splitter device was designed using Fe/Si supermirrors in order to obtain two polarized neutron beam
lines, from one unpolarized neutron beam line, with a practical beam size for investigating the properties of condensed
matter. This device was mounted after a guide tube at a pulsed neutron source, and its performance was investigated.
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§.1. Introduction

A recent increase in the critical wavenumber of
supermirrors has contributed to the improvement of
polarizers at a pulsed neutron source, where a wide
wavelength band is required. The principle of supermirror
polarizers is to use magnetized multi-bilayers with slowly
varying d-spacings, which produce a superpositioning of
Bragg reflections over a range of wavelengths (4) from Ay,
t0 Amax. The combination of materials for the magnetic and
nonmagnetic layers is chosen so that the difference between
the nuclear and magnetic scattering-length densities of the
magnetic material can be made equal to the nuclear
scattering-length density of the nonmagnetic material, and
eventually neutrons in one spin state are reflected by the
supermirror and those in the other state are transmitted.
The minimum wavelength (Ayy,) is determined by the
minimum d-spacing. A supermirror is characterized by the
critical wavenumber (Q.) corresponding to the minimum
d-spacing and Q. is normally represented in units of the
critical wavenumber of the total reflection from natural
nickel, QcNi. On the other hand, for an Fe/Si supermirror
evaporated onto a silicon substrate," for instance, A_max
is limited to the total reflection from the substrate; at
> Amax, total reflection occurs for neutrons in both spin
states. The critical wavenumber of the total reflection from
the substrate is normally half that of QcNi. Recently, since
supermirrors with Q. ~ 3 QCN' have become commercially
available, polarized beams can be obtained over a wider
wavelength band accessible at a pulsed cold neutron
source.

It is necessary to install as many spectrometers as
possible at a neutron scattering facility having a limited
number of beam holes. At a steady neutron source, since
most spectrometers use a monochromatic beam, many
neutron beam lines can easily be made to branch from one
beam line by using the Bragg reflection from a crystal. At
a pulsed neutron source, however, the Bragg reflection
from a crystal is not suitable for a beam branch, because
each spectrometer requires a wide wavelength band, and,
therefore, a device using a supermirror is a possible
candidate to satisfy such a requirement. The beam
separation with twice the angle of the grazing angle of the
supermirror is obtained in such a device as the transmitted
beam as well as reflected beam from the supermirror is
used.”’ We designed a polarizing beam-splitter device
based on the above concept in order to obtain two polarized
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neutron beam lines with a practical beam size suitable for
investigating the properties of condensed matter from one
unpolarized neutron beam line. The polarizing beam-
splitter device was mounted after a guide tube at a pulsed
cold-neutron source, and its performance was investigated.

§.2. Experimental set-up

The polarizing beam-splitter device (manufactured by
Osmic Inc.) has a trapezoidal shape from the top view;
supermirrors were mounted on the line between the apex
and the middle point of the opposite side, as shown in
Fig.1. The outlet area is twice that of the inlet area (1.8cm
x 5cm (width x height) ). Half of the outlet area is for the
transmitted beam through the supermirrors; the other half
is for the reflected beam. We chose Fe/Si supermirrors
evaporated onto a silicon substrate’ because less neutron
absorption from the substrate is suitable for the transmitted
beam. Since Q. of the supermirrors used in the present
device was 0.064A" (mentioned below), the supermirrors
were mounted by keeping a grazing angle of & = 0.9° for
the incoming neutrons to the supermirrors in the present
device in order to obtain a polarized neutron beam at
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Fig. 1. Schematic drawing of the experimental set-up for a
measurement of the transmitted beam (a) that of the reflected
beam (b) and the sample supermirror measurement (c). GT,
M, BS, Cd, F, A, SS and D denote the guide tube, monitor,
polarizing beam-splitter device, cadmium mask, spin flipper,
spin analyzer, sample supermirror and detector, respectively.
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>34, eventually, the length of the device became 118 cm
including flanges. The supermirrors were assembled in a
boron-glass tube and the inside walls of the tube were
coated with natural nickel. A boron-glass tube was
mounted in a magnetic housing to apply a magnetic field of
300 Oe to the supermirrors. The present device was
mounted after a guide tube (natural nickel coating) of the
C3 cold-neutron beam hole® at the pulsed neutron source
(KENS) at National Laboratory for High Energy Physics; a
schematic drawing of the experimental set-up is shown in
Fig.1. b

For measuring the transmitted beam, a spin flipper and a
spin analyzer were mounted on the beam line of the
transmission direction, as shown in Fig.1 (a). The spin
flipper was a 1/ flipper, which generates a magnetic field
that is inversely proportional to the time of flight of
neutrons, synchronized with the repetition of the pulsed
neutron source; therefore, a A-independent flipping
efficiency was obtained. The spin analyzer was a Soller slit
comprising Co/Ti supermirrors.” For measuring the
transmitted beam, the outlet area for the reflected beam was
masked with a cadmium plate. As shown in Fig.1(b), the
measurement of the reflected beam, the spin flipper and
the spin analyzer were mounted along the reflection
direction, and the transmitted beam was masked. In these
experimental set-ups, since the beam was collimated by the
geometrical structure of the present device, the
geometrically-determined beam divergence (geometrical
collimation) was 4&,= 0.9°. The incident beam extracted
from the guide tube has a A-dependent beam divergence,
AB/4 = 0.099 deg/A(= 0. N/4m), as a result of the total
reflection on the nickel surface. The smaller quantity in
46, and A, is effective for the performance of the present
device.

Furthermore, in order to characterize the supermirror
used in the present device, the reflectivity measurement
shown in Fig.1(c) was performed. Instead of the spin
analyzer, an Fe/Si supermirror sample, which was
evaporated under the same condition as that for the
supermirrors used in the present device, was mounted in a
magnetic field of 9.6 kOe. The neutron beam was
collimated with a slit system, which determined the
geometrical collimation to be 4& = 0.057°. The
reflectivity was obtained from the ratio of the reflected
intensity from the sample supermirror against the intensity
measured without the sample supermirror at the direct
beam position.

§.3. Supermirror

The supermirror used in the polarizing beam-splitter
device was evaporated onto a single-crystal silicon
substrate with a thickness of 0.6 mm. The same coating as
that of the supermirror structure was performed on both
sides of the silicon substrate in order to improve the flatness
of the supermirror.”> When the supermirror structure was
coated on a single side, the flatness (deviation of the
surface) was 0.4°; on the other hand, the flatness of the
original substrate (less than 0.02°) was almost maintained
by coating both sides.” Since a flatness of 0.4° was not
appropriate for the present device, where the grazing angle
was 0.9°, coating both sides was chosen
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Fig. 2. Observed spin-dependent reflectivity (a) and
polarization (b) of the sample Fe/Si supermirror. The solid
[ines are calculations based on the thickness distribution of
the supermirror.

in the present manufacturing. For reflectivity
measurement, as shown in Fig.1 (c), a single-side coated
supermirror was used for the sample supermirror, because
the flatness could be recovered at the sample mounting.
The wavenumber (Q) dependence of the reflectivities of
the supermirror (R*(Q) and R'(Q)) for up-spin and down-
spin, respectively, can be calculated® from the thickness
distribution of the supermirror.” In the critical region, the
wavenumber where the reflectivity drops to 0.95 was
calculated to be 0.064A™" and 0.0117A™ for R*(Q) and
R(Q), respectively. The wavenumber of 0.064A™ is almost
30N, The critical wavelengths of the present device (1)
are converted from the critical wavenumbers for up-spin
and down-spin by using the grazing angle. Due to the
thickness distribution,” R*(Q) showed a dip (decrease of
reflectivity) at around Q = 0.022A". In the calculation,
since interdiffusions between the layers were neglected,
R'(Q)=1at Q<Q., except at the above-mentioned dip.
The observed polarization (Pops(4)) and reflectivities
(Tops™(A) and Iops™™(A)) of the sample supermirror are
shown in Fig.2. The superscript of the reflectivity
represents the state of the spin flipper. The polarization
can be obtained from the reflectivities through the
following relation, where the flipping efficiency is 1:

Tous () — 1555 (2)

P (1) =
ISns () + I ()

(1)

Although the relative values of the reflectivities were
experimentally obtained, the proportional constant to the
reflectivities was canceled for deducing the polarization,
as shown in the above equation. The reflectivity data were
scaled to the calculations. We calculate the A-dependent
reflectivities (/*(6,4)) at a fixed grazing angle (6) with the
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actual beam collimation, from R*(Q), and the following
polarizations were calculated;

(=1 (8, 2) = (1= I" (6,,4)
(=1 (G ) +(1- 1" (6,2))
I'(6,2)~1(8,2)
IO, )+ 1 (6,4)°

P(A)= (2)

F(4) =

(3)

where & and § are the grazing angles of the supermirror
in the present device and that of the sample supermirror,
respectively.  Po(A) is the polarization of the beam
transmitted through the supermirror in the present device,
Py(A) is that of the reflected beam from the sample
supermirror and the observation is compared with P(4) =
Po(A)Py(A).  The reflectivities corresponding to the
experimental condition are calculated as follows:

I(A) = By (DI (6,2) + B ()T (8,2) 14)
I (2) = By (DI (8, 4)+ By ()] (6,2) (5)

where Py (A)=(1+Py(A))/2. The observed quantities were
well described by a calculation with & = 1.07° and & =
1.16°, as shown in Fig.2. In other words, the observed
behavior is consistent with a calculation using only the
thickness distribution without any interdiffusion between
layers. The critical wavelength in the polarization comes
from @& and that in the reflectivity from 6. The
polarization at A > A." was 0.92, where Py(A) and P,(2)
were calculated to be 1.00 and 0.92, respectively. The
polarization of the reflected beam (P (A4)) is determined by
the layer structure with the contrast; on the other hand,
Po(A) = 1if R,(Q) = 1, as shown in eq.(2).

§.4. Polarizing beam-splitter device

We now discuss the performance of the polarizing
beam-splitter device measured in the experimental set-up
shown in Figs.1 (a) and (b). The quantities which describe
the performance are listed with the calculation formulae as
follows:

Py = oL ) = (- 16, )

A=17(6,AN+(1A-1"(6,,4))

(6)

I'(,2) -1 (6,4)

= rerEen’

(7)

I(A) = e ™% (2 =1 (6,,4) = I"(6,,A)) ,
(8)

[(A)=1"(8,,A)+1 (8,,4), (9)

where “P" and “I” denote the polarization and intensity
(sum of the intensities of both spin states); the subscripts
“T” and “R” denote the transmitted and reflected beams,

respectively.  The exponential factor in eq.(8) is the
intensity loss due to absorption through the silicon
substrate, calculated from the number density

(n=5.00x10** cm™), the A-lependent total cross section
(0)” and the thickness (1 = 0.6mm). The A-dependent
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Fig. 3. Performance of the polarizing beam-splitter device. The
marks are the observed data of the polarization of the
transmitted beam (a), the polarization of the reflected beam
(b) and the intensity of the reflected beam (c); the solid lines
are the calculations. PHA), Pr(2), I1{A) and Ig(A) were
calculated based on the reflectivity of the supermirror; P.(4)
and Ig.(4) include the attenuation of the intensity and the
contamination of the unpolarized neutrons for the reflected
beam.

reflectivities (/*(6,A)) in the actual beam collimation were
calculated from the supermirror reflectivities (described
below). Figure 3 shows these calculated quantities along
with the experimental results. Since up-spin neutrons are
reflected at A> 2.", the main component of the transmitted
beam is the down-spin neutrons and that of the reflected
beam the up-spin neutrons. The polarization of the
transmitted beam (P 4)) increases with A and P{(1)=1 at
A> A (6. 2)=1. At A< A, I{A) is greater than 1 due
to the transmission of down-spin neutrons, where the
intensity of the incident unpolarized beam is defined to be
2. At A= A/, Iz(A) increases due to the reflection of up-
spin neutrons and becomes greater than 1 at larger A due to
the reflection of the down-spin neutrons. At A> A, Iz(A)
should be 2 because of the total reflection of neutrons in
both spin states; however, the critical region of the down-
spin reflectivity is smeared out due to the large beam
divergence, and eventually the intensity gradually
increases. The experimental data shown in Fig.3 were
obtained by correcting the polarizing efficiency of the spin
analyzer and the flipping efficiency of the spin flipper for
the observed polarizations. The A dependence of the
polarizing efficiency of the spin analyzer is described by an
empirical formula established by another measurement,
and the flipping efficiency was presently determined to be
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1.0 for A< 104 and 0.8 for 2> 10A by a measurement of a
shim plate. _

The polarization of the transmitted beam can be
calculated using eq.(6) with the actual beam collimation.
In the experimental set-up shown in Figs.1(a) and (b), since
the intensity of the transmitted beam was maximized, the
grazing angle of the supermirrors in the present device
should be & = 0.9° in fact, A." is consistent with a
calculation with & = 0.9° (in the supermirror sample set-
up, the beam axis was slightly different from that in this
optimization). First, by using the above-mentioned R*(Q)
calculated from only the thickness distribution, Pr(1) was
calculated to be 1 at 4 > A.", contrary to the observed
polarization less than 1. As mentioned above, Pr(1)=1
results from R*(Q)=1. Therefore, we introduced the factor,
a(Q), to reproduce the actual reflectivity, and calculated
the polarization in eq.(6) using a(Q)R*(Q) instead of
R*(Q), where a monotonous empirical formula for a(Q)
was established on the assumption that o(Q) = 1, 0.99,
0.95 and 0.93 at QO = 0, 0.02, 0.04 and 0.064",
respectively. This Q-dependent factor is consistent with a
nominal specification of the reflectivity of a 30
supermirror.” As shown in Fig.3(a), the observed
polarization was well described by the calculation.

On the other hand, as shown in Figs. 3(b) and (c), the
observed polarization and intensity of the reflected beam
was much less than the calculation. The observed spectrum
was comparable to the quantity in eq.(8) or (9) multiplied
by the incident-beam spectrum (/,(1)). Since the
polarization of the transmitted beam was well described by
the calculation, assuming the observed spectrum of the
transmitted beam to be [ (A)/{A), the incident-beam
spectrum can be deduced by using the calculated value of
I{(A). The observed intensity of the reflected beam shown
in Fig.3(c) was obtained by using /(1) deduced from the
transmitted beam spectrum. The less intensity and less
polarization result from the more divergent beam of the
reflected neutrons and the existence of unpolarized
neutrons coming to the spin analyzer without reflecting on
the supermirror, respectively. In fact, the following
intensity greatly improved the calculation describing the
observed intensity:

Coa B _ (41n2)¢°
I'y(A) = A[R(/l)+—A9i(l) exp( IS j

(10)

where the first term is the attenuation of the intensity and
the second term is the contamination of unpolarized
neutrons. In the first term, the geometrically-obtained
attenuation factor, 4=(w,/L,)/(wo/Lo), was used, where w, =
1.8 cm and L, = 59cm are the outlet area and the half
length of the present device, respectively, w; = 2.0cm is the
aperture of the spin analyzer, and L, = 203 cm is the
distance between the center of the present device and the
inlet of the spin analyzer. The second term is the beam

spread of the incident neutrons through the guide tube,
detected at the spin-analyzer direction of 6=1.2°. The
factor, B, is an adjustable parameter and A4g,(A) is the A-
dependent incident beam divergence mentioned in Sec.2.
The calculated polarization, Pg'(L), corresponding to
eq.(10) greatly improved the calculation describing the
observed polarization shown in Fig.3(b).

§.5. Summary

We demonstrated an investigation of the performance of
the polarizing beam-splitter device installed at a pulsed
cold-neutron source. The result of a reflectivity
measurement of the sample supermirror shows that the
supermirrors in the present device were made with good
quality: a clear critical region and high reflectivity.
Moreover, the polarization of the transmitted beam from
the present device also shows that the reflectivity of the
supermirrors was high, even at Q.. The performance of the
transmitted beam through the present device was well
explained by a model calculation. Although that of the
reflected beam was less than the model calculation, the

performance could be understood using the geometrical

configuration of the experimental set-up: the reflected
beam was more divergent and contaminated by
unpolarized neutrons. The present device is more
optimized for the transmitted beam and the transmitted
beam is suitable for polarization-required or collimation-
controlled experiments. Although the reflected beam is
more divergent and less polarized, it is more intense than
the transmitted beam, therefore, the reflected beam is
suitable for intensity-required experiments if a device by
which the neutron beam can be converged is placed just
after the reflection beam outlet of the present device.
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