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In this last of a series of three papers on the development of an advanced solid-state neutron polarizer, we present the
final construction of the polarizer and the results of its commissioning. The polarizer uses spin-selective reflection of
neutrons by interfaces coated with polarizing super-mirrors. The polarizer is built entirely in-house for the PF1B cold
neutron beam facility at the Institut Max von Laue - Paul Langevin (ILL). It has been installed in the PF1B casemate
and tested at real conditions. The average transmission for the “good” spin component is measured to be >30 %. The
polarization averaged over the capture spectrum reaches a record value of P, ~ 0.997 for the full angular divergence
in the neutron beam, delivered by the H113 neutron guide, and the full wavelength band A of 0.3 — 2.0 mm. This
unprecedented performance is due to a series of innovations in the design and fabrication in the following domains:
choice of the substrate material, super-mirror and anti-reflecting multilayer coatings, magnetizing field, assembling
process. The polarizer is used for user experiments at PF1B since the last reactor cycle in 2020.

I. INTRODUCTION

PF1B is a user facility at the Institut Max von Laue - Paul
Langevin (ILL) in Grenoble, France, for experiments in ele-
mentary particle and nuclear physics using polarized or non-
polarized cold neutrons. PF1B is located at the end position
of the “ballistic” m = 2 super-mirror cold neutron guide H113
with an exit cross section of 60 x 200 mm?'!' (note that the cap-
ture flux at the guide exit of 1.35 x 100 n/cm? /s reported in'
has been improved to 2.2 x 10'° n/cm? /s at nominal reactor
power by replacing guide sections that had suffered radiation
damage and by upgrading the in-pile part).

An important component of PF1B is a cold neutron polar-
izer that has to produce a large-area, ~ 80 x 80 mm?, well-
polarized neutron beam over an extended range of neutron
wavelengths, 0.3 — 2.0 nm. For the needs of experiments of
different types, PF1B has to provide several options of op-
timization including a maximum total flux of polarized neu-
trons over a large beam cross section, a maximum flux density
of polarized neutrons over a relatively small beam cross sec-
tion, and ultra-high precision of the knowledge of the polar-
ized neutron beam properties. While in the first two cases, the
average polarization can be moderate (typically P, > 0.98),
the latter option requires ultra-high polarization (P, > 0.997)
to minimize systematic uncertainties =,

In order to achieve high polarization levels with reason-
able transmission over the full wavelength range, the preferred
technology is typically super-mirror (SM) benders 814, Ultra-
high polarization is difficult to achieve with single reflection
or transmission by a polarizing SM, though noticeable inves-
tigation was made in that direction. Therefore, the design of
the polarizer geometry aims at making most neutrons reflect
at least twice on polarizing SMs, with sufficiently large angle
of incidence, when going through the devicel'Z.

The previous PF1B polarizer was built using the traditional
technology of air-gaped reflection-type polarizing benders. It
consisted of 30 channels of 80 cm length and 2 mm width. The
thickness of the borofloat glass substrates was 0.7 mm. The

Co/Ti/Gd SM coatings 191819 had the effective critical veloc-
ity of m = 2.8. The polarizer cross section was 80 x 80 mm?,
the radius 300 m, and the applied magnetic field 120 mT <%,
This polarizer was produced in collaboration between the ILL
(SM coatings) and the TU Miinchen (glass and assembly).
It was installed in 2002 downstream the H113 guide in an
effective neutron capture flux of ~ 2 x 10'° n/cm?/s. The
measured transmission was ~ 0.49 for the “good” polariza-
tion component. The capture-flux-averaged polarization was
P, ~0.985.

When ultra-high polarization was required, we installed a
second polarizer of the same type in the “X-SM geometry”,
thus providing a mean polarization of P, = 0.997 and a trans-
mission of ~ 0.25 for the “good” polarization component 19,
This geometry assumes that the reflecting planes in the second
polarizer are orthogonal to the reflecting planes in the first one.

However, during more than 15 years of successful exploita-
tion, this polarizer was irradiated with a very high neutron
fluence which resulted in a significant irradiation damage to
the mirrors’ borofloat glass substrates, mainly by the charged
particles from the reaction '°B(n, &) in the glass substrate. It
is also strongly activated, mainly due to the presence of Co in
the SM coatings, which makes its handling seriously compli-
cated.

In this paper, we present the new, Advanced polarizer built
for the PF1B instrument at ILL with improved polarization
and free from the radiation damage and activation issues. The
polarizer design, the choice of substrate and SM coating, and
the magnetic housing are described in great details in our pre-
vious publications 721, Here, we focus on the full scale po-
larizer production and the results of measurements of its char-
acteristics.

Il. POLARIZER DESIGN

To avoid some drawbacks of the previous polarizer, namely
the high activation of Co in the Co/Ti SM coatings and the
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neutron-induced degradation associated with the '°B(n, &) re-
action in the borofloat glass substrates, we decided to build a
solid-state polarizer with Fe/Si coatings 1122720/

An immediate advantage of the solid-state polarizer is its
compactness. It has a more favorable ratio of channel to inter-
channel width and allows to design a magnetic system with
better performance.

In traditional C-benders, a solid-state polarizer is built of
a bent stack of thin (150 — 200 pm) single crystal Si wafers,
coated on both sides with Fe/Si SM coatings terminated by
Gd absorbing layers. Each Si plate coated with two reflecting
SMs is a spin-dependent guide for neutrons which enter the
plate bulk through the entrance edge of the plate. To avoid
the direct view (i.e. neutron trajectories which do not touch
the polarizing coatings) the bending angle 7y should meet the
following condition:

Yo =8d/L, 6]

where d and L are thickness and full length of the chan-
nel. A double-bent polarizer of this type is known as the S-
bender>#+20/

In our design of the new PF1B polarizer, we follow the con-
cept proposed and described in detail in our previous publi-
cations! 2l According to this “advanced” concept, we re-
place the single-crystal Si substrates by single-crystal sap-
phire. Since the neutron-optical potential for sapphire is
higher than that for spin-down neutrons in the magnetized
Fe of the SM coatings, this choice allows us to avoid the to-
tal reflection regime for neutrons of the unwanted spin direc-
tion propagating through the substrates. This modification ex-
pands the efficient polarizer bandwidth into the low Q region.

The polarizer is built of two independent stacks of flat
substrate plates of 80 x 25 x 0.18 mm3 (i.e. L/2 =25 mm,
d = 0.18 mm), each coated with SMs on both sides. Each
plate in the stack is mounted on the top of the previous one.
The total number of plates in the stack is 440 thus providing
the total polarizer cross section of 80 x 80 mm?.

The two stacks of mirrors are tilted by angle ,:

W =4d/L. 2

We denote this type of polarizer the V-bender.

Fig.[T]illustrates the V-bender geometry in comparison with
the traditional C-bender geometry.

An important feature of the V-bender is the absence of pro-
nounced Bragg dips in the transmission for particular wave-
length values. Such dips were observed in experiments with
solid-state S- and C-benders when the angular divergence of
the incident neutron beam is comparable to the bending an-
gle?*27, For the reflection of neutrons from a flat perfect
crystal, the acceptance angle of Bragg reflection is very small
(typically 1 — 10 purad) and the corresponding dip would be
completely washed out by the angular divergence of the inci-
dent beam (typically a few tens mrad) even in the case of an
unfortunately chosen crystal orientation. Indeed, these expec-
tations were confirmed in experiment as we observed no dip
in the transmission.

J voz4d/L

, Ye28d/L

FIG. 1. The V-bender geometry: two stacks of both-side SM-coated
plane parallel substrate plates (with thickness d and length L/2) are
tilted by angle 7, with respect to each other. To avoid the “direct
view”, the angle has to meet condition Eq. (Z). Note that the two
halves of the V-bender do not need to be in contact, also the slits
do not need to be lined up. The traditional C-bender geometry is
indicated by dashed lines for comparison (the internal dashed lines
are omitted for better readability).

As mentioned in 2128 sapphire substrates are readily avail-

able ?? with sufficient polishing quality for SM coating and
minimize the substrate bending due to the residual stress
present in the coating. The latter is expected to be relevant
when considering the geometrical imperfections of the final
assembled mirror stack with respect to the ideal one. Together
with the neutron optical properties, these features led us to
choose sapphire as substrate material.

Ill.  POLARIZING COATING

To explore the full angular divergence of the H113 ballis-
tic m = 2 SM guide and to cover the broad wavelength band
of 0.3 — 2.0 nm, we use the same “inverse” scheme m = 3.2
Fe/SiNx SM coatings, consisting of 603 individual layers,
which was previously used for the production of a solid-state
S-bender?#2>. The term “inverse” refers to the sequence order
for the SM coating depositions, starting with a thicker layer
as opposed to the sequence in SMs used for neutrons incident
from air. Note that with such a sequence in a solid-state po-
larizer, the first layer visible to neutrons is the thickest one, as
in the case of air-gaped devices.

An absorbing Gd layer also has to be coated on top of the
SM so that neutrons which are transmitted through the SM
do not get out of the polarizer or into the next plate. In or-
der to guarantee that these neutrons are absorbed rather than
reflected, even at low Q values, an anti-reflecting and absorb-
ing Si/Gd multilayer consisting of 41 individual layers and



Realization of an advanced super-mirror solid-state neutron polarizer for the instrument PF1B at the Institut Laue-Langevin 3

FIG. 2. Scheme of the deposition tray. The production version con-
tains 48 sapphire plates of dimension 80 x 25 x 0.18 mm> each, a
witness float glass sample and a witness thick sapphire plate with di-
mensions 80 x 40 x 3 mm? for neutron reflectometry measurements.
These 2 additional substrates were placed in the free space (top-right
corner). One thin sapphire substrate is highlighted in green, and
the inset shows a detail of the triangular-shaped separator, used for
masking the mirror edges without reducing the thickness deposited
on their faces.

based on the same principle as in Ref " was designed. The
total thickness of Gd is larger than 500 nm, assuring that the
transmission of non-reflected neutrons through the interface
between the plates stacked inside the polarizer is always well
bellow 103 in the operation conditions.

The SM coating was produced in-house by reactive mag-
netron sputtering®>!.  Since the S-bender production®#2>,
some investigations were made about the magnetic properties
of the coatings®233 and the neutron beam depolarization at re-
flection®=2, The coating process had been optimized further,
resulting in magnetically softer multi-layers, i.e. requiring a
weaker applied magnetic field to be magnetized close to satu-
ration.

With our in-line sputtering machines, we used the tray
shown in Fig. 2] to coat one face on a set of 48 sapphire sub-
strates at once. In order to prevent coating the edges of the
plates (where in particular Gd would reduce the neutron trans-
mission significantly), special care was taken in designing the
deposition tray, so that each mirror face is maximally coated
without depositing material on the edges. In practice, an area
of about 0.3 mm wide along the mirror edges was masked
for this purpose. A witness float glass sample and a wit-
ness sapphire sample of 80 x 40 x 3 mm> were coated together
with each set. All single-crystal sapphire substrates (0.18 mm
plates and 3 mm witness plates), with the c-plane parallel to
the surface, were from 22, For technical reasons, each coating
was made in two steps with two different machines: one for
the SM and one for the anti-reflecting absorbing multi-layer.
The typical production cycle, for coating a set of 48 plates on
both sides, was about one week. Twenty-five such cycles were
achieved, spanning about six months, resulting in a total SM
coated area of about 4 m?.

For each coating run, the witness float glass sample was
removed from the tray after the SM coating, so that it can
be measured by neutron reflectometry in the standard way,
with neutrons coming from the “air” side. The witness sap-
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FIG. 3. Spin-dependent reflectivity (R = R4+ +R_4: red, R_ =
R__ + R, _: blue; left axis) measured with the T3 instrument on a
3 mm thick sapphire witness sample coated with Fe/SiNx/Gd SM and
anti-reflecting absorbing layer in a production run. Neutrons with
wavelength 0.75 nm entered by the substrate edge and were reflected
at the SM from the sapphire side. The polarization (P: green; right
axis) was calculated from Ry and R_, applying only a background
correction.

phire samples of 3 mm thickness underwent both steps and
were measured with neutrons entering by the substrate edge,
reflecting at the SM from the substrate side. This allowed a
systematic control of each coating performance in the same
conditions as for the thin plates, which could not be measured
by neutron reflectometry.

Fig. 3] shows typical spin-dependent reflectivity Ry ,R_
measured with our test reflectometer T3 for one of the 3 mm-
thick sapphire witness samples. Most of the features, in partic-
ular the low-Q part of the “R_" curve, are consistent with the
simulations presented in 2. Through the whole production,
the measured polarization after single reflection was > 0.985
in the range 1 <m < 3.

We also performed more accurate spin-dependent re-
flectometry measurements at SuperADAM=® equipped with
an opaque polarized *He analyzer. Fig. shows
the results of measurements for all 4 spin components
Ry, R+—,R_ ,R__.

Fig. []shows that the beam polarization after single reflec-
tion “' is 0.995 < P < 0.999 in the same range 1 <m < 3,
i.e. it is significantly higher than the value 0.985 measured at
T3. We explain this difference by a lower polarization of the
incident neutron beam and imperfections of the spin-flipper at
T3 instrument.

For a polarizer based on multiple reflections, the resulting
polarization is defined by the depolarization at the last reflec-
tion 2l Therefore, we also measured at SuperADAM the spin-
dependent reflectivity as a function of the applied magnetic
field strength, see FIG. [| In contrast to Ry and R__ that
are field-independent for B > 10 mT, the reflectivity R, _ and
R_ decays rapidly at the field strengths of up to 100 mT, and
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FIG. 4. Spin-dependent reflectivity R4 ,R1_,R_,R__ measured
at SuperADAM reflectometer with an opaque polarized 3He analyzer
(the analyzing power of > 0.999) and the applied magnetic field of
0.7T.
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FIG. 5. Spin-dependent reflectivity R ,Ry_,R_ ,R__ versus
the applied magnetic field measured at SuperADAM with an opaque
polarized 3He analyzer (the analyzing power of > 0.999). m = 1.92.

continues decaying slowly at larger fields. This confirms the
importance of a high magnetizing field and justifies our mag-
netic housing with 0.38 T permanent magnet 2! for the PF1B
polarizer.

IV. ASSEMBLING
A. In-situ procedure to control the assembling precision

In solid-state neutron polarizers, the plates with the polariz-
ing mirrors are mounted on the top of each other thus forming
a cassette which is needed in order to cover a significant cross
section of the neutron beam. It is usually assumed that all
plates are nearly identical and have a plane-parallel geometry.

Real plates can differ from plane-parallel as a result of the
polishing process and due to residual stress in the coating. Im-
perfections of the geometry of individual plates as well as dust
particles between them would result in a scatter of individual
angles between the reflecting surfaces and the incident beam
direction. The errors in setting the inclination angle would
result in neutron reflection losses and an increased angular di-
vergence of the reflected beam. The width of such dispersion
increases with the number of plates in the cassette according
to the law of “Gaussian Random Walk”, see Appendix

The primary effect of such an angular dispersion is the
degradation of the polarizer transmission for the “good” spin
component, provided that the width of the dispersion is com-
parable to the critical angle of the polarizer (typically 10 —
20 mrad). This mechanism may explain the significant dis-
crepancy between the expected and measured transmission of-
ten observed in experiments with solid-state neutron-optical
devices “Z. Some polarization loss may also be attributed to
this effect since such an angular spread may make neutron tra-
jectories without reflection possible.

The most straightforward way to minimize the losses of ef-
ficiency due to this mechanism would be to improve the pre-
cision in setting individual plates and to reduce the number of
plates in the cassette. However, the number of plates in the
cassette is fixed by the size of the required beam, and setting
the inclination angle of individual plates with the precision
much better than £1 mrad is challenging.

An advantage of the rather simple V-bender geometry is the
possibility to develop a procedure to actively control the incli-
nation angle of each plate in the cassette, see Fig.[] The idea
is to limit the cumulative effect of successive random plate
misalignment, by making it “less” random through determin-
istic control and intervention on each plate. The stack of as-
sembled plates is illuminated with a narrow laser beam (diam-
eter 1 mm), and the reflected beam is projected on a full-frame
(24 x 36 mm) sensor of a digital photo-camera. Assuming n
is normal to the top mirror of the reference plate and n’ is nor-
mal to the top mirror of the inspected plate, which is inclined
relative to n by a small angle 8, the shift A of the spot position
on the camera sensor is:

A=28 h, 3)

where h =~ 1000 mm is the distance between the plates and the
sensor. We take the position of the reflected spot from the very
first plate as the reference. If we observe that A is outside the
accepted tolerance (typically £ 1 mrad), we carefully inspect
this plate and usually find a large dust particle. After removing
it, the plate is assembled back to the cassette and we continue
the procedure.

We found that at normal laboratory conditions, ~ 0.25 of
the plates show an angular deviation > 1 mrad. Therefore,
we decided to perform all manipulations with the sapphire
plates (before and after SM deposition) inside our class-100
laminar-flow box. This solution dramatically improved the
output of “good” plates: practically all of them show a small
spread of the inclination angle (< 1 mrad). During the stack-
ing procedure, when misalignment with the underlying plate
of > 1 mrad occurs, there is still a possibility to flip the last
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FIG. 6. Scheme of the in-house-built optical inclinometer: 1 - laser,
2 - plates in the stack, 3 - full-frame sensor of a digital photo-camera.

FIG. 7. An intermediate stack of 25 sapphire plates. The neutron
beam is incident on the long side (80 mm). The position of each
individual plate is laser controlled according to the scheme shown in
Fig.[f] Ultraviolet cured glue is applied to both opposite short sides
(25 mm).

plate upside down and check if the misalignment is reduced.
In the rare case when this did not solve the problem, the last
plate was replaced by another one.

To simplify the polarizer assembling we decided to use in-
termediate stacks composed of 25-30 plates. During assem-
bling, the orientation of each plate is laser controlled accord-
ing to the scheme shown in Fig. [| and, finally, the positions
of all plates in the intermediate stack are fixed with UV-cured
optical glue NOA65 ki applied to both opposite short sides,
see Fig.[7]

Further assembling of polarizing cassettes composed of
intermediate stacks also was performed in the same “clean
room” with the optical control and under an applied load, see
Fig. Intermediate stacks were inserted between two op-
tically polished flats made of Borofloat glass and mounted
on top of each other. The Borofloat flats and the cassette
body made from a B-Al compound serve also as a neutron

Laser-beam

Photo-camera

Pneumatic
actuator

-

FIG. 8. Final assembling of the polarizer cassette. Intermediate
stacks are confined between two thick (25 mm) Borofloat glass flats
coated with Al. A green-line laser beam incident on the upper flat
and the reflected beam are registered with a photo-camera. Two
pneumatic actuators apply homogeneous pressure (~ 1 bar) on the
cassette.

diaphragm absorbing neutrons outside the polarizer aperture.
Two pneumatic actuators apply homogeneous load to the cas-
sette (~ 1 bar) in order to minimize possible gaps between
the plates. The fully assembled cassette of plates is fixed with
non-magnetic screws.

B. Neutron test of the assembly accuracy

We may suspect that the optical inspection of the assem-
bling described above is valid only locally, within the laser
spot size of ~ 1 mm. The global slope (averaged over the full
plate surface) may be different. Therefore, we also performed
neutron tests of the assembly quality at the Super-Adam re-
flectometer at the ILL 3¢,

A fully assembled cassette of 440 double-sided coated
plates was installed in the target position of the instrument.
A very narrow neutron beam (width 0.1 mm, horizontal an-
gular divergence 0.05 mrad FWHM, height 60 mm) with the
wavelength of A = 0.5 nm was incident on the cassette. Af-
ter preliminary alignment, the cassette was tilted by an angle
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of ~ 7 mrad from the incident beam direction. This angle is
close to the value 8; = d/L = 7.2 mrad needed to avoid direct
transmission, although a small admixture of neutrons having
experienced double and zero reflections is possible due to the
geometrical imperfections of the plates.

The angular distribution of neutrons having passed through
the cassette is projected on a position-sensitive detector (PSD)
with a position resolution of 2.8 mm FWHM, installed at dis-
tance r from the cassette (Cassette #1: r = 2500 mm, Cas-
sette #2: r = 3250 mm). During the experiment, we keep
the incident beam position and the PSD position, while the
cassette position is scanned across the beam with a step of
0.05 mm. The full range of the cassette position scan is
440 x 0.18 mm = 80 mm. The data were accumulated in
two-dimensional matrices: cassette position versus PSD pixel
number, see Fig.[9]

Data for Cassette #1 were re-binned to the same sample-
detector distance r == 3250 mm as for Cassette #2. The bright
spots near PSD pixel ~ 700 are from neutrons having experi-
enced a single reflection by the mirrors. Much weaker spots
near PSD pixel ~ 870 are from neutrons having experienced
zero reflection. As it is common in reflectometry, the distance
A between the position of zero reflection and the single reflec-
tion spot is related to the mirror slope 6 as follows:

A= 20r. “4)

Note that for the parameters of our experiment, the posi-
tions of the zero-reflection spots are independent of the mirror
slope, and the width of the spot is dominated by the PSD’s
finite resolution, opsp =~ 4.25 pixels, or ~ 0.37 mrad.

In contrast, the positions of the single reflection spot are
defined by the angles of the individual mirrors.

Since the incident beam width is 0.1 mm, the cassette po-
sition step 0.05 mm, and the plate thickness ~ 180 pm, the
beam often illuminates two adjacent plates simultaneously re-
sulting in an additional broadening of the spot or even a spot
splitting due to an eventual difference of slopes. At the same
time, the width of the narrowest spots is driven by the PSD
resolution and the mirror waviness.

We observed that due to the mechanical polishing our sap-
phire substrates are typically thinner near the edges than they
are in the central region. This difference in the thickness is
~ 6 um. Reflection of neutrons from a concave surface seen
during their propagation through the plate would result in fo-
cusing in space and in the defocusing (additional broadening)
in angle.

From the data shown in Fig. [0] we found that the typical
width of the most narrow spots (the beam illuminates a single
mirror) is very close to opsp that allows us to conclude that
the individual mirror waviness of our sapphire substrates play
a minor role in the formation of the reflected beam angular
distribution.

By projecting the matrix data on the horizontal axis we ob-
tain the effective angular distribution of neutrons reflected by
the mirrors of all 440 plates. These angular distributions mea-
sured for both cassettes are shown in Fig. [9] with solid white
lines.

By fitting the single reflection peak near pixel ~ 700 with
a Gaussian we obtain the estimates of standard deviations o,
and 63 for the distribution of individual slopes in Cassettes #1
and #2:

op =0.62mrad, o©%=1.02mrad. (5)

As follows from Eq. (3), Cassette #2 shows a significantly
broader distribution of mirror slopes. This fact may be ex-
plained by the difference in the assembling procedure. In-
deed, Cassette #1 was assembled from intermediate stacks in
a single run. In contrast, while mounting Cassette #2, we first
assembled and glued two intermediate stacks each composed
of 4 small stacks of 25 mirrors. The rest of 240 mirrors was
assembled in one run from small intermediate stacks.

In Fig. 0] positions 1-400 correspond to the first stack of
100 mirrors, positions 401-800 to the second stack of 100
mirrors, and positions 801-1600 to the rest composed of small
stacks. In this two-step procedure, an error in the relative posi-
tioning of the second big stack would apply to all 100 mirrors
in this stack. This fact may explain the asymmetric form of
the slope distribution for Cassette #2, or even the tendency to
the splitting visible in Fig.[0]

In spite of this difference, the width of the slope distribution
is in a good agreement with the tolerance window +1 mrad
adopted during the assembling of both cassettes.

The angular distribution of individual mirror slopes in the
cassette, 0g, may be translated into the broadening of angu-
lar divergence of the incident neutron beam (given in second
order):

1/ 23505 \°
FWHM ~ FWHM;, [ 14+ = | ——— . 6
eff in ( + ) (FWHMin) ) ( )

Here, FWHM,;, is the incident beam angular divergence. For
the PF1B guide, the incident beam divergence depends on the
neutron wavelength, FWHM;,, «< A, while oy is, as purely ge-
ometrical effect, independent of A. Therefore, we expect that
the effective beam broadening from the polarizer is stronger
for short wavelengths.

The relevant wavelength band of the PF1B polarizer is
0.3 — 2.0 nm. For neutrons with A = 0.3 nm, FWHMpg;p ~
2m0y;A ~ 20 mrad (with m = 2 of the H113 SM coating and
the critical angle of Ni Oy; = 17.3 mrad /nm 38 The effect of
additional broadening due to the dispersion of mirror slopes,
Op ~ | mrad, is expected to be about 0.7% for Cassette #2
and smaller for Cassette #1, and even smaller for neutrons
with longer wavelengths.

Comparing our results (Eq. (E])) to the result o, ~
11 mrad measured for a stack of 200 Si plates of 0.2 mm thick-
ness each, assembled without any control of angular orienta-
tion of individual plates 2l demonstrates the importance and
effectiveness of controlling the alignment of individual plates.
Here, the plates are coated on both sides with Ti/Gd multi-
layers and serve as collimator in a solid-state Fermi chopper.
Since FWHM,; is comparable to the divergence after a neu-
tron guide, such a collimator causes both, an imperfect col-
limation because of the transmission of neutrons outside the
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Two-dimensional matrix representing the angular distribution of neutrons reflected by the mirrors of the 440 individual plates in

Cassette #1 (Left) and Cassette #2 (Right). The solid white line shows the projection on the horizontal axis. See text for details.

design divergence of the collimator, and a significant reduc-
tion of the on-axis beam intensity because of the absorption of
low-divergence neutrons in the coating of misaligned plates.

C. Final assembling of the polarizer

The two stacks of polarizing mirrors, Cassettes #1 and #2,
are installed into a mechanical driver one after the other, see
Fig.[I0] The driver allows remote control of each stack’s slope
angle with respect to the direction of the neutron beam. The
driver rotates both cassettes together around axis #1 (centered
at Cassette #1) and separately Cassette #2 around axis #2 (cen-
tered at Cassette #2). The angle between the two cassettes
corresponds to the tilt angle 7y, see Fig.|l} Here and below we
denote this angle ¥, not 7/, as we discuss only the V-bender
below.

Then this assembly was inserted into the opening of the
magnetic housing shown in Fig. [T1] Left. It is made from
permanent magnets (for the details, see Ref. ') and provides
a very homogeneous vertical field magnetizing the polarizer,
with the transversal component B, /B, < 0.005 in most of the
volume occupied by the polarizing mirrors and B, ~ 0.38 T'.

Finally, neutron shielding composed from boron nitride ce-
ramics was mounted on both sides of the cassettes in order to
absorb neutrons beyond the aperture of the polarizing mirrors,

see Fig. [TT] right.

V. CHARACTERIZATION OF THE NEW POLARIZER
A. Experimental setup

The fully assembled polarizer with its magnetic housing
was installed into the lead shielding in the PF1B casemate,
downstream the H113 neutron guide, see Fig.

An aperture of 70 x 70 mm? was installed at the exit of the
H113 neutron guide (where only 60 mm width are illuminated
with neutrons). In order to measure time-of-flight (ToF) spec-
tra, a neutron beam chopper with a horizontal slit of 60 mm
width and 5 mm height was installed at a distance of 565 mm
in front of the polarizer.

An adiabatic fast passage (AFP) neutron spin flipper with a
flipping efficiency of f > 0.999 19 was inserted in the space
between the lead housing and the casemate wall. The stray
field from the polarizer magnetic housing, the static magnetic
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Rotation axis #1, #2
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neutrons

FIG. 10.  The two polarizing cassettes mounted on the motor-
ized mechanical driver. The motors and encoders are not visible,
as they are placed outside the lead shielding where the polarizer is
installed. From the motor axes, two ribbed shafts go through holes
in the shielding and connect to the mechanics via the two brass hubs
visible on the photo.

field from the AFP flipper, a vertical magnetic field installed
in the casemate window, and the magnetic field of the “Magic
box” ¥ constitute the guiding field needed to transport adi-
abatically the neutron polarization. The ‘“Magic box” also
serves to conserve or flip the *He polarization of the spin filter
cell used for polarization analysis.

Both the “Magic box” and the neutron detector at its exit
were installed on a motorized table in order to allow a horizon-
tal scan of the beam. Neutron ToF measurements without spin
filter cell were performed with a low-efficiency (~ 5-1077)
3He detector. At low efficiency, the number of neutrons cross-
ing the detector is weighted with the *He cross section which
grows linearly with neutron wavelength A. Measurements
with spin filter cell installed were performed with a detector
with ~ 3% efficiency. Where necessary, the height of the aper-
ture in front of the detector was adapted to keep the dead time
correction small.

In this experiment, we did not flip the neutron beam po-
larization and used the AFP flipper only to provide a static
guiding field. Instead, we performed the polarization analysis
by flipping the polarization of the gas in the 3He spin filter
cell* (polarization losses per flip § < 1072).

To align the polarizer relative to the beam direction, we
first set both cassettes to be parallel to each other. Then we
installed a 5 mm wide diaphragm behind the chopper thus re-
ducing the beam cross section to 5 x 5 mm?. A large area
neutron monitor was mounted just behind the polarizer exit to
capture the full angular divergence of the incoming beam.

In this configuration, we rotate both cassettes around axis
#1 using the motorized driver #1 (from —1.5° to +1.5°, in
steps of 0.1°). The angular position with the maximum count
rate corresponds to both cassettes being parallel to the incom-
ing neutron beam. Then, we scan the angular position of Cas-
sette #2 keeping unchanged the position of Cassette #1, in or-

der to correct for a potential initial misalignment between the
cassettes. Again, the maximum count rate corresponds to the
second cassette being parallel to the first one and both parallel
to the incident beam. In the last step, Cassette #2 was tilted by
the angle y = 5d /L = 18 mrad to prevent “direct view”, see

Fig.

B. Angular distribution

Since the polarizer reflection plane is horizontal, the po-
larizer preserves the vertical angular distribution in the inci-
dent neutron beam and modifies only the horizontal one. The
latter was measured by means of installing a small pinhole,
5 x 5 mm?, at the distance of 50 mm behind the chopper, and
measuring the count rate in different detector positions across
the beam far away from the pinhole using a small-aperture
detector (5 mm wide). In this measurement, the neutron de-
tector was installed behind the “Magic box™ at the distance of
3115 mm from the chopper.

Fig. [13] shows the result of the angular scan for the po-
larizer tilt angle y = 5d/L. Contrary to the commonly used
C-bender, which shows a continuous angular distribution of
reflected neutrons, the V-bender shows a discrete angular dis-
tribution for sufficiently large tilt angles. Each peak contains
contributions from classes of neutron trajectories with a cer-
tain number of reflections in the first and in the second cas-
sette.

The labels in Fig. [I3] denote the corresponding reflection
numbers. For example, the label 1-1 corresponds to Garland
trajectories with a single reflection in Cassette #1 and a single
reflection in Cassette #2. The label 0-2 represents neutrons
with Zig-Zag trajectories in Cassette #2. Note that the posi-
tion of the peak representing Zig-Zag 0-2 trajectories is inde-
pendent of the tilt angle ¥ and is close to the direction of the
incident beam, while the positions of the other peaks strongly
depend on 7y. The solid line shows the result of multi-peak fit-
ting with a Gaussian form. Trajectories with multiple reflec-
tions are suppressed by reflection losses, R < 100%, beyond
the total reflection regime.

The angular distribution measured with a point-like aper-
ture on the source (in front of the polarizer as in the exper-
iment or equivalently at the polarizer exit) has to be distin-
guished from the flux distribution ®(x) measured for a large
source:

B(x) = / / %Bdﬂdl, 7

where B is the brightness of the neutron source T and Ay =
0.18 nm is, by convention, the wavelength at the most proba-
ble velocity vo = 2200 m/s in a thermal Maxwellian spectrum
at the neutron temperature of 300 K. Only in the “near zone”
where the position splitting due to different angles in the beam
is much smaller than the source size, a position scan provides
a true flux density distribution. In contrast, a position scan
in the “far zone” reproduces an angular distribution similar to
Fig.[[3] This fact allows to profit from the full intensity of
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FIG. 11. Left: Sketch of the magnetic housing for the SM polarizer of cold neutrons. Red color indicates the South poles and dense blue color
the North poles of the NdFeB magnets 2T, Right: The fully assembled new PF1B polarizer composed of the magnet, the motorized mechanical
insert with two polarizing cassettes, and the neutron shield built from boron nitride ceramics. The stacks were illuminated from behind and the
light going through the sapphire plates can be seen.
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FIG. 12. Scheme of the experimental setup for the characterization of the new polarizer at PF1B.
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FIG. 13. Angular distribution of neutrons in the horizontal plane be-
hind the polarizer as measured with small apertures. The labels in the
format “a-b” denote the number of reflections in Cassettes #1 and #2,
respectively. Negative angles correspond to a detector displacement
in the direction of bending with respect to the direct beam.

the beam in the “near zone” and to split the beam in well-
collimated beams (0g ~ 2.5 mrad) in the “far zone” without
any additional collimator.

C. Polarizer transmission

We used two independent methods to measure the inte-
gral transmission of the polarizer (integrated over all neutron
wavelengths and angles).

In the ToF method, we keep the chopper with its horizontal
slit of 60 x 5 mm? in place and compare intensities measured
with the polarizer in and out of the beam (by translating the
lead-shielding table holding the polarizer). The chopper slit
is smaller than the polarizer of 80 x 80 mm?. Therefore, most
of the neutrons passing through the chopper also hit the po-
larizer entrance (no angular collimation other than that from
the width of 60 mm of the H113 guide was imposed in the
horizontal plane). The *He monitor detector (with an aperture
of 20 mm width and 30 mm height) was installed behind the
“Magic box”, see Fig.[12]

We performed a horizontal scan of the beam by moving
the detector with a step size of 20 mm, corresponding to the
width of the aperture, thus precisely mapping the horizon-
tal axis, and measured ToF spectra at each detector position.
Summing-up all channels in the ToF spectra we obtain the
neutron count rate profiles shown in Fig.[T4] Note that the data
with polarizer in place were multiplied by a factor of 5. Inte-
grating these data over all positions of the detector we found
the polarizer integral transmission for the “good” spin com-
ponent (i.e. relative to 1/2 of the intensity of the unpolarized
beam):

Ty =0.35 for y=4.5d/L ,and T, = 0.31 for y=5d /L, (8)

2500

—O—after polarizer y=5d/L| [

—U—after polarizer y=4d/L| [

2000 F

1500 F

Count rate, n/s

1000 4 F

500 4 F

T T T T
0 50 100 150 200 250 300
Detector position, mm

FIG. 14. Horizontal profiles of neutron capture flux measured at the
distance of 3115 mm downstream the chopper: without polarizer (tri-
angles) and downstream the polarizer for two different tilt angles,
Y~ 4.5d /L (rectangles) and y =~ 5d /L (circles). Data with the polar-
izer in place have been scaled by a factor of 5.
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FIG. 15. Comparison of the polarizer transmission for the “good”
spin component measured at PF1B (points with error bars) and that
simulated using a MC code (curves). The dashed line is obtained
assuming a perfect alignment of the polarizer and reflectivity curve
#1 of Fig.[I6] The solid line corresponds to a small offset in y, y =
4.85d /L, and reflectivity curve #2 of Fig.

where 7 is the polarizer tilt angle defined in Fig.

Using the same data without integration over all neutron
wavelengths, we calculate the wavelength spectra of transmit-
ted neutrons for the two polarizer tilt angles, see the experi-
mental points with error bars in Fig. [T3]

First of all, we underline the excellent agreement between
the experimental results and the results expected from simu-
lation in the vicinity of the short wavelength cut-off. How-
ever, for longer wavelengths, the experimental transmission is
systematically lower than the MC prediction; the relative dif-
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FIG. 16. Reflectivity curves of the SM coating for the two neutron
spin components, (R™, R™), propagating through a Sapphire sub-
strate. The blue curve #1 is from simulations performed in 22l The
black curve #2 represents a parametrization ! with adjusted param-
eters to better match the experimental data in Fig. See text for
details.
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FIG. 17.  Comparison of the polarizer performance for selected
peaks in the output angular distribution measured at PF1B. Red color
corresponds to neutrons with Zig-Zag trajectories, 0-2, while blue
color corresponds to Garland ones, 1-1. Solid lines show a predic-
tion of MC simulations. The decrease of measured polarization for
short wavelengths, A < 0.3 nm, is due to the decrease of the 3He
analyser opacity (which is shifted to longer wavelengths by the finite
ToF resolution).

ference is ~ 10%. We do not know exactly the reason for this
disagreement. Most probably, it is due to an uncertainty in our
knowledge of the SM reflectivity curves for all 900 double-
side coated plates as well as due to a dispersion in the mirrors’
m-values, and due to an uncertainty in the angular alignment
of the polarizer cassettes (the zero position found by searching
for the maximum in the transmitted intensity has a finite preci-
sion). For example, a simulation performed with the slightly

modified reflectivity curve shown by line #2 in Fig. [I6] and
with a small offset in the tilt angle, ~ 0.5 mrad, gives a much
better agreement, see the black solid line in Fig.[T3]

We also confirm that contrary to solid C-benders and S-
benders, our V-bender does not show any Bragg dips in the
wavelength transmission spectra.

In the second method of evaluation of the polarizer trans-
mission, we measured the neutron capture flux in front and
behind the polarizer, without other collimation than the aper-
ture at the exit of the H113 guide, by activating thin Gold
foils** mounted on the polarizer entrance and exit windows,
respectively. The results for the 5 foil positions arranged in a
cross are given in Table[l]

The data in Table || show good transmission homogeneity
both in vertical and horizontal direction as well as a reason-
able agreement with the results of the ToF method. The small
difference between the results of the two methods may be ex-
plained by the difference in the angular acceptance: the result
Eq. () was obtained using nearly the total horizontal angu-
lar divergence of the beam, which is not fully correct for the
results of the gold foil activation shown in Table [} From the
measurements of the integral transmission of the new polar-
izer as well as from measurements of the transmission as a
function of neutron wavelength, we underline the good agree-
ment between MC simulations and experimental data, which

is not often the case for such kind of polarizers’.

D. Polarization performance

The polarization of the neutron beam downstream the po-
larizer was measured using the setup shown in Fig.[I2] The
only difference compared with the transmission experiment is
the presence of a cell with Si windows filled with polarized
3He gas (length of the gas column: 15 cm), mounted inside
ghe “Magic box” in order to preserve the polarization of the

He.

The polarized *He was produced by Metastable Optical
Pumping (MEOP) using the ILL filling station TYREX#344,
To minimize eventual systematic uncertainties in the mea-
surements of neutron polarization we used the method of
opaque cells*. The *He polarization measured optically*® on
TYREX was 0.75.

The polarization of the neutron beam behind the polarizer
was analyzed by means of RF flipping the polarization of the
3He gas in the analyzer cel*’. The loss in 3He polarization
per single flip was < 1075,

To cover the neutron wavelength range of interest, 0.3 —
2.0 nm, we used the following set of He pressures in the
cell: 0.51, 0.82, 2.2 bar. This set of “opaque” He cells pro-
vides > 0.999 analyzing power for the neutron wavelengths
of > 1.0, 0.6, 0.22 nm, respectively. After filling the cell with
polarized *He, it is inserted in a compact magnetic transport
system®® and transported to PF1B where it is installed in the
“Magic box”. The spin-relaxation time constant for He gas
in the cell was longer than 200 /#**. Both applied techniques
(opaque polarized *He analyzer and in-situ RF flipping of the
3He spin state) assure > 0.999 analyzing power for neutron
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TABLE I. Neutron capture fluxes in front and behind the polarizer, in units of 10°n / cm? /s. We performed all flux measurements at the reactor
power of 56 MW. The Mean values have been scaled to the nominal power of 58.3 MW. The transmission is calculated for the “good” spin
component (1/2 of the capture flux in front of the polarizer). The flux measured at the end of a collimation system frequently used for neutron
decay experiments at PF1B is also given. This collimation system consists of a series of apertures of 6 x 6 cm? installed in a vacuum tube, the
first one just after the lead shield at 1.47 m and the last one at 4.87 m behind the guide exit, compare Fig.[6]

Position: Top Centre Bottom Left Right Mean Position, distance x from guide exit
Flux: 20.1 20.4 21.5 19.1 20.1 21.1 Polarizer entrance, x = 0.87 m
Flux: 3.65 353 3.63 3.21 3.12 3.57 Polarizer exit, x = 1.07 m
Transmission [%]: 36.4 34.6 33.8 33.6 31.0 33.8
Flux: 0.59 0.64 0.61 0.63 0.66 0.65 End of collimation, x = 4.87 m

spin analysis, without any corrections.

1. Far zone

As mentioned in Section the neutron intensity distri-
bution across the beam in the far zone resolves the angular
distribution present after the polarizer. Therefore, we decided
to measure the polarization for the two most intense peaks in
this angular distribution. These peaks correspond to Garland
and Zig-Zag trajectories in the polarizer, marked as 1-1 and
0-2 in Fig.|13| respectively. With a small aperture, 5 x 5 mm?,
installed just behind the chopper, we measured the neutron an-
gular distribution by means of a detector position scan across
the beam at the distance of 3.15 m from the chopper. The full
range of the scan was 200 mm with a step size of 20 mm; this
range corresponds to the beam divergence of 3.7°. At each
point of the scan, we measured ToF spectra for the “white”
(high transmission) spin state of the >He analyzer. With a de-
tector horizontal aperture of 20 mm, we were able to fully
cover the selected peaks. Finally, we centered the detector to
either of the two most intense beams and measured ToF spec-
tra for the two spin states of the analyzer. The measurements
were performed using the loop {“white”, “black”, “black”,
“white”} to minimize possible systematic effects associated
with the slow decay of the *He polarization. To partly com-
pensate for the very different count rates for the two spin states
of the analyzer (the raw flipping ratio is ~ 10%) we used very
different expositions for each analyzer state: {30 s, 1800 s,
1800 s, 30 s}. Sufficient statistics was accumulated by repeat-
ing this sequence for 10 — 20 A. In order to preserve a high
efficiency of the 3He analyzer cell, we replaced the cell with a
freshly filled one every 24 — 48 h. Note that the neutron trans-
mission of the spin filter cell may change significantly on this
time scale, whereas the analyzing power remains stable in the
region of interest, where it is in saturation (A — 1).

The measured polarization (rectangular points) for the Zig-
Zag 0-2 (red points) and Garland 1-1 (blue points) trajectories
are shown in Fig. First of all, we note the excellent po-
larization for both selected peaks. For the neutron wavelength
band of 0.3 — 0.6 nm, corresponding to the intensity maximum
of the polarized beam, the measured polarization reaches the
value of P, =~ 0.999. The polarization values averaged over all
the transmitted spectra are: P, ~ 0.9981(1) for the 0-2 Zig-
Zag trajectories and P, = 0.9980(1) for the 1-1 Garland tra-

jectories, where only the statistical uncertainties are given.

As expected, the mean reflection angle for Zig-Zag trajec-
tories is higher and, therefore, the cut-off wavelength is at
a longer wavelength than for Garland trajectories. This fea-
ture of Zig-Zag trajectories also explains the practically con-
stant polarization (red points) for the full wavelength band
A €{0.3 nm—1.9 nm}.

2. Near zone

In the near zone, the value of interest is the polarization
averaged over the full beam (fully illuminated polarizer and
all angles of transmitted neutrons). Since the polarizer does
not modify neutron trajectories in the vertical plane, we don’t
expect any variation of the neutron polarization in the verti-
cal direction. Therefore, we used the full horizontal aperture
of the chopper (60 x 5 mm?) and measured ToF spectra for the
two spin states across the full transmitted beam in the horizon-
tal plane. In order to precisely map the beam over its width of
200 mm, it was scanned with a step size corresponding to the
width of the detector aperture, 20 mm. The data obtained after
integration over all positions of the detector at the distance of
3115 mm from the chopper are shown in Fig.[T§]

Again, we note the outstanding polarizing power of the
new PF1B polarizer even after averaging over the full output
phase-space (angle, position, wavelength). It was measured
as high as P, = 0.9960(1) for y=4.5 d/L (16.2 mrad) and
P, =0.9974(1) for y=5d/L (18 mrad) (where the measured
capture flux spectra are used for averaging over the wave-
lengths).

VI. POLARIZER ADAPTABILITY

As mentioned in Section [V C] the new PF1B polarizer is
equipped with two motorized drivers, see Fig. The V-
shape design of the polarizer and the motorization provide
the unique opportunity to control remotely the polarizer ori-
entation relative to the incident neutron beam as well as the
tilt angle y between the polarizing cassettes (analogous to the
bending angle of a classical C-bender).

The commonly accepted criterion for choosing the value of
the tilt angle is the critical angle 9. which just prohibits the
“direct view”. In other words, it is the minimal angle which
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FIG. 18. Comparison of the polarizer performance for two different
tilt angles ¥ (Red: y=4.5 d/L, Blue: y=15 d/L). The rectangles
with error bars represent the wavelength spectra of neutron polariza-
tion (left axis) and the circles the wavelength spectra of capture flux
intensity (right axis). The decrease of the measured polarization for
short wavelengths, A < 0.3 nm, is due to the decrease of the 3He an-
alyzer opacity (which is shifted to longer wavelengths by the finite
ToF resolution).

guarantees the absence of neutron trajectories without colli-
sions with the polarizer reflecting mirrors. One may ask the
question: is this angle optimal for all types of experiments
with polarized neutrons?

Obviously, this is not the case. Indeed, for a long instru-
ment downstream the polarizer, one is interested in the on-
axis value do@® (@ is the neutron flux density in the beam).
An example is the PERKEO II experiments’#” which used a
well-collimated beam with rather low divergence acceptance.
In contrast, for a short instrument, which accepts a high beam
divergence, the quantity of interest is the integral flux density
J4 @dA. These two situations correspond to Far and Near zone
after the polarizer.

If considering systematic effects, a very wide class of ex-
periments is statistically limited and systematic uncertainties
associated with a spatial or angular non-uniformity of the po-
larization are not dominant®=, For this class of experiments,
the so-called Figure-of-Merit (FOM): A = P?T is the quantity
of interest. The bending angle 7. defined above does not max-
imize A. On the other hand, experiments which are extremely
sensitive to the polarization distribution over the beam cross
section or over the emitting angle, profit from an ultra-high
beam polarization which leaves no room for noticeable sys-
tematic uncertainties.

The data shown in Fig. [T§| were measured for two different
tilt angles y=4.5d/L and y = 5d /L, which are 12% and 20%
higher than ¥, = 4d /L of the “no direct view” condition.

The lower the angle 7y the lower is the beam polarization
and the higher is the polarizer transmission or the beam flux
density ®. This typical concurrence implies the existence of
an optimal angle ¥y which maximizes the FoM value. There

Bending angle y, d/L

FIG. 19. Figure-of-Merit A (blue, left axis) and polarization (red,
right axis) as function of the polarizer tilt angle ¥ in units d/L. The
solid lines show results of MC simulations. The points mark our ex-
perimental results for A (green: transmission from gold foil activa-
tion, black: transmission from ToF data). Note that the experimental
points are for tilt angles well above the “no direct view” condition
where the performance of the real device, in particular its polariza-
tion, is rather insensitive to small geometrical imperfections. For tilt
angles in the transition region these imperfections have to be taken
into account.

is no reason to expect this optimal value A to coincide with
the value resulting from the “no direct view” condition. With
the values P,y and T, shown in Fig. @ we arrive at the fol-
lowing value of the A parameter: for y =4.5d /L, A = 0.346,
and for y = 5d/L, A = 0.312. This means that even a lower
value of 7 is required to maximize the parameter A. Note
that the tilt angle ¥ = 5d/L was chosen to provide ultra-high
beam polarization, corresponding to what was achieved with
the X-SM geometry of two of the previous PF1B benders,
where it improves the FoM value substantially compared to
Ax—sm = 0.24 of the X-SM geometry.

Since measurements of the polarizer transmission and es-
pecially the polarization are time consuming, we did not per-
form a full scan over the tilt angle. Instead, we tried to shed
a light on this problem using results of MC ray tracing, see
Fig.[19] One can see that for the V-bender geometry, the max-
imum of A (blue solid line) is reached for tilt angles of about
Y =2.5—3.0d/L which is far below the value y = 4.0d /L re-
quired to avoid the “direct view”. Comparing the A curve in
Fig. [I9 with the value A = 0.477 measured for the previous
PF1B polarizer % we conclude that the new polarizer at a tilt
angle Y~ 2.75d /L delivers the same Figure-of-Merit A as the
previous one.

This fact opens the possibility to optimize the polarized
beam for an extremely broad class of possible experiments
using the same polarizing device: either for ultra-high polar-
ization, or for the highest Figure-of-Merit.

More generally, these results show that polarizing devices
similar to the one presented here could replace advantageously
conventional benders in other types of neutron instruments,
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even for experiments that are typically flux-limited but do not
require the highest level of polarization. These devices give
the possibility to tune the polarizer performance for particular
experiments depending on its critical requirement (polariza-
tion or transmission). More specifically, for neutron scattering
experiments where only limited divergence can be used, one
could select only the output peak 0-2 in Fig. [I3| where the in-
tensity corresponding to “zig-zag” neutron trajectories is con-
centrated, close to the incident beam direction, with polariza-
tion 0.995 —0.999 over the whole wavelength range (Fig. [I7).
By contrast, a C-shaped bender with similar parameters would
deviate the whole beam more strongly, giving a continuous
outgoing angular distribution*® whose total width would be
comparable to the present V-bender case*?. The polarizing de-
vice could be used either on continuous reactor-based sources
or pulsed sources (e.g. spallation), as our ToF measurements
show that it can be operated over a broad wavelength range.
Another application of this kind of device would be to analyze
precisely the beam polarization at a given instrument, without
ambiguity and without sophisticated data treatment (assuming
that the beam divergence is smaller than the acceptance of the
analyzer). Due to the high analyzing efficiency, it could be
used the same way as an opaque *He spin filter cell 2, in case
the latter is not available or applicable and that an accuracy
of a few times 1073 is sufficient. A device with smaller beam
cross section, easier to install on most instruments, could be
built and made available on-demand.

VIl.  CONCLUSION

A new type of solid-state polarizer is built entirely in-house
at the ILL for the PF1B cold neutron beam facility. The po-
larizer is installed in the PF1B casemate and tested in real
conditions.

For the tilt angle ¥ = 5d/L, in the near zone, the down-
stream polarization, averaged over the capture spectrum for
the full wavelength band of 0.3 — 2.0 nm, reaches a record
measured value of P, = 0.997(1), with a mean transmission
for the “good” spin component > 0.31. In the far zone,
the polarization is P, > 0.998, and it is practically indepen-
dent of the neutron wavelength within the wavelength band
A = 0.3 — 1.0 nm, which contains 0.97 of the total flux. For
longer wavelengths, the polarization shows a very slow de-
crease towards 0.995 at the wavelength A = 2 nm.

The polarizer allows remote control of its geometry (the tilt
angle y) which opens an unique option to deliver optimal con-
ditions for an extremely broad class of possible experiments
using the same polarizing device: either ultra-high polariza-
tion or optimal Figure-of-Merit, or the option to adjust the
mean take-off angle.

To our knowledge, no device with similar performance en-
dorsed by measurements was reported for a cold neutron po-
larizing device. The polarizer is based on a series of innova-
tions in the design and fabrication in the following domains:
choice of the substrate material, SM and anti-reflecting multi-
layer coatings, strength and homogeneity of the magnetizing
field, and precision of the assembling process.

The polarizer is used for user experiments since the last re-
actor cycle in 2020.
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Appendix A: Restrictions on the number of plates in a
solid-state polarizer of cold neutrons

Consider a stack of double-side coated plates built by set-
ting each plate on top of the previous one. Because of im-
perfections in the plate geometry (a plate may be twisted, for
example), or because of small dust particles sitting between
the plates, the neighbouring plates may be not perfectly paral-
lel. If the previous plate with index i — 1 has orientation 1;_1,
plate i has orientation n;:

n;i=n;_1+§&. (A1)
Here, n; and m;_ are unit vectors normal to the plates’ sur-
faces and &; is a vector representing a possible error in posi-
tioning. For simplicity, we restrict ourselves to one dimen-
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sion, see Fig. [0}
0, =01 +&. (A2)

The sequence Eq. (AZ) may be treated as a Random Walk
with a continuous Gaussian random step &;:

E[5] =0, E[5&]=05, (A3)
where E[x] is the expectation value of x and § is the Kronecker

symbol.
Eq. (A2) may be also written as follows:

i
0=01+&=62+&+8 1= =0+) & (Ad)
Jj=2

Considering the orientation of the first plate in the stack as
reference, we obtain:

E[6;,— 6;] =0,
Bl(6- (60— 0)) = (Y &)( Y. &)
~Y Y Blad)
k=2m=2
=(i-1)o?, (A5)

fori > 1.

Eq. tells that the variance of the error in the positioning
of plate i grows linearly with index i.

Applying this model to the solid state polarizer, we asso-
ciate o with the one-step precision in mounting of a single
plate. We also assume a 100% reflectivity for neutrons inci-
dent on the stack of plates within the incident angle o = £+8,,
where 0, is the critical angle for the reflecting coating:

6, = 17.3mA. (A6)

Here, 0. is given in mrad, m is the index of the SM coating,
and the neutron wavelength A is given in nm.

Consider neutrons hitting the plate from the edge as shown
in Fig. [/| and propagating through the substrate between two

reflecting planes. Even for a perfectly collimated beam, some
neutrons would hit the coating due to the angular dispersion
in plate positioning.

Depending on the hitting angle, neutrons would be reflected
for |6]< 6, or penetrate through the coating and be absorbed
in the Gd absorbing layers. The dispersion of hitting angles
follows the dispersion of angular positioning of the plates.
Therefore, the dispersion of angular orientation of individual
plates in a solid state polarizer leads to a decrease in the device
transmission (valid for a polarizer, but also for a collimator or
deflector) as well as to a decrease of polarization of the trans-
mitted beam due to the opening of additional channels for spin
leakage.

In practice, the direction of the incident beam is not aligned
to the very first assembled plate and the beam illuminates all
plates in the stack, therefore, instead of the variance Eq. @])
valid for the mirrors on plate with index i we have to consider
the variance of the hitting angle 8 averaged over all plates in
the stack:

I .. 1
Y (i-1)o*=-no?. (A7)
i=2 2

6s2tack = <(9i)2>stack = n—1

Here, n is the number of plates in the stack.

To provide a condition that neutrons hitting the wall would
have a chance to survive and continue to propagate with the
probability of 0.95, one needs to limit the number of plates in
the stack such that 6, > 20k, Or:

1/6.\2
n<ncz2<ac> ) (A8)

For a stack inclined by an angle « relative to the incident
beam, the constrain Eq. (A8) has to be modified by replacing
6. by 6, — .

In the above example, we consider a perfectly collimated
incident beam. For a beam with a finite angular divergence
Opeam» the angular variance of the plates in the stack increases
the variance of hitting angles which may be translated into an
“effective” increase of the incident beam divergence:

(Seff = \/ 2eam + (Ssztack' (A9)
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