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We report on the in situ polarized *He neutron polarization analyzer developed for the time-of-flight
Magnetism Reflectometer at the Spallation Neutron Source at Oak Ridge National Laboratory. Using
the spin exchange optical pumping method, we achieved a *He polarization of 76% =% 1% and main-
tained it for the entire three-day duration of the test experiment. Based on transmission measurements
with unpolarized neutrons, we show that the average analyzing efficiency of the *He system is 98%
for the neutron wavelength band of 2-5 A. Using a highly polarized incident neutron beam produced
by a supermirror bender polarizer, we obtained a flipping ratio of >100 with a transmission of 25%
for polarized neutrons, averaged over the wavelength band of 2—5 A. After the cell was depolarized for
transmission measurements, it was reproducibly polarized and this performance was maintained for
three weeks. A high quality polarization analysis experiment was performed on a reference sample
of Fe/Cr multilayer with strong spin-flip off-specular scattering. Using a combination of the position
sensitive detector, time-of-flight method, and the excellent parameters of the 3He cell, the polariza-
tion analysis of the two-dimensional maps of reflected, refracted, and off-specular scattered intensity

above and below the horizon were obtained, simultaneously. [http://dx.doi.org/10.1063/1.4731261]

. INTRODUCTION

In recent years, polarized *He neutron spin filters have
been widely used as neutron polarizers and analyzers in vari-
ous neutron scattering experiments at major neutron facilities
around the world.'™ In order to be used as spin filters, *He
gas is contained in a glass cell and is polarized using either
metastability exchange optical pumping (MEOP),> or spin
exchange optical pumping (SEOP).® Although there have
been considerable achievements in extending the lifetime
of the polarization of the He gas,’ the polarization of *He
unavoidably degrades and needs to be repolarized. The con-
ventional application of polarized *He as a spin filter involves
an ex situ facility where the *He cell is polarized outside the
neutron beam. After the *He cell is polarized using MEOP
(Refs. 1 and 2) or SEOP (Refs. 3, 4, and 8), it is transported to
the neutron beam for an experiment. The decay of cell polar-
ization results in time dependence of the neutron polarization
and transmission, which must be taken into account in the
data analysis.” In addition, the overall performance of the ex-
periment suffers from the time dependent degradation of the
polarization and transmission of the neutron beam. To over-
come the disadvantages of ex situ polarized *He spin filters,
in situ pumping using the SEOP method was developed.'*-!?
For in situ pumping, the 3He cell with the polarizing system
is installed on the beamline and is a part of the instrument.

®Electronic mail: tongx @ornl.gov.
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When saturated, the *He polarization stays constant through-
out the entire experiment. However, until now apart from the
first reports mentioned above, there have not been reports
on a routine application of in situ SEOP systems in neutron
scattering experiments due to several issues connected to
the limited space on typical instruments and possibly due
to high temperature and high power lasers. Here, we report
on the successful development of the in situ polarized *He
neutron polarization analyzer developed for the time-of-flight
Magnetism Reflectometer at the Spallation Neutron Source
(SNS) at Oak Ridge National Laboratory (ORNL).

Il. THE IN SITUPUMPING SYSTEM

We have developed an in situ polarized *He pumping
system for use on neutron scattering beamlines at both
reactor and spallation based neutron sources.'>'* An earlier
prototype of this in situ system was described in detail
previously'#!> where a proof-of-principle experiment using
the polarization analysis of four neutron spin-states was
reported.'® Those first experiments showed that for a time-
of-flight experiment with high polarization efficiency and
transmission, it is necessary to improve considerably the
polarization of *He in order to use it for these kinds of exper-
iments. Moreover, heat from the lasers and oven elevated the
temperature at the beamline, which was unacceptable for the
normal operation of the beamline electronics.
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FIG. 1. A typical cylindrical *He cell. The cell is filled with *He and N,
gas, as well as alkali metal, usually rubidium (Rb) and potassium (K). The
cell described above is not the same but analogous to the cell we used in the
present study.

We have made several significant design changes to the
prototype system in order to improve the neutron transmission
as well as the efficiency of the polarization analysis. These
include the careful fabrication of a new cell, implementation
of a better configuration for the heating and cooling systems
as well as development of an optimized laser optics configu-
ration for the optical pumping with improved laser collima-
tion, and a narrower laser wavelength band. Optimization of
the gas thickness of the *He spin filter for a time-of-flight in-
strument using a wavelength band is more difficult than for a
monochromatic beam because it is necessary to balance be-
tween acceptably high polarization for the short wavelength
neutrons and an acceptable high transmission for long wave-
length neutrons.

The cylindrically shaped 3He cell labeled *“Hokie”
(Figure 1, a typical *He cell, not the cell “Hokie) has an
outer diameter of 6 cm and an overall length of 8§ cm. A
detailed schematic drawing of the new system is shown in
Figure 2. The cell was blown from boron-free, aluminosili-
cate glass in the glass shop at ORNL. After being cleaned, the
cell was filled with a mixture of 2.3 bar of *He gas, 0.12 bars
of N, gas, and traces of rubidium (Rb) and potassium (K).
In the previous setup, we were using electrical heating!® to

Laser Beam

/ Laser Beam

Neutron Beam I .

Guide Coil

FIG. 2. The scheme of the in situ He pumping system.
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vaporize the alkali. Even though the use of electrical heating
does not interfere significantly with the optical pumping
process or affect the final polarization of the 3He cell by a
noticeable percentage, the electrically conducting heating
pads do affect the nuclear magnetic resonance (NMR) mea-
surements employed to monitor the relative *He polarization.
For this reason, we switched to using a forced hot air heating
method, which had worked very well in the past but is
more cumbersome than the electric heating method. When
using forced hot air, compressed air is heated by a 1200 W
air heater and flowed through the oven to maintain a cell
temperature of 200 °C. In order to prevent the overheating
of the components other than the oven, copper tubing is
coiled between the solenoid and the p-metal shielding (see
Figure 2) through which cooling water is continuously
flowed.

The whole assembly, including the pumping system with
the 3He cell is housed in a rectangular enclosure shielded by
laser panels, which are interlocked with the laser in order to
fulfill the safety requirements and be certified for routine use
in experiments on the Magnetism Reflectometer. The entire
enclosed *He assembly is mounted on a table with a motor-
ized lift and can be automatically positioned in the neutron
beam. The front and back panels have 0.5 mm thick Si win-
dows with dielectric coatings (to preserve laser light circular
polarization) for the neutron beam to enter and exit.'*

During the operation, the system is controlled by a com-
puter and is completely automated. We use NMR methods
to monitor and control the polarization. Free induction decay
(FID), which provides a signal linearly proportional to the
polarization, was used to monitor the *He polarization. The
signal was constant to within 0.25% during the three-day ex-
periment period. After the test, we started the commissioning
of the system. For the following three weeks, the FID stayed
the same, which indicates a constant 3He polarization. In ad-
dition, we use adiabatic fast passage (AFP) to reverse the >He
polarization.'? In order to perform polarization analysis for
both neutron spin states, we use AFP to flip the *He spin,
which takes about 1 s. After spin flip, the circularly polarized
laser light is no longer in the “correct” state to polarize 3He.
Using an electronically controlled liquid crystal retarder, we
are able to change the retardance from % wave to % wave in-
stantaneously, thus switching left circularly polarized light to
right circularly polarized light, and vice versa. We have used
laser light of both helicities to optically pump *He and in both
cases, the saturated He polarizations are the same. The en-
tire procedure of reversing 3He polarization usually takes less
than 10 s to perform.

It is foreseen that the AFP will be incorporated in the
Data Acquisition System (DAS) and will be performed au-
tomatically during the experiment. The performance of the
whole *He system will allow the instrument staff to operate it
for the users’ experiments.

ll. 3HE CELL TRANSMISSION MEASUREMENT:
UNPOLARIZED NEUTRON BEAM

We measured the neutron transmission through the cell
to determine the analyzing power of the spin filter and the
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FIG. 3. Results for Z=(1) vs. neutron wavelength along with a fit (solid line)
To

to %(A) = cosh(nagl Pye). The fit yields noolPhe = 0.965 + 0.003 A~!.
The error bars shown in all figures are determined by statistical error.

3He polarization. The transmissions of unpolarized neutrons
through unpolarized (7}) and polarized *He (T},) are given by
the following equations:

To(A) = T, exp (—noplAr), (1)
T,(A) = T, exp(—nopl)) cosh(noglA Pye), 2)

where T, is normally defined as the transmission through the
empty glass cell. However, for our measurements, it was im-
practical to remove the cell. Hence, in our case, T, refers to
the transmission of the entire assembly that includes the cell,
4 silicon mirrors, and 2 sapphire windows (for the oven). n is
the 3He number density; o is the *He absorption cross sec-
tion for neutrons per 10\; [ is the length of the cell; X is the
neutron wavelength, and Py is the 3He polarization. We will
refer to the product no o/ as the *He cell thickness.

Dividing Eq. (2) by Eq. (1) to eliminate the contribution
of the empty transmission, the following equation is obtained

T,
F(X) = cosh(nopl Pye). 3)
0

During the experiment, we first measured the neutron
transmission through the polarized *He cell 7,(}), then we
depolarized the cell and measured the unpolarized transmis-
sion Tp(A). From the fit of Eq. (3) to the experiment data, we
obtained the following result:

nool Pye = 0.965 £ 0.003A". 4)

The data and fit are presented in Figure 3. A small depen-
dence on the wavelength band for the fit was observed; hence,
the uncertainty was enlarged to accommodate this variation.

In order to obtain the *He polarization Py, we need to
determine the cell thickness. Whereas, in principle, we could
fit these data to determine 7, and the cell thickness, we found
that the results were not consistent for different neutron wave-
length bands. Hence, we determined the transmission 7,(A)
experimentally by measuring the neutron intensity with and
without the mirrors, windows, and an empty unfilled cell. For
this measurement, we used a similar prototype unfilled cell,
and we estimate that the glass thickness for the two cells was
similar. The measured average transmission was 7, = 0.82.

Rev. Sci. Instrum. 83, 075101 (2012)
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FIG. 4. % as a function of neutron wavelength along with a fit (solid line)

to %Ei; = exp(—no,lA). Based on fitting over different wavelength bands a

cell thickness of 1.270 4 0.013 A~! is obtained. Combining with the fit result
from Figure 3, we obtain the >He polarization to be 76% = 1%.

We then fit % using Eq. (1). A cell thickness

nool = 1.270 £ 0.013 A™! (5)

was obtained (see Figure 4). We assigned the uncertainty by
fitting over different neutron wavelength bands.

Using the experimentally obtained value for the 3He
cell thickness, the *He polarization was determined to be
76% £ 1% as follows from Eqgs. (4) and (5). The uncertainty
is dominated by the uncertainty in the cell thickness, which
includes the uncertainty of the fit and a contribution from us-
ing a different cell for the T, measurement.

IV. POLARIZED NEUTRON TRANSMISSION
MEASUREMENT: POLARIZATION ANALYSIS

In the standard Magnetism Reflectometer configuration,
a supermirror bender was used to polarize the beam and
an adiabatic RF-gradient spin flipper!” was employed for
neutron spin reversal. In order to provide the adiabatic
rotation from vertical to horizontal along the beam direction
of the polarized neutrons from the sample position to the
3He cell, we installed an additional guide field with a double
coil system. The first coil has an adjustable vertical field
towards the sample position; the second split coil consists
of two parts. The first part provides a horizontal field with
an increasing gradient up to the *He analyzer housing and
the second part is installed inside of the 3He housing. We
measured the spectra of the intensity of the polarized neutron
beam with neutrons spin-up (parallel to the direction of the
guide field) 7 (A) and spin-down (opposite to the direction
of the guide field) 7_(A). The wavelength dependence of the
flipping ratio (F) is defined as

FO)= T (2)

= o (©6)

Figure 5 shows the measured flipping ratio as a function
of neutron wavelength. The flipping ratio was used to
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FIG. 5. The measured flipping ratio F vs. neutron wavelength. This is a com-
bined flipping ratio, which takes into account the efficiency of the supermir-
ror polarizer, the spin-flipper, the *He analyzer, and spin transport efficiency
(guide fields) as described in the text.

determine the polarization of the neutron beam incident on
the 3He analyzer, P;(%), which is determined by the polar-
izing efficiency of the superrmirror and the spin transport
efficiency. For the polarized neutron beam with polarization
P () passing through the *He cell with polarizing efficiency
P> ()), the following equation can be used:

PLOY POy = ]

1 (W) P (3) = il
where we have assumed that both the spin flip efficiency and
the spin transport efficiency are close to 100%, which was
confirmed in our earlier paper.'” The flipping ratio increases
from 30 to 375 within the wavelength band of 2-5 A. In order
to test the limiting conditions, the experiment was performed
with the cross-sections of the beam larger than a typical
cross-section of the beam for the reflectometry configuration
on the Magnetism Reflectometer. The height of the beam
in the sample position of 10 mm and 15 mm and the width
of 0.5-1 mm was tested. The flipping ratio did not degrade
with increasing the cross sections. In Figure 6, we show
P1()) extracted from Eq. (7) using P»(A) determined from the
unpolarized measurements discussed in Sec. III.

(N

V. POLARIZATION ANALYSIS OF REFLECTED AND
MAGNETIC OFF-SPECULAR SCATTERING

Polarized neutron scattering techniques are very impor-
tant and powerful tools to study the structures of magnetic
materials and soft matters. Polarized neutron reflectometry
(PNR) plays an important role for the exploration of magneto-
and spintronic structures.'®'” Well-known systems exten-
sively studied include exchange bias systems between fer-
romagnetic and antiferromagnetic films, exchange coupled
magnetic superlattices, exchange spring valves between soft
and hard magnetic films. In addition to the studies of uniform
layered systems, neutron scattering is applied to the explo-
ration of periodic magnetic arrays, such as nanodots, stripes,

Rev. Sci. Instrum. 83, 075101 (2012)
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FIG. 6. Experimental neutron polarization plots as functions of neutron
wavelength. The blue curve (“polarization-cell”) is obtained from the un-
polarized neutron transmission measurement and corresponds to the ana-
lyzing efficiency P2(A) of the He analyzer. The red curve (“polarization-
FR”) shows the polarizer and He analyzer polarizing efficiency product
P (L) P,(A) = %’ as described in the text. The green curve (“polarization-
supermirror”) shows the polarizing efficiency of the supermirror polarizer
P (L) determined from the ratio of the red and blue curves.

and islands on the submicrometer scale.”’ The scattering sig-
nal consists of a specularly reflected line and an off-specular
scattered two-dimensional pattern.?! For magnetic systems,
this intensity contains information about the transverse and
lateral structures of the sample, including the chemical com-
position and magnetic structure. In order to extract the full in-
formation about the magnetization vector distribution, polar-
ization analyzers of the scattered intensity are necessary. They
should have a broad cross section, high level of polarization,
and good transmission.?”?* Full polarization analysis of the
two-dimensional intensity maps permits the reconstruction of
the transverse and lateral profiles of the magnetization vector
distribution. However, the capability of providing a constant
polarization analysis of the broad band beam of the scattered
intensity with a high analyzing efficiency and transmission is
still limited worldwide. Here, we used the above described
3He cell as an analyzer in the experiment.

For the test experiment, we used a sample analogous to
the one used in an earlier paper.”! A multilayer sample of
(001) >’Fe(6.7 nm)/Cr(—1.2 nm) with 12 bilayers was grown
with molecular beam epitaxy on (110) Al,O3 substrates cov-
ered with a 6.8 nm of Cr buffer layer. This sample shows an
anti-ferromagnetic inter-layer exchange coupling and an in-
plane magnetic domain structure. The PNR experiment was
performed in an external magnetic field of 30 mT applied in-
plane of the sample after saturation in a field of 1 T.

Using the two-dimensional position sensitive detector
and the neutron beam with a wavelength band from 2-
5 A, we measured in alternation the “+ + " and “— +”
spin cross sections, using an adiabatic spin-flipper in front
of the sample. After this measurement was complete, we
changed the direction of the *He polarization by AFP and re-
peated the experiment to obtain the “+ —” and “— —” spin
cross sections. The schematic of the experiment is shown in
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FIG. 7. The schematic view of the reflectometry experiment, showing sam-
ple (S), incident, reflected, and transmitted polarized neutron beams. Incom-
ing neutron beam is polarized by supermirror bender polarizer followed by an
adiabatic RF-gradient neutron spin flipper (not shown in the figure). The *He
cell covers the cross sections of both the reflected and transmitted beams. The
intensity is recorded by a position sensitive detector and presented in three-
dimensional coordinates. The dashed line indicates the area being analyzed
by the cell.

transmitted

g——= refracted <—

Scattered
neutrons
outside the cell

off specular

B scattering g
=3 X
g &
) >
Py e
= 2
= 3
< =
©

. o

Horizon <8

specular 127
reflection

1 0 -1

Angle (deg)

2 MA) 5

FIG. 8. Experimental data from the Fe/Cr multilayer measured in the exter-
nal magnetic field of 30 mT. The left panel shows the wavelength dependence
of the specularly reflected, off-specularly scattered, and transmitted intensi-
ties for the four spin-states. The right panel represents the same data, shown in
the coordinates of the position sensitive detector (PSD) and being integrated
over the TOF.
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Figure 7. The polarized neutron beam impinges on the
surface of the sample at a grazing incident angle. The re-
flected, scattered, and transmitted beams pass through the po-
larized *He cell so that the polarization of the intensity com-
ing from the sample is analyzed and recorded by a position
sensitive detector (coordinates X and Y) and the time-of-
flight electronics (coordinate TOF). The experimental inten-
sity corresponding to the four neutron spin-states is presented
in Figure 8. The intensity was measured simultaneously above
and below the horizon with polarization analysis. The data
show the reflected, off-specular scattered, and transmitted in-
tensity analyzed with excellent quality. The left panel repre-
sents the wavelength dependence of the specularly reflected,
off-specularly scattered, and transmitted intensity for the four
spin-states. The detailed description of the scattered inten-
sity goes beyond the scope of the present paper. However, we
would like to point out that the asymmetry in the spin-flip off-
specular scattering is clearly demonstrated in the present ex-
periment. The details of the magnetic off-specular scattering,
the origin of its asymmetry, and the theoretical model within
the distorted wave Born approximation were explained in de-
tails in the earlier papers.>*?’

VL. CONCLUSIONS

In conclusion, we successfully constructed an in sifu
polarized *He neutron polarization analyzer for the time-of-
flight Magnetism Reflectometer at the SNS. Using the SEOP
method, we achieved a 3He polarization of 76% =4 1% and
maintained it over a three-week period. The average analyz-
ing efficiency of the *He system is 98% for the neutron wave-
length band of 2-5 A and a flipping ratio of >100 for 2.5 A
neutrons was achieved. The transmission of 25% averaged
over a wavelength band of 2-5 A of the polarized neutron
beam was obtained. A high quality polarization analysis ex-
periment was performed on a reference sample of Fe/Cr mul-
tilayer with a strong spin-flip off-specular scattering. Using a
combination of the position sensitive detector, time-of-flight
method, and the polarized 3He cell, the polarization analysis
of the two-dimensional map of reflected, refracted, and off-
specular scattered intensity above and below the horizon were
obtained, simultaneously. Further exploitation of neutron po-
larization analyzers based on polarized *He is in progress for
a routine maintenance during experiments.
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