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Abstract

A large area polarized *He neutron spin filter has been developed and tested in long-term operation. The polarizer cells have area
50cm? and larger allowing access to a large area neutron beam. Polarization of *He up to 57 + 1% was measured by monitoring the
neutron transmission through the *He. The polarization was maintained over the course of several weeks, but the maximum attainable
polarization declined over the course of a year-long run as the cell degraded, possibly due to long-term exposure to the neutron beam at
high temperatures. The resulting neutron polarization and transmission are velocity dependent and are optimized for 5A. Cell
construction, polarizer design, performance, and polarimetry are described in this paper.

© 2007 Published by Elsevier B.V.
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1. Introduction and motivation

Polarized neutron beams are sought for a wide variety of
applications including neutron scattering [1], neutron beta
decay [2], and hadronic parity violation [3]. For beta decay
and parity violation experiments, which are in part
statistics limited, the largest practical cross-sectional area
and long-term operation are essential. For the next
generation of polarized neutron beta decay experiments
that follow PERKEO-2 [4], precise knowledge of the
neutron polarization at the 1073-107 level is essential to
reducing systematic effects. With the completion of the
Spallation Neutron Source, new opportunities will emerge
to exploit the neutron time-of-flight dependence of
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polarization observables [5]. Polarized *He has long been
recognized for its potential as a neutron polarizer due to
the nearly perfect spin dependence of the absorption cross-
section for the *He(n,p)’H reaction. Techniques for
producing sufficient quantities and polarization of *He
have steadily improved for both spin-exchange polariza-
tion [6,7] and metastability exchange [1.8]. A spin-exchange
pumped *He spin filter can be exceptionally useful in these
applications because of the large area, continuous polar-
ization, low gamma backgrounds, modest (e.g. 1 mT)
magnetic fields, and the ease of reversing the *He spin with
NMR techniques.

The *He spin filter described in this paper was developed
for the i+p— d+y experiment. The goal of the
experiment is the measurement of the parity violating
asymmetry A,, i.e. the correlation of y-ray emission with
respect to the neutron spin, that arises due to the weak


http:umich.edu
http:www.sciencedirect.com

T.E. Chupp et al. | Nuclear Instruments and Methods in Physics Research A 574 (2007) 500-509

interaction effects in the 'H(n, y)zH reaction. The weak
interaction, solidly established as part of the Standard
Model, is generally well characterized at the quark level.
An exception is the flavor-conserving, non-leptonic sector,
which is addressed by nucleon—nucleon parity violation
measurements. The full strong interaction (i.e. QCD)
description of nuclear forces must include the hadronic
weak interaction, and a variety of few nucleon measure-
ments aim to complete the description [9]. The observable
A, isolates the Al = 1 component of the nucleon—nucleon
weak interaction, and thus the measurement of A4, can
accurately reveal the strength of the pion contribution
and considerably reduce the statistical and theoretical
uncertainty in the value of the hadronic weak coupling
constant f,.

A *He spin filter can also be crucial to measurement of
correlations in polarized neutron beta-decay. Measure-
ments of parity [4] and time reversal violation [2,10] probe
the Standard Model couplings and physics beyond the
Standard Model. The strength of parity violation in the
asymmetry of electron emission with respect to the neutron
spin (the A-coefficient) has been measured with precision
better than 1% [4], but the systematic error due to the
uncertainty on the neutron polarization has become a
major limitation. The goal of the next generation of these
experiments is 0.1% or better [4,11,12], thus the ability to
reverse the spin-filter polarization sense with respect to the
neutron-spin transport magnetic fields and the precisely
known time-of-flight dependence of the neutron polariza-
tion is a valuable tool. Our analysis of the i +p — d+ v
spin filter performance illustrates the feasibility and the
challenges of 0.1% and better polarimetry for a pulsed cold
neutron beam.

2. Apparatus and techniques

The neutron spin filter is a key component of the 1 +
p— d+ 7y experiment at LANSCE, the Los Alamos
Neutron Science Center. In Fig. 1, a schematic of the i +
p— d+ vy experiment on FPI2 [13], is provided for
orientation. The pulsed neutron beam is provided by
spallation produced by 800 MeV protons incident on a
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tungsten target at 20 Hz. The neutrons thermalize in a 20
K cold hydrogen moderator [14] viewed by a super-mirror
neutron guide [15]. A chopper defines a specified wave-
length range and cuts off longer wavelength neutrons from
each pulse, preventing them from traversing the apparatus
during the next pulse.

The entire experiment is enclosed within a shielding cave
constructed of steel and borated plastic. The steel also
serves as a flux return for the magnetic field. A uniform
vertical magnetic field of about I mT is maintained by a set
of coils. The neutrons are polarized by the *He spin filter
and pass through an RF spin flipper before interacting with
the liquid para-hydrogen target. The nominal neutron
polarization is in the vertical direction. The 2.2 MeV y-rays
from neutron capture in the 16 1 hydrogen target will be
detected by an array of 48 Csl gamma detectors. The y-ray
angular distribution is A4, cos6, where 0 is the angle
between the neutron spin and the photon momentum.
Because of the high neutron rates, the detectors and
monitors are operated in current mode by converting the
scintillation light from CsI(TI) crystals to charge using
vacuum photodiodes [16]. The photocurrents are then
converted to voltages and amplified by low-noise solid-
state electronics [17]. The neutron beam is monitored by
three monitors, labeled M1, M2, and M3. These measure
the neutron flux at each position. The monitors M1 and
M2 are lhiq, each transmitting about 94% of the neutron
beam (at 5A). The monitor M3 is thick, but data from M3
are not used for the analysis presented here. The effect of
the *He on the neutron flux is used to determine the
neutron and *He polarizations as described below.

2.1. Spin filter principles

The primary *He-neutron interaction is absorption
through a broad unbound 0" resonance in *He + n, which
breaks up into '"H and *H [I8]. Resonance absorption
occurs only if the neutron and *He spin are in a singlet
state, i.e. the neutron and *He spins are opposite. Thus, the
absorption cross-section is nearly completely spin depen-
dent and proportional to neutron wavelength A. For
neutron spin up (1) or down ({) with respect to the *He
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Fig. 1. Schematic of the layout of the i + p — d + y experiment at LANSCE Flight Path 12. The apparatus is inside a cave lined with soft iron that serves

as magnetic shielding and a flux return. The magnetic field is vertical (up or down).
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spin, the cross-sections are given by

. aoil —Ps b
o 2 7 lo 2
where gy = 5333 b is the thermal cross-section at Ag = 1.8A
and vo = 2200m/s [19], and P; is the *He polarization. In
addition to absorption, neutrons are scattered by *He in
both the singlet and triplet states with a 3.1 b cross-section
[19]. For Ny unpolarized neutrons incident on polarized
*He, the transmitted neutron beam will have unequal
fractions of spin-up and spin-down neutrons given by
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where 13 is the *He areal density. For a perfect system, the
neutron polarization is

Nt — NY )
P=m= t'dnh(o'(),}P}E) (3)
and the transmission is

NT + Nt A p)
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These relationships are used in the analysis using the
monitors M1 and M2, described in Section 3. The neutron
polarization can be made arbitrarily close to unity by
increasing f3 for any finite P3; however, the transmission is
reduced as t3 increases for any P; less than unity.
Polarization of *He greater than 50% is routine, and the
figure of merit, the appropriately averaged (P>T) can be
optimized for a specified wavelength range and Ps.

2.2. *He polarization

The *He is polarized via spin exchange with laser
polarized rubidium [6,20,21]. Spin exchange has been
applied broadly for neutron spin filters [7,22,23], polarized
targets for electron scattering [24-26], for medical imaging
[27], and has been extensively studied [28 30], though a
complete understanding of the limitations of spin exchange
has not yet been compiled [30]. The principle has been
described in detail in many earlier papers (see for example
Ref. [21,28,29,31]), and is described only briefly here.

Most generally the polarization of an ensemble of *He
nuclei with P3(0) = 0 can be written as

(Pronrn)ksg

(1— e‘(}'sl:"'rl)/)' 5)
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Here, ngyp(7) is the rubidium number density, and Yopt(P) 18
the position dependent convolution of the laser intensity
and photon absorption cross-section. The spin-destruction

rate per rubidium atom, I'sp(¥), is dominated by bulk
Rb-Rb collisions with additional contributions from
Rb-*He, and Rb-N, collisions. Spin destruction is stronger
closer to the cell walls due to diffusion [32]. The velocity
averaged spin-exchange rate is ygg = ksg(nrp) with
ksg = (osgv), and I'; is the intrinsic cell relaxation rate
due to the combined contributions of dipole-dipole
relaxation [33], wall relaxation [34], relaxation from
diffusion through magnetic field gradients [35], and
other mechanisms [30]. The wall relaxation rate is
affected by paramagnetic impurities, such as iron atoms,
and the glass permeability [36]. A fundamental limit on I'3
is the *He dipole-dipole relaxation rate, given by
I'q =~ 0.0013 (n;/no)h"', where n3 is the *He number
density and ny = 2.68 x 10" cm™3 is the ny at STP [33].
The factor I's may also include possible temperature or
rubidium density dependent contributions to cell relaxation
[30,37]. Diffusion in magnetic field gradients increases as
the pressure decreases. The largest component of the
magnetic field gradient across the spin filter cell was
measured to be 60 £ 30 uT/m, and YHe relaxation rates less
than 1/(150 h) were measured, indicating that the relevant
magnetic field gradients were sufficiently small. In contrast
to electron-scattering targets, which operate at three to 10
times higher *He pressures, large area neutron spin filter
cells are limited to about atmospheric pressure for
mechanical reasons. Thus, neutron spin filters have lower
dipole-dipole contribution to I's. With a sufficiently
uniform magnetic field, ygz can be varied (by varying the
cell temperature and thus ngp) to maximize the *He
polarization. Note, however, that cell temperature is a
complicated variable, which affects wall relaxation, diffu-
sion, the rubidium polarization gradient at the wall [28],
Rb-Rb collisions [28], and absorption of the broadband
laser light [38]. In general, the single cell neutron spin filter
runs at lower temperature and lower laser intensity than
electron scattering targets but absorbs less of the broad-
band laser light. (The absorption linewidth for *He is
vy = 18n/ny GHz.) Electron scattering targets typically
operate above 170 °C with optical pumping time constants
of a 10-14h and a laser power density of 2 W/cm?. For the
spin filter running at 160 °C, the time constant was about
20 h and laser intensity 0.4 W/cm?.

2.3. Spin filter cells

Table 1 lists an inventory of spin filter cells constructed
for the i + p — d + y experiment. The cells are large and
roughly cylindrical with inside diameter about 10cm or
greater and length about 5cm. The cells are made of GE-
180 [39] boron free alumino-silicate glass. The neutron
transmission through 3.5mm of GEI80 glass, over the
range important for the n+p — d+ 7y experiment, is
shown in Fig. 2. The wavelength dependence is relatively
flat and ~ 94%. The cells are blown from glass melted
from 15mm stock tubing. A detailed description of cell
production is presented in [40]. In short, a single cell is
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Table |

Cells made at NIST for the n + p — d + y experiment

Cell Diameter Volume Thickness  Lifetime  Maximum

name Py (£5%)
(cm) (em) (10°cm=2)  (h) (%)

Astro 11.3 640 1.4 730 58

Pebbles 110 508 1.1 350 61

Dino 10.6 452 1.2 700 61

BooBoo  12.6 587 1.4 520 55

Kirk 10.5 624 1.5 600

Rocky 13.4 773 1.2 100

Elroy 11.0 430 1.0 100

The room-temperature lifetimes provide a measure of cell quality because
the maximum *He polarization generally improves with longer lifetimes.
The values for P3 were measured with a monochromatic neutron beam at
NIST.
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Fig. 2. Transmission of neutrons through a 3.5mm thick sample of
GE-180 glass.

attached to a glass manifold, a rubidium ampoule is placed
in a side-arm or a pre-packed glass break-seal ampoule is
used. The cell is baked at 400 °C for at least 48 h to a base
vacuum below approximately 1 x 10~ mbar. The cell is
then filled with 67 mbar of N> followed by about 800 mbar
of *He (99% enrichment) and then sealed at a pull-off with
a torch. The filling procedure does not generally make use
of LN, or LHe cooling of the cell, which is used to produce
cells with gas pressures exceeding atmospheric pressure.
The cell used for the work described in this paper, BooBoo,
is an exception. BooBoo had a short lifetime (55h) when
first filled, and was refilled, after being rinsed in nitric acid,
to slightly above atmospheric pressure using LN,. The
polarizations given in Table | were produced with a
broadband laser system and determined by neutron
transmission measurements on the NG6M monochromatic
beam line at the NIST Center for Neutron Research [41].

2.4. Cell heating and temperature control

The *He spin filter cells are mounted in a box made of
heat stabilized nylon (MC901 from GE Polymer Shapes).

The box is 33cm wide x30cm deep x26cm high and
maintains the cell at 140-165°C. The box was designed to
be significantly larger than necessary for the cells described
in Table | in order that larger cells could be used. The
neutron beam passes through pairs of 0.2 mm thick, 15cm
diameter single crystal silicon wafers upstream and down-
stream of the spin-filter cell. A small air gap separates the
wafers in each pair. The laser light passes through uncoated
glass windows above and below the cell. The oven is heated
by hot air that flows through two 750 W in-line air heaters
in series. One air heater is located in the shielding cave and
provides a constant power. The air heater outside the cave
is modulated by a standard PID controller to maintain the
selected process temperature. Temperature control to
within a few degrees is sufficient. The controlled air heater
is placed outside the cave in order to minimize any noise or
pick-up of control signals by the detector or data-
acquisition system.

2.5. Lasers and optics

Laser light is provided by two fiber-coupled 30 W
(nominal) Coherent FAP systems [42]. The FAP systems
provide light from a fiber-optic bundle that is coupled to a
system of lenses to produce a roughly rectangular “spot”
on the cell. The lenses collimate the light so that the rays
are nearly parallel, thus mitigating the skew light effect
[43]. The unpolarized light from the fiber passes through a
polarizing beam splitter which produces two linearly
polarized beams, each of which passes through a 1/4 plate
producing two beams with the same circular polarization
that overlap at the cell, about | m away from the polarizer.
One laser beam pair is incident from above, and one is
incident from below the cell. The *He polarization is in the
vertical direction and can be parallel or opposite the
magnetic field, depending on the orientation of the 1/4
plates.

The FAP systems were selected as stable robust light
sources that could run for months without major adjust-
ment. The laser power and wavelength was occasionally
monitored and found to be sufficiently stable for long-term
operation, until a laser or power supply failed completely.
One particular challenge of the FAP systems is the reduced
air cooling effectiveness at 2000m altitude. The spectral
output of the FAP systems is 1.5-2nm FWHM. This is
much greater than the absorption linewidth of rubidium
(less than 0.1 nm) though it is less than the p-state splitting.
The broadband laser diode arrays (LDAs) are, however,
quite effective for rubidium optical pumping, because the
rubidium vapor is optically thick, and there is significant
absorption even several linewidths off resonance [32].
Polarization over 55% was attained with two broadband,
30 W systems. Narrowed LDA bars have been shown to be
more efficient [37,38]. In studies of ‘optical pumping of
NPDGamma cells with spectrally narrowed lasers 75%
polarization was obtained [7,30]. We expect that in the
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future, narrowed LDA bars will be engineered to be
sufficiently stable and robust for long-term operation.

2.6. NMR monitoring and polarization reversal

The spin filter was instrumented with pulsed and
adiabatic fast passage (AFP) NMR for diagnostics and
to reverse the *He spin. The pulsed NMR used a single
small 2.5 cm diameter coil that probed only a small fraction
of the cell volume. The coil was placed on the pull-off
(a small tube protruding from the side of cell that was used
to fill the cell with alkali-metal and gases). The pulsed
NMR -circuitry switched the coil from the excitation pulse
to the read-out electronics. Pulse angles of a few degrees
were sufficient for monitoring the polarization. The pulsed
NMR was calibrated in a neutron run using the monitors
M1 and M2, as described below.

The AFP NMR was used to reverse the *He polarization
with respect to the vertical magnetic field. A set of 30cm
diameter helmoltz coils with their axis along the neutron
beam provided the oscillating field. The oscillation
frequency was ramped from far below resonance to far
above resonance. The losses in AFP reversal depend on the
uniformity of the static and oscillating fields and on the
sweep parameters: oscillating field strength and sweep
rate. With the sweep parameters and field strength
empirically tuned to satisfy the adiabatic and fast condi-
tions, losses of much less than 1% (typically 0.1%) were
achieved.

2.7. Monitors

Monitors M1 and M2 were used to make a set of
measurements from which the neutron and *He polariza-
tions can be determined. The monitors were 12cm x 12cm
parallel-plate gas filled ion chambers with two outer high-
voltage electrodes and a center collection electrode. The
two windows and three electrodes were aluminum alloys.
The gas was a mixture of *He, “He, and N,. The *He
thickness was measured to be (1.01 & 0.07) x 10" cm~2 for
M1 and (0.99+0.07) x 10cm™ for M2 [44]. The
expected neutron transmission through the *He at SA
was 94% for each monitor, with additional attenuation
and scattering from the aluminum alloy (1 mm of 6061-T6
for each of the two outer windows and 0.5 mm of 3003-H 14
for each of the three internal electrodes).

The current from each monitor was converted to a
voltage in a preamp, digitized at 62.5kHZ, and combined
into 100 separate 400 us bins. The preamplifier frequency
response was set by a multi-pole filter with 5-7kHz
bandwidth, set to optimize the signal-to-noise ratio for a
400 pus time bin. The data acquisition for each pulse was
triggered by a delayed #y signal from the proton beam. The
charge per pulse for each time bin was collected for a run
(typically 10,000 pulses) and the mean, and standard
deviation were determined for each time bin. The standard
deviation of the distribution was consistent with the

expected statistical error estimated from the *He thickness
and the neutron flux incident on each monitor.

The neutron flux at any time is a function of proton
current, moderator conditions, guide transmission and
neutron wavelength. The signal from M1 was therefore
used to normalize the signal measured in M2. The data
were acquired synchronously, and thus each time bin
corresponded to a different wavelength for M1 and M2.
We therefore used M1 as the reference, and interpolated
the M2 versus time-of-flight signal to determine M>(t))
using the measured distance of 0.4 m between M1 and M2
and allowing the distance from the moderator to M1 to
vary as a parameter in the analysis described in Section 3.

In addition to the glass transmission measurement
shown in Fig. 2, measurements of the monitor ratios
(M2/M1) were made with the following configurations: (1)
with the spin filter cell removed but the Si oven windows in
place (Roven); (2) with the spin filter cell in place and
P; =0, i.e. unpolarized ‘He (Ro), and (3) with the spin
filter cell in place and *He polarized (Rp). Assuming that all
backgrounds are accurately subtracted in extracting these
ratios, one sees from Egs. (3) and (4) that, ideally, we
exp‘ecl the following relationships for a uniform thickness
of "He:

Ro(4 A Rp(L A
R::il; = exp<—0013 i) and RZ&; = cosh (0‘0f3P3 %>
(7)

where Rg(4), the monitor ratio that would be measured for
an empty cell, is defined in the next section.

3. Results and analysis

In Fig. 3, we show typical raw time-of-flight data,
averaged over 10,000 pulses, for M1 and M2 with the *He
spin filter in place. Electronics offsets (pedestals), and
beam-off background, including that due to long-lived
activation are periodically monitored with beam-off runs
measured for the same 40ms data acquisition window
triggered by the proton pulse. The results for several beam-
off runs are shown in Fig. 4. These beam-off runs show
that the pedestals are typically less than 1% of the signals,
but are not constant over the 40 ms acquisition window
with variations on the order of a 107* V, and some evidence
of small oscillations. The data for each beam-on run for the
M1 and M2 monitors are separately corrected by assuming
a constant offset, which is determined by a linear
interpolation in time of the offsets determined from two
beam-off runs, one before and one after the beam-on run.

Time-of-flight dependent backgrounds include beam
related neutrons and short lived activities. Neutrons
incident on the monitor detectors during the 40 ms data
acquisition window are predominantly the moderated
neutrons from the trigger proton pulse, but in principle
may also include “wrap around” slow neutrons from
carlier pulses, beta-delayed neutrons from fission products
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Fig. 3. Raw time-of-flight traces for M I(left axis) and M2 (right axis). The
dips near 22 and 26 ms are due to Bragg edges from aluminum windows.
The relative deficit in signal at M2 for longer time-of-flight (i.e. longer
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ss{
. ~
R S Sl WY . — r~~"7/ ~
5.0 TN/ S~
3
= 454
<
=
20
2 4.0
= v\/\/_\"/\/—f\,/\/\/
3.5 ’\1\ //A\
/ ﬁ\ ¥ -
\ ] \ 4 \—/
o N/ Y N’
T T T
0 20 40 60 80
Time-of-flight (ms)
,'l/ \I'\ ”n_ ,"/ \"\ "~ :l'rl“
10.2 "tl/ \\‘ ~ l".\-\,'l \“ - l’\'\\\ll/ Y
\’ s \ + 5 v ! g Loy
- 7 ¥ :, 7 \ / \‘l III 4
100+ / .
>
E
= 9.8
=
;20
a 96
=
9.4 /
9.2 -\’

0 20 40 60 80
Time-of-flight (ms)

Fig. 4. Beam-off (pedestal) data for M1 and M2. Each trace shows the
average of 1000 pulses (50s). Two traces bracket the February 2005 data
(solid and dotted) and two traces are from August 2005 (short dash and
long dash). Though the corrections to M (Z) and M>(Z) are small, the time
dependence over the 40 ms data acquisition window and the variation
from run-to-run requires interpolation of the correction for each run.

in the tungsten target, and scattered neutrons. Activation
could produce gamma-rays, which would be incident on
both M1 and M2 with different intensities, but would be
compensated in the ratio M,/ M, as long as the gamma-ray
intensity ratios are constant. Detailed study of these
backgrounds will be necessary for precision neutron
polarimetry, however for the purposes of this paper, these
backgrounds are sufficiently small (i.e. less than a few
percent) as discussed below.

Monitor ratios are extracted from background corrected
M1 and M2 data. The monitor ratio Rg, which would be
measured for an empty spin-filter cell, is given by

Ri(2) = Royen[ Ta(A))/3? (8)

where d is the glass window thickness of the spin-filter cell
determined by the best fit of the data, Ty (4) is the glass
transmission shown in Fig. 2, and Ry, is shown in Fig. 5.
The wavelength dependence of Rywen is due to the
combination of attenuation by the monitors, scattering,
collimation and the different wavelength dependence of the
monitor efficiencies.

The quantities Ry/Rg and Rp/Ry as functions of ¢, the
time of flight to M1, are fit to the following functional
forms derived from Eq. (7):

R _ A[T ()13 exp(—aty) and

Rovcn

R

= = cosh(Blt; — o) ©)
0

where the neutron wavelength at M1 is given by

X h

L= ;;;Z:;A’I ( l())

and L, is the distance from the moderator to M1 and m is
the neutron mass. The parameter ¢y accounts for an offset
in the timing with respect to the proton pulse signal.
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Fig. 5. Monitor ratio Rg,, with the cell removed. The wavelength
dependence is due to the combination of attenuation by the monitors,
scattering, collimation and the different wavelength dependence of the
monitor efficiencies. The wavelength is calculated with L; = 20.3 m.



506 T.E. Chupp et al. | Nuclear Instruments and Methods in Physics Research A 574 (2007) 500-509

The free parameters are A, d, o, f§, and ¢y, with

h opts

=— and f = Pso. (1)
mL, Ag

The data, fits, and residuals of the fits are shown in
Fig. 6. The best fit cell window thickness is
d =3.59 £ 0.12mm. The distance from the moderator to
MI, L,, enters the analysis independently (of #3) only
through the interpolation of the M2 data to the time of
flight to M1, i.e. precise knowledge of L, and #; are not
necessary. Varying L; to minimize y*> for the best fit to
Rp/Ry gives the distance to M1 of 20.3 £+ 0.8 m, which is
consistent with the measured distance (20.73 m) and the
Bragg edges observed in a run with a thick piece of
beryllium in the beam. The residuals in Fig. 6 indicate
wavelength dependent systematic effects of a few tenths of
1%, which is much greater than the statistical error.
Potential sources of the systematic effects are discussed in
Section 3.1.
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Fig. 6. Results for ratios of monitor ratios. The wavelength is calculated
with L; =20.3m. The dots are data and the solid lines are fits to the
functions given in Eq. (7). The residuals are shown in the upper portion of
each graph.

From Egs. (3) and (7), the polarization of neutrons
emerging from polarized *He would be given by

P(2) = \/1 — (Ro/Rp)*. (12)

In Fig. 7, we show P(4)) for the February 12, 2005, run.
The *He polarization and t; can also be derived from this
analysis. For the February 12, 2005, run, we find
P3 = 57 £ 1%. The uncertainty is discussed in Section 3.1.

The *He polarization as a function of time after January
1, 2005, is shown in Fig. 8. There are several notable
features to Fig. 8. First, the time constant for the *He
polarization, after it is destroyed, is many hours, typical of
spin-exchange optical pumping. Note also that the steady-
state *He polarization appears to be slowly but steadily
decreasing throughout 2005. We have considered several
possible sources of this decrease in maximum attainable
*He polarization: cell degradation, changing magnetic field

Residuals (x1072)
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Fig. 7. Neutron polarization as defined in Eq. (12) as a function of
neutron wavelength calculated with L) = 20.3m. The dots are data and
the solid line is a fit to the form of Eq. (3), with the residuals shown in the
upper panel.

60 ~
L] - -
[ ]
SR R T X
& v
= 40 A ™ T
5 . L
.§ 30 " e
E | |
£
» 201
L
10 4
0 T T T T T
50 100 150 200 250

Days After January [, 2005

Fig. 8. Estimated *He polarization measured with neutron transmission
throughout the 2005 run.
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environment, laser drift and optical alignment changes.
Cell degradation could affect the *He polarization relaxa-
tion time, the density and/or polarization of the rubidium
at a given temperature, and the coupling or transmission of
laser light into the cell. The *He relaxation depends on the
*He density [33], the cell walls, contaminants—in particular
0,, magnetic field gradients, and possible Rb density or
temperature dependence. Near the end of the run, the *He
relaxation time was measured with the NMR and found to
be greater than 150 h, consistent with earlier measurements.
The rubidium polarization in the cell is position dependent
and depends on the laser intensity, the cell walls, the
composition of gases and contaminants in the cell volume.
In previous experiments with spin-exchange polarized *He
targets and neutron spin filters [45,46], the cells and
polarization have proved quite stable provided the cell
temperature and laser characteristics were stable; however,
there is no prior experience with GE-180 cells pumped at
high temperatures for 1.5 years. Visual examination of the
cell at the end of the 2005 run revealed a milky white
coating on the inside surface of the cell, possibly due to
chemical reaction of the rubidium and glass. Measurement
of the transmission of 795nm light confirmed a sharp
decrease in the laser power getting to the rubidium inside
the cell; however, further diagnostics, systematic engineer-
ing studies, or experience with several more cells will be
needed to definitively understand any systematic degrada-
tion of spin filter cells.

3.1. Uncertainty estimates

The analysis presented above provides information on
the *He thickness and polarization. In this section, we
discuss the estimated uncertainties. Statistical and related
errors are ultimately limited by neutron statistics and by
white noise in the electronics (Johnson noise, etc.). With
107 neutrons per pulse, neutron counting statistics deter-
mine the statistical error. For 10,000 pulses and a few
percent monitor efficiency, the relative statistical error
should be less than 10~ for a 500s run. The oscillations
apparent in some of the beam-off runs shown in Fig. 4 are
also of order a few x 1074, The uncertainties are therefore
dominated by systematic effects. A large class of effects are
removed in the analysis based on the ratios given in Eq. (7);
however, this assumes accurate background subtractions.
In addition to backgrounds, non-linearities or rate
dependence in the monitors and electronics, and uncer-
tainty in the neutron wavelength determination may give
rise to systematic effects.

There are several sources of time-of-flight dependent
backgrounds in both M1 and M2. In addition to wrap-
around neutrons, scattered neutrons and short lived
activation should be considered. The sizes of these effects
have not been directly measured; however, we can explore
their effects through simulations. We have undertaken two
kinds of simulations: (1) simulation of the M2 signal based
on a model of the spin filter and windows with added

backgrounds and (2) simulated corrections to M, and M,
with a generic background linear in time of flight.

The simulated M2 signal (M5(2)) was generated from the
M1 signal:

M(2) = |aRE(A) M (L)e=" /%) cosh (aot3P3 IL)]
Y0

+ (A4 + B) (13)

where « is the wavelength independent attenuation, and A
and B are coefficients that represent a linear background
difference for M1 and M2. This background model, for M,
or M, is generic and could approximate any of the
considered effects, i.e. scattered neutrons, background
gammas, activation, wrap-around neutrons, and non-
linearities. The simulated data are then analyzed as usual.
Results for 4 = 0.002V/A and B = —0.01 V are shown in
Fig. 9. The residuals are similar in shape to those apparent
in Fig. 6. In general, backgrounds less than a few percent
are possible without affecting M (4) and M,(4) unreason-
ably. These effects in turn change the neutron polarization
determined from Eq. (12) and the *He polarization
determined by fitting the transmission ratios to the forms
of Eq. (7). For the simulated data with 3-5% background
added to M1 or M2, the change in residuals of the fit to
neutron polarization at SA is ~ 0.1%, and the change in
*He polarization is a2 1%. This provides a reasonable
estimate of the uncertainty on the *He polarization for
these low-background data, and emphasizes the impor-
tance of low and well understood backgrounds for
attaining precision neutron polarimetry.

Due to the nature of blown glass, the windows of the
spin filter cell are not perfectly flat or parallel. Numerical
study of the effects of curved windows shows a systematic
correction of about +0.1% for the *He polarization for a
10 cm diameter cell that is 5cm thick at the edges and 7cm
in the in center. With non-uniform 3He thickness, the
neutron polarization, given by Eq. (3), is also non-uniform,
which could lead to systematic effects that depend on how
the experiment or measurement averages the spin depen-
dence over the neutron beam area.

4. Conclusion

We have described the construction and performance of
the neutron spin filter developed for the i+p — d+vy
experiment at Los Alamos. The spin filter has been used in
test and commissioning runs to polarize a large arca
neutron beam, and a pair of thin monitors has been used to
measure the polarization and evaluate precision neutron
polarimetry. Polarization of *He as high as 57% has been
measured, but the *He polarization is not stable and a
general decay was observed over 1 year of operation, with
average polarization of 43%. The exact reasons for the
unstable and decaying *He polarization are not deter-
mined, but may be related to increased optical opacity of
the glass cell.
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Fig. 9. Results for simulated data with background added to the signal
from M1 as described in the text.

The beam transmission monitors have been used to
determine the neutron polarization, averaged over the
neutron beam, with high accuracy. The uncertainty is
estimated to be = 0.1% at 5 A. The wavelength dependence
of the transmission ratios show residuals at the level of
0.1% of the transmission ratios. These residuals may be
due to backgrounds, activation, or non-linearities.
Simulations show that these could be due to a simple
form of background or distortion and suggest that
significant improvement below 0.1% neutron polarization
precision will be possible with greater control of back-
grounds.

Improvements to the spin filter will require a full
understanding of the unstable and decaying polarization.
The available laser power will be increased, and the cell
replaced. In the long term, narrowed laser diode array bars
may improve polarization and long-term performance. A
number of other intriguing changes are under considera-
tion, including spin-filter cells with hybrid-alkali mixtures,
for example rubidium and potassium [47].
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