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A Slow Neutron Polarimeter for the Measurement of Parity-Odd Neutron
Rotary Power

Abstract

We present the design, description, calibration procedure, and an analysis of systematic effects for an
apparatus designed to measure the rotation of the plane of polarization of a transversely polarized slow
neutron beam as it passes through unpolarized matter. This device is the neutronoptical equivalent of a
crossed polarizer/analyzer pair familiar from light optics. This apparatus has been used to search for parity
violation in the interaction of polarized slow neutrons in matter. Given the brightness of existing slow neutron

sources, this apparatus is capable ofmeasuring a neutron rotary power of d¢/dz = 1 x 10~ rad/m.
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A slow neutron polarimeter for the measurement of parity-odd neutron
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We present the design, description, calibration procedure, and an analysis of systematic effects for an
apparatus designed to measure the rotation of the plane of polarization of a transversely polarized slow
neutron beam as it passes through unpolarized matter. This device is the neutron optical equivalent
of a crossed polarizer/analyzer pair familiar from light optics. This apparatus has been used to search
for parity violation in the interaction of polarized slow neutrons in matter. Given the brightness of
existing slow neutron sources, this apparatus is capable of measuring a neutron rotary power of

d¢/dz = 1 x 1077 rad/m. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919412]

I. INTRODUCTION

Measurements of the rotation of the plane of polarization
of particles as they move through matter are employed in
many areas of physics." The oldest and still most common
example is the rotation of the plane of polarization of light as
it passes through an optically active medium. In light optics,
such optical activity is expressed as the change of the rotation
angle per unit length dé/dz and is referred to as the rotary
power of the medium. The motion of the polarization vector
of the particle relative to its momentum through the medium
can be pictured as a corkscrew motion in space. The hand-
edness of a corkscrew is changed upon a mirror reflection or
a parity transformation. A measurement of the rotary power
is therefore typically used to access some property either of
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the medium or the interaction of the particle with the medium
which violates mirror symmetry. Common examples in light
optics include the handedness of molecular structures and
certain types of ordering in magnetic materials.

Like light, neutrons can be polarized and can pass through
macroscopic amounts of matter due to their electrical neutral-
ity. It is therefore possible to measure the neutron rotary power
of condensed matter.”* Furthermore, neutrons with energies
in the meV range are slow enough to possess largely elastic
interactions with matter and can therefore be manipulated
using neutron optical components in ways analogous to light
optics. However, there are a few interesting differences. One
fundamental difference is that the neutron is a massive spin
1/2 particle, whereas the photon is a massless spin 1 par-
ticle. Although the quantum mechanical base states for the
spin degrees of freedom in both cases possesses two inde-
pendent components, the angles which appear in the quantum
mechanical rotation operators describing these particles differ
by a factor of 2. Another more practical difference is that the

©2015 AIP Publishing LLC
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magnetic moment of the neutron is strongly influenced by the
external magnetic field of the earth. It is difficult to suppress
the earth’s magnetic field enough to completely eliminate the
rotation of the neutron spin in the residual fields, and so,
special measurement methods must be employed to remove
this large background effect. Similar considerations would
apply to attempts to measure the rotary power of polarized
electrons in matter. Such measurements were proposed* but
to our knowledge not yet realized.

In this paper, we describe an apparatus capable of measur-
ing the parity-odd component of the neutron rotary power in
a medium. A statistical sensitivity of d¢/dz = 1 x 107 rad/m
with a systematic uncertainty of d¢/dz = 1 x 10~ rad/m was
achieved in a recent effort to search for neutron spin rotation
from the weak interaction between the neutron and *He nuclei
in a liquid helium target.’ The results from this experiment
have been used to set stringent limits for possible exotic parity-
odd interactions of the neutron in matter which could come
from vector boson exchange® or torsion,” and a similar appa-
ratus is under construction for a more sensitive measurement
in liquid helium.® Given the intensity of present and planned
slow neutron beams, statistical sensitivities of d¢/dz =1
% 1077 rad/m and higher are within reach in the foreseeable
future, requiring even further reduction in systematic uncer-
tainties. Much of this paper emphasizes the strategies used
to determine or bound the size of these systematic uncer-
tainties.

Our apparatus must distinguish small parity-odd rotations
of polarized slow neutrons from rotations that arise from mag-
netic fields. We will use this experimental apparatus as an
illustration of an instrument which can be easily adapted for
other target media. A very similar design for measuring slow
neutron weak rotary power was employed for the first time in
a series of measurements which observed parity violation in
nuclei such as ''7Sn,? Pb,'” and '*°La'! and sought for effects
in '¥3Cs, Rb, and *'Br.!? Experiments to measure parity-odd
spin rotation on resonances in atomic'? and nuclear systems,
including neutron spin rotation of epithermal neutrons passing
through nuclear targets possessing compound nuclear reso-
nances,'*!” have also been described in the literature. Brief
descriptions of the experimental technique and apparatus to
measure slow neutron spin rotation have appeared®'*2° and

an extensive discussion of an earlier version of this appa-

ratus appears in a Ph.D. thesis,”" but to our knowledge, a
full description of an apparatus to measure parity-odd neutron
rotary power with high sensitivity using slow neutrons has not
appeared before in the scientific literature.

The paper is organized as follows. In Sec. II, we review the
theory of parity violation in neutron optics and show how to
measure the rotation angle using a crossed polarizer/analyzer
pair for a nonrelativistic spin 1/2 particle like the neutron. In
Sec. 111, we present a description of the apparatus. In Sec. IV,
we describe how the neutron polarimeter is calibrated, includ-
ing the use of the polarized neutrons themselves as a magne-
tometer. In Sec. V, we outline how to achieve a measure-
ment limited by neutron counting statistics in the presence
of nonstatistical noise from the neutron source. In Sec. VI,
we outline the sources of systematic uncertainty. We offer our
conclusions in Sec. VII.

Rev. Sci. Instrum. 86, 055101 (2015)

Il. THEORY OF PARITY VIOLATION IN NEUTRON
OPTICS

A. Phenomenology

In this section, we review the relationship between parity-
odd interactions of low energy neutrons and the phenom-
enon of parity-odd neutron spin rotation in neutron optics. We
concentrate on neutrons with momenta that satisfy kR <« 1,
where k is the neutron wave vector and R is the range of the
strong neutron-nucleus interaction. In this limit, the scattering
amplitude f(6) is predominantly s-wave,*?

f(8) = f(0) = —a, (1)

where a is the scattering length. Assume the neutron moves
in a uniform medium of scatterers and consider the forward
scattering limit. In this regime, the forward amplitude for the
neutron motion obeys the Schrédinger equation with a optical
potential >

Zerh‘) " 2

Vo_m =
m

where p is the number density of the scatterers in the medium
and a is the scattering length defined in Eq. (1).
The wave equation inside the medium is

[V2+ ko*n(wn) = 0, (3)

where (i} is the “coherent wave” or the forward scattering
amplitude of the neutron in the medium, and we have defined
the index of refraction n in the usual way,

, ki V+iW
s =l ——]. 4
ko? ( E ) @

where V and W are the real and imaginary parts of the optical
potential, and k; and kg are the neutron wave vectors inside
and outside the medium,

n

ki = i—T(E— (V +iW)), (5)
> 2mE
ko = =5 (6)

The index of refraction n can also be expressed in terms of the
scattering amplitude a,

2npa
-

The form of the coherent wave which satisfies Eq. (3) is

n=1

2
=1+ (k—”) pf(0). %)

(‘,!’/n) - eiE-r” - ea‘nk:,f ~ e—lm(n)k:,-fel'Re(n)k:,-E, (8)

where the imaginary part of the potential W accounts for
scattering and absorption processes which cause the wave to
be attenuated as it passes through the medium. The real part
of the potential contributes a phase shift to the neutron as it
travels through the medium, given by

¢ = Re(n)k,z 9

for k, = k,Z, where 2 is the incident neutron direction.

Now, we add in the effects of a parity-odd neutron interaction
with the particles in the medium. In this case, the forward
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scattering amplitude possesses both a parity-conserving (PC)
s-wave component and a parity-violating (PV) p-wave compo-
nent,

£(0) = frc + fpv(n - kn), (10)

which results in two different scattering amplitudes, f., for the
two opposite helicity states of the neutron &, - k, = +k. We
label the two neutron helicity states | + ) and | — ), respectively.
As a result, the two helicity states have different indices of
refraction, n., and n_, which accumulate different phase shifts
as the neutron propagates through the medium. We combine
Egs. (9), (7), and (10) to obtain an expression for the two
phases and identify the PC and PV terms,

P = @pc T PV, (11)
where
ppc = kz (1 + 2—;::rz—prc) (12)
and
epy =2npzfpy. (13)

In the absence of any neutron energy dependence in fpy
from resonances in the neutron scattering amplitude associ-
ated with the particles in the medium, the PV contribution
to the phase is independent of neutron energy and directly
proportional to the parity-odd part of the forward scattering
amplitude.>® This result contrasts sharply with the energy
dependence of the parity-odd component of the rotary power
near a resonance, which possesses a dispersive shape and goes
to zero near the center of the resonance. The absence of a
clear energy dependence to the parity-odd rotary power in
the absence of resonances greatly increases the measurement
difficulty.

The PV contribution to the forward scattering amplitude
causes a rotation of the plane of polarization of the neutron
through the different phases accumulated by the two helicity
states in the medium. For a spin state transverse to the neutron
momentum |T), which is a linear combination of equal ampli-
tude contributions from the two helicity states,

|T>=%(I+>+i—>)—> %{e*‘wuwew-\—)).
(14)

So while the PC forward scattering contributes an unob-
servable overall phase factor which does not affect the spin
state of the coherent wave, the PV forward scattering contrib-
utes an equal and opposite phase to the two helicity states.
The PV rotation angle of the transverse spin, @ py, is therefore
the accumulated difference in phase between the two helicity
states,

¢’PV =@ —P-= 259}’\/ =i 4]szfpv, (15)

and we define the rotary power as in light optics as the change
of the rotation angle per unit length d¢/dz = 4npfpy.

The PV rotation angle is measured by comparing the
intensities through a polarization analyzer set to transmit the
+ i and — jj directions. Consider the case of a pure neutron spin

Rev. Sci. Instrum. 86, 055101 (2015)
state. The new state of the rotated state vector is given by
1 g g
|<P)=E(f-|+)+€ | = (16)
where ¢ = ¢py. The expression for the spin up state along
the analyzer direction + j, which is transverse to both the mo-

mentum and the initial polarization, is given by a 90° rotation
of the % state about the z axis,

[+3)=5la=p1+)+A+D[)) A

and the neutron transmission intensity through the analyzer set
in the +§j direction is thus given by

, 1 :
Ne=[(+le)P=30+singp).  (8)

Similarly, the count rate for the — state is

1
N_= 5(1 — sin ¢'FV)- (19)
So, the rotation angle of the spin about the momentum axis is
N.— N_
si = — 2
sin ¢py N TN (20)

The neutron spin rotation angle is therefore obtained by
measuring the intensities of neutrons transmitted through a
crossed polarizer (£) and analyzer (j) system in which the
final analyzer direction alternates between +§ and —ij. For
the small angles encountered in practice in measurements of
interest, we can replace sin¢ by ¢ in radians in almost all
expressions.

The method of spin rotation angle measurement outlined
above is also employed in neutron spin echo spectroscopy.”
However, those spectrometers are designed to measure not the
forward scattering amplitude but the double differential cross
section %, which is directly proportional to the dynamic
structure factor of the target medium S(Q, w) which can reveal
information on the structure and dynamics of condensed me-
dia.26-28 This is done by manipulating the quantum mechanical
state of the neutrons between the polarizer and the polarization
analyzer using magnetic fields so that the neutron enters the
sample region in an entangled state involving the neutron
helicity states and the neutron energies and momenta. Clear
quantum mechanical descriptions of the operation of various
types of neutron spin echo spectrometers can be found in the
literature.”

B. Physical origin of fpy

Any interaction which generates a G, - k, term in the
neutron forward scattering amplitude will give rise to a cor-
responding neutron rotary power. As a simple example to
show how the neutron rotary power depends on key features
of this interaction, consider a vector boson X, coupling to
a fermion ¢ with an interaction of the form £L; = ¥ (gvy*
+ gay"ys)W X,,, where gy and g, are the vector and axial cou-
plings. Z boson exchange in the Standard Model is a particular
example of such an interaction. In the nonrelativistic limit, L
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gives rise to the potential

gvgaexp(=r/d).
s Y,
2
where A = 1/my is the interaction range, my is the mass of
the vector boson, § = & /2 is the spin of the polarized particle,
and r is the distance between the two interacting particles.
Using the Born approximation, one can calculate the relation
between fpy and the parameters of the potential, and the spin
rotation angle per unit length can be expressed directly in
terms of the vector and axial vector couplings, the range of
the interaction, and the number density of scatterers in the
medium,

V(r) = 1)

ddpy
dL

This expression should make it clear that the length scale
of the interactions that can be probed by a forward scattering
observable such as the neutron rotary power has nothing to
do with the energy or momenta of the projectile and de-
pends instead on the form of the parity-odd interaction. For
spin-independent interactions, this conclusion follows directly
from the optical theorem, which relates the imaginary part
of the forward scattering amplitude to the total cross section,
and it is also true for the real part of the forward scattering
amplitude involved in neutron spin rotation.

=dgygapd’. (22)

lll. EXPERIMENTAL METHOD

The spin rotation apparatus shown in Fig. 1 must distin-
guish small PV rotations from rotations that arise from mag-
netic fields. Magnetic fields are minimized by surrounding the
target with a magnetic shield. ¢py is isolated by alternately
moving the medium in front of and behind a neutron spin
precession coil and measuring the change in the spin rotation
angle. Figure 2 shows the arrangement of the various magnetic
fields and polarization components of interest. Neutrons polar-
ized along § enter a central precession coil with an internal
magnetic field along § (7-coil) which precesses a spin compo-
nent along +% to —&. The contribution to the total rotation
angle coming from parity violation in the medium therefore

room-temperature
magnetic shields

JANS

AFP spin

Rev. Sci. Instrum. 86, 055101 (2015)

changes sign as the medium is moved from a position in front
of the m-coil to a position behind the 7r-coil. To further suppress
systematic uncertainties and noise, the beam and apparatus are
split into right and left halves, and the targets are filled so that
the medium occupies the chamber downstream of the 7-coil on
one side and the chamber upstream of the m-coil on the other
side. The PV components of the neutron spin rotation angle
have opposite signs on each side, and the difference of the two
rotation angles is insensitive to both static residual magnetic
fields and any common-mode time-dependent magnetic field
integrals along the neutron trajectories. If the motion of the
medium in front of and behind the m-coil does not change
the spin rotation angles experienced by the polarized neutrons
as they pass through the residual fields in the target chamber
or the phase space of the transmitted neutrons entering the
neutron polarization analyzer, the difference in the total rota-
tion angle upon motion of the medium isolates the parity-odd
neutron spin rotation from the target. The measurement is also
conducted with the current in the 7r-coil reversed to cancel any
systematics coming from stray fields from the coil outside the
precession region. Data are also taken with the current in the
m-coil set to zero so that the spin rotation from the medium
is not reversed. In this case, the difference between the total
spin rotation angle for the two target states must be zero in the
absence of systematic effects.

Possible systematic uncertainties can arise from various
types of deviations from the idealized conditions described
above. We will describe some of these systematic effects
later in a general way but their size depends in detail upon
the neutron scattering properties of the target medium and
a detailed description of systematic uncertainties must be
conducted on a case-by-case basis for each particular medium.

The neutron polarimeter employs a neutron polarization
analyzer to measure the £ polarization component of a neutron
beam initially polarized along the j-axis and traveling in the
Z-direction. To understand the polarimeter operation, consider
the behavior of the neutron polarization direction, which
emerges along the jj-direction from the neutron polarizer and
is adiabatically guided into a near-zero field region. In the
absence of magnetic fields and parity violation in the target
region, the neutron polarization direction is unchanged as it

motien-control
system

He ionization
chamber

input coil

flipper

| L=

-ﬁ:‘\"/%"""+].-“I!1““f

cryostat  pi-coil

liquid helium targets

supermirror
polarization
analyzer

output guide

2G

B, -i¢
ﬂ (ONONONO

- i‘rjﬁﬁﬁ

y B, )
iﬁﬁﬁ £ EEEE s

Z

FIG. 1. Overview of an apparatus to measure parity-odd neutron rotary power. The typical values for different components of the magnetic field (including the
magnetic field inside the r-coil in the midst of an otherwise near-zero field region) are plotted below the diagram.
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3He n-detector

Analyzer

Target Chamber
— back position

e
= — Coll
Target Chamber
- front position
Polarizer y

Cold Neutron Beam

Rev. Sci. Instrum. 86, 055101 (2015)

X _ B—A=2¢y

Cold Neutron Beam

FIG. 2. Conceptual diagram (top view) illustrating the strategy to isolate the PV neutron spin rotation signal in the presence of a large background from residual
longitudinal-magnetic-fields. The arrows show the projection of the neutron polarization-vector onto the plane of the figure at different points along the apparatus
and for two different target states A and B, which correspond to the liquid present in the upstream and downstream chamber, respectively.

emerges from the zero field region. As discussed in Sec. 1, one
can in principle measure the spin rotation angle by rotating
the axis of the polarization analyzer by =% and measuring the
difference between the transmitted intensities. Because this
is mechanically impractical, instead one rotates the neutron
spins adiabatically by +3 between the target exit and the
analyzer using adiabatic spin transport in magnetic fields. This
adiabatic spin transport is effected by a static magnetic ficld
created by magnetic field coils orthogonal to the beam and
desired spin analysis directions (see Fig. 1). The coil winding
densities vary appropriately along the neutron beam direction
in such a way that the total magnetic field changes direction
by +%. Neutrons exit this field region non-adiabatically by
passing through a current sheet at the end of the target region.
(A similar current sheet at the beginning of the target region
provides a transition from the polarizer guide field into the
low-field region). The fields are arranged to change slowly
enough in space that the projection of the neutron polarization
vector on the magnetic field direction upon the entrance of the
polarized slow neutrons into the field is an adiabatic invariant.
The asymmetry in the count rates for an imperfect polarizer
and polarization analyzer is given by

%:4_—;:;: = PAsin ¢, (23)
where P is the neutron polarization from the polarizer, A is
the analyzing power of the analyzer, and ¢ is the neutron
spin rotation angle. The product PA can be easily measured
by applying an external magnetic field to set ¢ to a known
angle, either with an internal magnetic field or a mechanical
reorientation of the directions of the polarizer or analyzer.

The neutron polarimeter employs three types of oscilla-
tions at different frequencies to isolate the parity-odd compo-
nent of neutron spin rotation from the medium. Here, we list
typical values we used in our liquid helium measurement. The
+7 oscillation of the helicity of the magnetic field of the output
coil operates at the highest frequency (1 Hz). The reversal
of the current in the 7 coil cancels any rotations caused by
its stray fields, and the measurement with the r-coil current
set to zero measures any systematic effects correlated with
the medium motion and occurs at a lower frequency than the
transport field helicity reversal (5 x 1072 Hz). The motion of
the medium to positions in front of and behind the 7-coil which
isolates the parity-odd component of this total rotation angle
is conducted at the lowest frequency (about 7 x 10~ Hz). As
the latter frequencies fall into a regime where the dynamics
is susceptible to 1/f noise, higher frequencies are desirable
and could be practical for other target media. The frequency
of target motion is relatively slow, so we also choose to analyze
the time series of spin rotation angles using algorithms which
suppress possible effects from slow external magnetic field
variations which can leak into the target region.*”

A. Apparatus design considerations

Since the parity-odd neutron spin rotation angle is propor-
tional to the target length, there is an advantage in choosing
this length to be as long as possible. In practice, an optimum
target length exists as there is a trade-off between the increase
in the rotation angle with target length and the decrease in
the statistical accuracy due to the increased fraction of neu-
trons scattered out of the forward direction. To estimate the
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uncertainty in sin ¢, we start with the equation above and
sum the uncertainties in quadrature for uncorrelated measure-
ments N., N_ and polarization product, PA. In terms of the
total count-rate of N,,; = N, + N_, where N, ~ N_ = %NM,
the uncertainty o, ¢ in ¢ in terms of the total counts and the
uncertainty op, in PA is

1 1 5 2
ing = = | = +sin? 2|, 24
Tsing PAJ[N;O; +sin ¢(UPA) (24)

We can optimize the signal/noise ratio by considering
how both depend on the target thickness. The parity-odd spin
rotation angle ¢py o px is proportional to the target density
p and the target length x. The statistical uncertainty is VN
= V' Npe P7*, where o is the total neutron cross section. Max-
imizing the ratio of signal to statistical uncertainty gives an
optimum target thickness of x = 2/por, which sets the scale
for the target length. Since the total neutron cross section
for materials is typically a strong function of energy in the
slow neutron regime, the optimum target length will depend in
practice on the details of the neutron spectrum and the internal
structure of the target medium.

The neutrons pass through the target and a neutron polari-
zation analyzer and are detected in a segmented *He ionization
chamber operated in current mode.?' Since the uncertainty of
a measurement in current mode can be greater than the lower
bound set by the VN neutron counting statistics assumed in
the noise derivation above,*? one must take care that no addi-
tional noise sources limit the statistical accuracy of the angle
measurement. The most serious source of extra noise above
VN neutron counting statistics in this measurement comes
from nonstatistical fluctuations in the reactor neutron source
intensity in the 1 Hz frequency band set by the frequency
of reversal of the output coil current used to measure the
rotation angle. To further suppress systematic uncertainties
and possible noise associated with fluctuations in the neutron
source intensity, residual magnetic-fields, or target density, the
beam, target chamber, polarimeter, and ion chamber are also
split into separate but parallel right and left halves. The noise
in the ratio of the current-mode signals in the ion chamber
should therefore be dominated by neutron shot noise. The
spatial pattern in which the target chambers are filled in the
measurement is chosen so that the PV components of the spin
rotation are always in opposite directions in each half of the
beam. With this arrangement, the difference in the ratio of
the ion chamber currents in the polarimeter upon moving the
liquid in the chambers is proportional to the parity-odd spin-
rotation-angle.

In addition to its task of measuring the spin rotation
angle from the intensity differences through the polarization
analyzer, the ion chamber is also used to measure possible
systematic effects from magnetic fields. The ion chamber elec-
trodes are segmented into four quadrants, one upper and one
lower quadrant for each sub-beam. The ion chamber is also
segmented longitudinally along the neutron beam to allow
some neutron energy discrimination to be made. The parity-
violating neutron spin rotation is independent of neutron en-
ergy for slow neutrons, whereas the spin rotation angle due to
longitudinal magnetic fields is proportional to the time spent
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in the field and therefore the neutron velocity. Due to the
1/v dependence of the neutron absorption cross section in
the *He-rich ion chamber, higher energy neutrons penetrate
farther into the chamber on average. So, the currents collected
at different segments along the beam sample different neutron
velocity classes. A true parity-violating signal must give the
same asymmetry on all segments. We exploit this feature of the
ion chamber in combination with analysis of calibration data
taken with the m-coil off to measure the systematic effects.

B. Experimental apparatus

The apparatus we describe here was operated with a
liquid helium target at the NG-6 slow neutron beamline at
the National Institute of Standards and Technology (NIST)
Center for Neutron Research (NCNR). At the NCNR, neutrons
from a 20 MW reactor were moderated by a cold source
and transported 68 m north along an evacuated rectangular
¥Ni-coated guide to the NG-6 end station.’® The neutrons
were polarized vertically by a polarizing supermirror** and
entered the magnetic shield/target region using a glass neutron
guide and a magnetic field from an input coil to transport
and preserve the neutron polarization.®® The target vessel
was mounted inside a magnetic shield that was centered
in a nonmagnetic liquid helium cryostat supported in turn
inside two more layers of magnetic shielding. The liquid was
moved between the four separate target chambers using a
centrifugal pump immersed in a4 K liquid helium bath outside
the target with flexible tubes pulled by strings to determine
which pair of target chambers fill or drain.' Internal fluxgate
magnetometers indicate a typical internal axial magnetic field
of 100 nT. Ten equally spaced coils were arranged around
the outside of the vac-canister and connected to individual
current supplies to provide magnetic field compensation inside
a layer of cryogenic magnetic shielding that lined the cold
bore. After the target region, an output coil and another float
glass neutron guide conducted the transmitted neutrons to the
polarization analyzer. The output coil adiabatically rotated
the x-component of the neutron polarization by =7/2 in the
x — y plane through modulation of the current direction in
one of two orthogonal solenoids. The neutrons exited the
output coil and guide and passed through the polarization
analyzer and ion chamber. Figure 3 presents a diagram of the
neutron beamline and path along the spin rotation apparatus.
It shows the magnetic field configurations used to maintain
the neutron polarization upstream of the target and to manip-
ulate the neutron polarization direction downstream of the
target.

The m-coil generated an internal magnetic field of about
600 uT that precessed the transverse component of neutron
spin about the vertical §-direction. The amount of spin preces-
sion depends on both the strength of the magnetic field and
the neutron velocity. The m-coil current was chosen to rotate
the mean wavelength (approximately 0.5 nm) of the neutron
beam by m radians. The 7-coil consisted of a pair of side-
by-side, 40 mm square cross section, 160 mm tall solenoids.
To minimize magnetic flux leakage, the current in the two
rectangular coils flowed in opposite directions with a set of
three curved solenoids providing magnetic flux return at the
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FIG. 3. Top view diagram of the spin rotation apparatus and the magnetic fields throughout the apparatus. A supermirror polarizer and an input coil prepared
the neutron polarization and launched the polarized neutron into a magnetically shielded region containing the target. The target consisted of four chambers and
a ;r-coil. After leaving the field free region, neutrons passed through a current sheet into a horizontal guide field which adiabatically rotated to the + or — vertical
direction. The bottom sketch indicates the magnitude and direction of the magnetic field in each region of the apparatus. The dots show magnetic fields directed

out of the page (#); the cross means they point into the page (—#).

ends. The leakage field was measured at less than 50 nT at a
position of 1 cm from the center of the coil.

In describing the target, we will use the example of liquid
helium. The measurement technique can be used for other me-
dia as well as long as sufficient care is given to avoid magnetic
impurities and employ a nonmagnetic motion mechanism to
move the target on either side of the m-coil. The liquid helium
target consisted of a pair of vessels located upstream and
downstream of the m-coil. Each vessel was partitioned into
separate left and right-side chamber pairs, which created four
identical target chambers that could each hold liquid helium.
This partitioning effectively created upstream and downstream
chamber pairs along the left and right-side sub-beams and
formed two parallel experiments when combined with the
polarimeter design. The target plumbing was designed so that
whenever the upstream target chamber was filled, the corre-
sponding downstream chamber emptied to a level below the
neutron beam and vice versa. Alternately filling and draining
diagonal pairs of target chambers with liquid helium created
the two target states that were necessary to extract the parity-
violating spin rotation angle ¢.

In order to change target states, liquid helium needed to
be non-magnetically moved between target chambers. Each
target chamber possessed an inlet and a drain for moving
liquid helium. Inlets from all four chambers were connected
to a centrifugal pump immersed in a 13-liter liquid helium
bath located in the bottom of a cylindrical vessel. The pump
and drain system was operated outside of the target region
by a motion-control system consisting of a stepper motor and
driveshaft, which turned a centrifugal pump. and a pair of
pneumatic linear actuators that were attached to the drains
by strings. By operating the centrifugal pump, all four target
chambers could be filled with liquid helium. Each drain was
connected to a flexible drainpipe that could be moved above or
below the height of the full or empty liquid helium levels inside

the target chambers. By lowering a drain, a target chamber
could be emptied of liquid helium and its contents returned
to the bath.

Because of beam divergence or small angle scattering,
some neutrons can reflect from a target chamber wall, be trans-
mitted through the polarimeter, and counted in the *He ioniza-
tion chamber. The critical angle for neutron reflection between
helium and aluminum depends on the difference in the neutron
index of refraction of the two materials, which is proportional
to density and therefore changes with the liquid or gas state
of the helium. These differences can cause systematic effects
through target-dependent neutron beam intensity and phase
space changes coupled to residual magnetic fields in the target
region. This subclass of neutron trajectories was prevented
from reaching the *He ionization chamber by collimation of
the beam. Within each target chamber, a set of three SLiF-
plastic collimators prevented neutrons from reflecting off the
chamber walls and reaching the detector.

1. Data acquisition

The role of the data acquisition system was twofold.
It controlled sequencing the polarimeter through its various
states and it counted the number of neutrons detected in each
state.

A 2.5 GHz Intel P4 personal computer with 512 MB
RAM ran the Microsoft WindowsXP Professional operating
system. The acquisition code NSAC (for Neutron Spin Acqui-
sition and Control) was developed using a combination of
Microsoft’s Visual C++ 6.0 and National Instruments’ Lab
WindowsCVI. This environment provided the interface to a
National Instruments PCI-6031 card which read all data from
the experiment including graphics displays. RS232 commu-
nication was used for slow control functions such as read-
ing temperatures and cryogen levels and controlling cryogen
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flows in the target. All input and output functions including
user interaction and graphic displays were handled by Lab
Windows. The remaining work flows and underlying archi-
tecture were written in C++. All data from the experiment
were read by a National Instruments PCI-6031 card. Data read
from the experiment included the ion chamber signals and
the cryogenic liquid level and temperature sensors. Commu-
nications originated from the PCI-6031 and also from Univer-
sal Serial Bus (USB) to RS232 serial communication ports.
These devices issued commands to the motor controller of the
liquid “He pump and to the power supplies for the input and
output coils and the 7-coil.

Currents from each of the 16 *He ion chamber sectors
were separately integrated for the time spent in each polar-
imeter state and gave a value proportional to the number of
detected neutrons. The absolute calibration between integrated
charge and the number of neutrons absorbed was not needed
for the measurement of the neutron spin angles as they were
calculated from the transmission asymmetry in terms of ratios.
Figure 4 shows one channel of the integrator electronics. It
used one half of a Burr Brown AFC 2101 dual switched
integrator. The external capacitor C'1 determined the voltage
for a given amount of accumulated charge. Its value was
0.3 nF for the front 12 charge collection sectors and 0.1 nF
for the back section as the neutron flux is reduced at the back
end of the detector. Diodes PAD1 protected the inputs from
voltage transients. The reset function was used to periodically
discharge the capacitor after switching to a new configuration
of the polarimeter. The select and hold functions were not used
as the output of each integrator fed directly into an analog
to digital convertor (ADC) channel on the data acquisition
board. The linearity of the electronics was verified by insertion
of appropriate test currents into the ion chamber electrodes.
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Timing for NSAC is derived from on-board clocks in the
PCI-6031. The board is configured to read all ADCs every
0.1 s. The acquisition thread runs at highest priority and
polls the status of ADC conversions every millisecond. When
all conversions are completed, a service routine copies data
from the hardware and serves as the master timing event for
sequencing the states of the polarimeter. At every tenth read,
the polarimeter is advanced to its next state and the integrators
are reset. A partial time line showing these events is given in
Figure 5. The first line in the figure is a hardware output signal
that is sent when ADCs finish converting. Like other non real-
time systems, the Windows operating system has a variable
and unpredictable latency when responding to events. The next
line represents the time the event’s service routine is running
and shows this variable latency in the response.

The next line shows reset enable being set to high after
the service routine completes. The effect of fluctuating reset
timing on the integrator output is avoided using two external
monostable multivibrators. The first is triggered by the ADC
convert signal and shown as convert delay. When reset is
enabled, the rising edge of convert delay triggers the second
monostable multivibrator which then resets the integrator.

The difference between integrator outputs at ADC read 9
and previous read 0 (vertical dashed lines) gives the integrated
charge for each channel in a 0.9 s time interval. The 16 bit
ADCs have a range of +10 V. Typical currents were in the
range of 4-6 nC per channel. The noise added by the data
acquisition system was +1 pC. The last line shows timing
for transitions between magnetic fields corresponding to the
various polarimeter states. These states are described in the
discussion surrounding Figure 6. The 0.1 s dead time window
is sufficiently long that latency fluctuations do not affect the
field values.
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FIG. 4. The figure shows the schematic for one of 16 channels of current integration. It uses 1/2 of a Burr Brown AFC2101 dual switched integrator. All
components except for the integration capacitor C1 and protection diodes PAD1 are included on the chip.
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FIG. 5. The figure shows event timing in the data acquisition program. ADCs measuring integrated charges from ion chamber sectors are read out at 0.1 s
intervals. After every tenth read (number 9 in the plot), current integrators are reset and magnetic field configurations are transitioned to new values. A data point
consists of differences between the last and first ADC readings for each channel.

After a pre-programmed sequence of magnetic field values
completes, a separate thread controls valves and the liquid
He pump to change the target configuration. Cryogenic level
and temperature sensors are also read and included in the data
stream. A complete sequence consists of 10 angle measure-
ments for each of three m-coil states, repeated 5 times for each
target configuration.

IV. POLARIMETER CHARACTERIZATION

In this section, we describe how the operation of the
neutron polarimeter was characterized and calibrated. This
calibration work is divided into three fairly distinct activ-
ities: (A) simulation and measurement of neutron spin rota-
tion angles generated by applied longitudinal magnetic fields,
(B) measurement of the polarizer-analyzer product PA by
applying rotations of the neutron spin orientation, and (C)
calibration of the response of the ion chamber to a known spin

rotation angle using its velocity sensitivity from longitudinal
segmentation as described below using the polarized neutrons
themselves as a magnetometer.

We calibrated the polarimeter using longitudinal magnetic
fields applied inside the target region. Since the neutron spin
rotation angles in this case depend on the time spent in the
field and therefore on the velocity distribution of the neutron
beam, this characterization also requires some knowledge of
the neutron energy spectrum in the beam. We therefore devel-
oped a simulation of the polarimeter which included the key
features of the transport of the neutron momenta and spins
through the relevant neutron optical elements and magnetic
fields. We constrained the simulation inputs using measure-
ments of the beam properties at various points along the appa-
ratus and used it to calculate the predicted neutron spin rotation
angles for various magnetic field configurations.*® The simula-
tions and data are in agreement at the few percent level, which
is within the accuracy with which the fields were determined.
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A. Polarimeter calibration with magnetic fields

The initially vertically polarized neutrons precess in a
longitudinal magnetic ficld by an angle

Om = YnBeL (Llf”) , (25)

where y,, is the neutron gyromagnetic ratio (183.25 (rad/s)/ uT),
and L and v are the neutron path length and velocity. The angle
calibration therefore depends on knowledge of the neutron
velocity spectrum in the target region and the longitudinal
magnetic field integral along the neutron trajectories. The
velocity spectrum can be measured directly in principle. As
this was mechanically awkward for our liquid helium target and
since our measurement was focused on search for a very small
rotation angle, we chose to infer the velocity spectrum in the
target region through measurements of the beam intensity and
spectrum at various points in the apparatus before and after the
target combined with a simulation. We compared calculations
of the fraction of the beam absorbed in each of the four ion
chamber detector segments at the end of the apparatus to data
using

N(E,) = Ny(E,)e #9o(En), (26)

where N, and N, are, respectively, the neutron counts before
and after each segment with energy E,,. p is the number density
of the *He gas, d is the depth of each segment, and o(E,,) is
a fit to the energy dependent n-*He absorption cross section
data®®37 which are 1/v to high accuracy.

The depths of the four detector segments were measured
to be 2.8, 6.4, 7.4, and 8.7 cm from upstream to downstream.
The ion chamber was filled with a partial pressure of 0.22 bar
of *He. Figure 7 shows the simulated wavelength spectra after
the 4 detector segments. Table I lists the simulated percentage
of the absorbed neutrons in each detector segment in compar-
ison with the data. The measurements are consistent within

a few percent for each segment with a simulation described
below.

The total spin rotation angle at the detector was also
compared with data taken under amplified magnetic field
conditions in the target. Since there are guide fields outside

P1 #jHVW?A\\\\\h‘—
P2 ff{wkm\\\\\Hhﬁ
} Jﬂk
P4 k
0 2 4 & 8 10 12 14

Wavelength (Angstréms)

FIG. 7. Results of the simulation are shown giving the wavelength distri-
butions of neutrons that stop in each of the 4 longitudinal sections of the
3He ion chamber. Each section is sensitive to a different part of the neutron
beam’s energy spectrum as shown by arrows pointing to the means of each
distribution. P1 refers to the entrance segment.



055101-11 Snow et al.

TABLE I. Fraction of the incident neutron beam absorbed in each detector
segment.

Segment 1(%) 2(%) 3(%) 4(%)
Simulation 25 35 20 11
Measurement 25 37 21 7

the low-field target region, Eq. (25) was used in each apparatus
component only within the target region with magnetic field
values given by measurement. The simulated rotation angle
of 116 mrad in the applied B-field gradient with the m coil
off is higher than the measured rotation angle for data runs
with this field condition of 98 mrad. The most likely source
for the difference between the rotation angles from simulation
and data comes from the stray magnetic fields between the
target region and the entrance and exit of the input and output
coils which are not well characterized. Although these fields
were measured before data taking commenced, these fields can
change upon demagnetization of the shields and we therefore
do not expect to be able to achieve better agreement between
simulation and measurement than in Table 1.

B. Polarizer-analyzer product measurement

Recall that the total spin rotation angle through the appa-
ratus is determined by measuring the neutron intensity trans-
mitted through the polarization analyzer for the two helicity
states N* and N~ of the output coil magnetic field. Ideally,
the resulting asymmetry in the count rates given by Eq. (20)
isolates the component of the rotated neutron spin in the plane
normal to the neutron momentum. The PA product of the
polarizing power of the polarizer and the analyzing power of
the analyzer is related as usual to the measured asymmetries
by Egs. (27) or (28),

A’ = PA%sin ¢, (27)
AT = PA" sin ¢, (28)

where we define PA® and PA™ as the polarizer-analyzer prod-
ucts for m-coil off and on states, respectively. Unfortunately,
there are some small corrections which must be applied to
these PA products so that they properly isolate the parity-
odd rotation of interest in the presence of nonzero background
magnetic fields in the target region in a neutron beam with a ve-
locity spread. If the neutron beam was monoenergetic with the
m-coil internal magnetic field tuned to precess all the neutron
spins by m radians and if there were no residual magnetic
fields in the target region, then PA? = PA™. We choose to use
a broad spectrum of neutron energies to improve the statistical
accuracy of the angle measurement. In this case, however, the
PA product in the apparatus is different depending on the state
of the 7-coil. The largest source of this difference comes from
the distribution of neutron velocities in the beam, which means
that magnetic field in the 7-coil only precesses neutron spins
of some average velocity by m radians, thereby over-rotating
the slower neutrons and under-rotating the faster neutrons and
reducing the size of the projection of the rotated polarization
components onto the polarization analyzer.
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These polarization products for the apparatus are mea-
sured by mechanically tilting the input coil (and therefore the
polarization direction of the neutrons entering the magneti-
cally shielded region) by a few degrees about the beam axis
and measuring the corresponding asymmetries. PA products
are measured for each of the 16 elements in the ion chamber.
Differences in the PA products for the different ion cham-
ber collection plates can come from nonuniformities in the
polarization analyzer as a function of neutron energy and
spatial location on the analyzer, spin transport efficiency, etc.
The differences in the PA product with the m-coil on and
off, however, come only from the dominant effect from the
spread in neutron velocities. It is therefore convenient to define
d = —PA™/ P A° which measures the reduction in PA from the
neutron velocity spread. Furthermore, the average polarization
products PAy and PAg for the west and east sides of the
apparatus are required for subsequent data analysis since the
parity-odd signal is obtained from differences in west and east
side angle measurements. We express the difference between
the east and west polarization products with a multiplicative
factor w™* for the west side products PA%”,

O, _ (1§ 4 0,
WP = PASY [PAYR. (29)

By symmetry, east side factors are given by inverse values,
1/w™". East-west spin angle differences would then be ob-
tained from the corrected PA products,

1
Aw - A = ;ﬂw = w‘ﬂg. (30)

PA product measurements were made periodically
throughout the experiment. Results for PA" and d averaged
over the east and west sides of the beam are shown in the upper
plot of Fig. 8, where statistical uncertainties in all plots are the
sizes of the plot symbols. The scatter in these measurements
was greater then their individual uncertainties due to changes
in the residual magnetic fields after demagnetization of the
mu-metal magnetic shields. After each demagnetization, the
shielding factor and coil geometry do not change signifi-
cantly, and therefore, for purposes of data analysis, the PA
products are assumed to stay constant for all runs conducted
between the measurements. The shaded bands give average
uncertainties per point determined from uncertainties in the
means. The lower plot of Fig. 8 gives the east-west difference
of the polarization product for each measurement expressed
in terms of the factor w®™ defined above. The squares (red
online) correspond to w™ and the triangles (blue) to w’. The
fractional east-west deviations are as large as 2%.

C. Calibrating the polarized neutron magnetometer

To use the ion chamber as a magnetometer, we need to
know the neutron velocity spectrum as it passes through the
apparatus and enters the ion chamber. The slow neutron energy
spectrum of the beam used in the experiment has an approxi-
mately Maxwellian spectral distribution with absorption dips
from upstream materials which diffract certain neutron ener-
gies out of the beam. This distribution can be measured
directly, and in our case, it was sufficient to use the expected
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FIG. 8. The upper plot shows the average of the west and east polarimeter polarization products P A with the w-coil off and corresponding d factors when it
was on. The lower plot gives w? (triangles) and w™ (squares), the fraction by which each side differs from the average. Shaded bands show average uncertainties

per point based on their means.

spectrum from simulation. Figure 7 shows results from our
Monte Carlo simulation which takes the spectrum measured
from the exit of the neutron guide and propagates it through
the apparatus to the ion chamber’s 4 longitudinally segmented
sections. Sections are labeled P1 through P4 where P1 is at the
entrance of the detector. Mean wavelengths for each section
are shown in the plot by vertical arrows. Integrals of these
distributions give the relative number of neutron capture reac-
tions and therefore the relative signals sizes in each section.
The measurements of the fractions of the neutron beam ab-
sorbed in the 4 longitudinal sections of the ion chamber were in
good agreement with measured data as discussed in Sec. IIT A.
The spectrum hardens as the neutrons penetrate further into the
chamber due to the 1/v dependence of the neutron absorption
cross section on *He. The measured spin rotation angle per
longitudinal ion chamber section allows the component of the
spin rotation from the internal magnetic fields in the target,
which depends on the time that the neutron spends in the field,
to be separated from the parity-odd component from weak
interactions, which is independent of the neutron energy in
this regime.

Given the relation between the neutron energy and its
probability to be detected in one of the longitudinal sections,
#,, in Eq. (25) can also be written in terms of the change in spin
rotation angle per plane divided by the fractional change in
the mean neutron de Broglie wavelength per plane. Rewriting
Eq. (25) where the mean wavelength varies with plane posi-
tion, P, we have

2 ¥nBr LA
gmzm—L' (31)
h
1d1\""de
0,=-—| —=. 32
(A dP) dP )

The first factor in the latter equation, namely, the frac-
tional change in the average wavelength with respect to longi-
tudinal location in the ion chamber, was calibrated experi-
mentally using the measurements of spin angles from applied
internal longitudinal magnetic fields. For these measurements,
the target medium was removed and a current was applied
to the trim coils surrounding the target region to produce a
uniform 0.5 4T magnetic field. Figure 9 shows angles 6,, as
defined above plotted for each ion chamber plane for the 7-
coil on and off, with statistical uncertainties smaller than the
plotting symbols. The fractional change in 6, per plane is
obtained by dividing the linear fit to the 7r-coil off data in Fig. 9
by the average 0, value gives (1 /A)%'; = (—6.96 + 0.09)
x 1072,

This measured value is consistent with the measurements
described above for systematic effects using internal fields of
+0.5 and +£1.0 uT and with the value calculated by a Monte
Carlo simulation. As neutrons pass through the apparatus,
their spectrum is shifted towards longer wavelengths from the
energy dependence of neutron scattering from materials in the
beam, so we expect and observe that the simulation using the
energy spectrum as measured upstream of the target gives a
smaller slope than the measurement using neutrons. By scaling
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FIG. 9. Larmour precession angles measured by each longitudinal section of the ion chamber are shown for both r-coil on and off data for a B =5 mG field.
The sections correspond to plane positions | through 4 where neutrons enter the detector at position 1. The curves are linear fits to the data.

the value of 6,, determined in Fig. 9 by the spin rotation in a
known longitudinal field, we determine the average longitu-
dinal field in the target region between the input and output
coils during production runs.

V. SOURCES OF STATISTICAL UNCERTAINTY

One can organize anticipated sources of uncertainty in
spin rotation measurement into three classes: (a) multipli-
cative effects, which affect the scale of a true nonzero PV
signal, (b) effects which increase the noise in the measure-
ment significantly beyond the statistical limit given by VN
counting statistics, and (c) systematic effects which produce a
nonzero signal in the experiment which is not due to PV spin
rotation. The measurement requirements needed to address
the first two classes of effects are relatively straightforward
and are discussed in this section. A discussion of possible
systematic effects (class (c)) is in general medium-dependent
and a detailed treatment is beyond the scope of this paper.

The measurement of the product PA of the neutron polar-
ization and the analyzing power of the neutron polarization
analyzer makes the main contribution to uncertainties of class
(a). The PA product is stable to high accuracy for a static appa-
ratus. However, in practice, it must be measured periodically
throughout the experiment as shown in Figure 8. The jumps
in the PA values are understandable once it is realized that the
demagnetization of the magnetic shield and the mechanical
rotation of the input coil performed in measuring the PA
product are not perfectly reproducible. In addition, unequal
PA products for the two sides of the polarimeter reduce the
cancellation of common mode rotations from magnetic fields
as discussed earlier and can lead to more serious systematic
uncertainties described in Sec. 111 B.

The largest effect in class (b) comes from fluctuations
in the neutron intensity transmitted through the polarization

analyzer and into the ion chamber. Recall that the frequency
band relevant for our spin rotation experiment in liquid helium
was around 1 Hz, which is the frequency with which the
neutron spin rotation angle is measured by alternating the
helicity of the magnetic field in the adiabatic neutron spin
transport system described in Sec. II B. The choice of this
frequency is determined in part by the speed with which the
currents in the coils in the spin transport system of the polar-
ization analyzer can be reversed and stabilized (at the upper
end) and in part by the expected frequency dependence of the
neutron beam intensity noise from the reactor (at the lower
end). The 1/ f noise in the reactor power combined with pre-
vious measurements leads us to expect that the beam intensity
noise in a 1 Hz frequency band could be about five to ten times
that from the VN noise from the integrated number of neutrons
in the same band. These expectations were confirmed by our
measurements. Figure 10 shows the statistical distributions of
the measured spin rotation angles in a liquid helium target for
differences and averages of the polarimeter’s west and east
sides. The noise in the angle measurements is reduced through
the removal of the common-mode reactor noise in the east and
west halves of the neutron beam by a factor of 9. Clearly, the
suppression of this extra noise from the source is an essential
aspect of the polarimeter design.

To keep the contribution of this noise source below 1/10
of that from neutron counting statistics, we require that the
two parallel sub-beams possess the same noise to 1% accuracy.
Since the phase space of both halves of the beam is filled from
the same neutron source as viewed by a long uniform neutron
guide, we expect that the common-mode intensity fluctuations
of the different halves of the beam will possess very similar
power spectra, and since the two sub-beams are adjacent in
space and are symmetrically located within several layers of
magnetic shielding inside a nonmagnetic target system, we
also expect the common mode noise in the spin rotations from
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FIG. 10. Histograms of the total spin angles are shown with and without removal of the common-mode noise from reactor intensity fluctuations. Data from all
three reactor cycles are included in these histograms. Note the x5 scale change for the difference histogram.

fluctuations in the magnetic field also possesses similar power
spectra.

Other effects which reduce the statistical accuracy come
from noise in the intensity and/or beam spectrum from the
reactor, from transmission through possible density fluctua-
tions in the liquid target, from fluctuations of the neutron spin
rotation angle analyzed by the polarimeter due to magnetic
field fluctuations in the target region, from nonlinearities in
the ion chamber response, and from extra noise in the ion
chamber due to the current-mode measurement technique.
We need the density of the targets to be stable at the 1%
level in the frequency band of interest near 1 Hz for target
density fluctuations to be negligible. Since bubbles in a liquid
moving through the neutron beam can produce such density
variations, this constraint requires, in practice, the need to
suppress bubble formation. This can be done by (a) mini-
mizing the heat load into the liquid vessel, (b) shielding the
neutron beam from the internal surfaces of the target vessel
where bubbles are most likely to nucleate and collect, and (c)
operating the liquid in a slightly “superheated” state by main-
taining a vapor pressure that is greater than the equilibrium
vapor pressure of the liquid. The latter condition can be estab-
lished in steady state in a cryogenic liquid target through care-
ful design by taking into account the finite thermal conduc-
tivity of key target components. We saw no evidence for extra
noise in the data which could be attributed to bubbles in the
target.

The resulting noise in ¢ after removal of the common-
mode noise can be compared to expectations based on neutron
shot noise and the other noise sources. The neutron rate
entering the ion chamber during normal running was ® = 3.7
% 107/s. We estimate a 7% uncertainty in this value from the
quadrature sum of the statistical uncertainty in the absolute
flux measurement conducted on a portion of the beam plus

its extrapolation to the full beam using relative beam intensity
images (5%} and the absolute uncertainty (5%). We also must
consider the extra noise due to the ion chamber and magnetic
field fluctuations, which adds noise to the neutron spin rotation
angle and therefore noise in the fraction of neutrons which
reach the ion chamber. The ion chamber current-mode oper-
ation adds extra noise due to 3 effects: (1) fluctuations in the
fraction of the neutron beam absorbed by the ion chamber, (2)
fluctuations in the number of ions produced by the neutron
absorption reaction in the chamber, and (3) current noise
from the analog electronics. The ion chamber is calculated
to absorb 97% of the incoming neutron fluence given the gas
composition and pressure leading to a 1.7% noise increase.
The number of ion pairs created per neutron absorbed in
the ion chamber is about 2 x 10%, leading to an extra 0.7%
noise in the ion chamber current. The noise from the analog
electronics is measured to be at the 0.1% level and is negligible
in comparison. The linearity of the analog electronics of the
ion chamber was measured using calibrated current sources to
be better than 0.1%. An upper bound on the gamma sensitivity
of the ion chamber was measured by blocking the slow neutron
beam just in front of the ion chamber using a thick '°B absorber
which converts essentially all the neutrons in the beam into
0.5 MeV gammas: there was no observable signal above the
electronic noise. We therefore neglect ion chamber nonlinear-
ities or gamma sensitivity as possible sources of extra noise.
Combining these uncertainties in quadrature gives an increase
in the ion chamber noise above VN of 1.8%. In our helium
measurement, we observed that about 8% of the noise in the
measured spin rotation angles comes from unfiltered magnetic
field fluctuations. Alter removing this fraction of the noise,
we obtained spin rotation angle noise from neutron counting
statistics of 1.09 x 107, 1.12 x 1075, and 1.18 x 10~ in three
different data sets which are in reasonable agreement with the
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noise expected from VN counting statistics of (1.02 + 0.07)
x 1076,

VI. POTENTIAL SOURCES OF SYSTEMATIC
UNCERTAINTY

Here, we discuss the sources of potential systematic uncer-
tainties in the neutron spin rotation measurement technique
in a general way along with the strategies to suppress them.
To establish that the systematic uncertainties in the measure-
ment are much smaller than the statistical uncertainty, one can
employ three independent methods to bound them. First, we
either calculate or estimate potential individual contributions
to the systematic uncertainty from all of the known physical
effects in the target and apparatus which can generate anonzero
asymmetry in the absence of parity violation. This part of
the analysis is essential input into the apparatus design and
operation and can be used to place an upper bound on the
expected systematic uncertainty, but carries the disadvantage
that the relative weighting of some of these effects in the
measured rotary power is difficult to determine. Second, one
can conduct auxiliary measurements using the actual experi-
mental apparatus which artificially amplify the size of possible
systematic effects by a known factor and use our knowledge of
how these effects scale for the conditions of the measurement
to place an experimental upper bound on the systematics. This
approach is quite effective in our case since almost all of
the expected systematic uncertainties come from the internal
magnetic fields in the target region. In previous work, we
have already placed an experimental bound on the dominant
set of systematic uncertainties which are independent of the
magnetic field. Finally, as discussed in Sec. 1l and Fig. 6, one
can measure the systematic uncertainty during data taking by
interleaving measurement sequences with the 7-coil turned off.
In this section, we concentrate on the first two of these three
methods to demonstrate the capability to achieve systematic
uncertainties at the 1 x 1077 rad/m level as this analysis can
be presented in a fairly general way. We describe the general
procedure for the use of the 7-coil off data to bound the system-
atic uncertainty from the data but we plan to present the specific
analysis in liquid helium in a subsequent paper.

By far, the most serious systematic effects in PV spin rota-
tion experiments with cold neutrons are associated, directly
or indirectly, with residual longitudinal magnetic fields. As an
example, a 10 nT longitudinal field gives a spin rotation angle
of about 2 mrad in 1 m for a neutron of wavelength 0.5 nm.
In this case, if there is a systematic fractional difference in
the magnetic field-induced rotations between the two target
positions of 1074, then this effect is of the same size as our
signal. Since our goal is to suppress all systematic effects to a
size that is 1/10 of the statistical accuracy of the measurement,
we must ensure that the amount of magnetic spin rotation is the
same upon moving the target to ~107> accuracy.

In the rest of this section, we assume an internal magnetic
field of 10 nT in our quantitative estimates of systematic effects
as we know from direct experience that this value can be
achieved over the required volumes even with the target, -
coil, and other central components of the apparatus inside
the inner magnetic shield. One can imagine ways to further
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suppress the internal magnetic fields if needed. We use liquid
helium as an example and also comment on how the estimates
are likely to change for other materials.

A. Sources of systematic uncertainty from neutron
interactions in the target

It is useful to divide systematic uncertainties into two
broad classes: those which depend on the scattering properties
of the medium and would be present in an otherwise ideal
polarimeter, discussed in the present section, and those that
depend on non-ideal properties of the polarimeter, which will
be discussed in Sec. VI B. The expected size of systematic
effects from the first class can be calculated analytically or
simulated by Monte Carlo given the properties of the medium,
the geometry, and the neutron optical properties of the appa-
ratus. Systematic uncertainties of the second class can depend
on nonuniformities in the phase space properties of the neutron
beam which couple to other asymmetries in the apparatus in a
way that is difficult to characterize analytically. It is clear that
subsidiary measurements to address these latter effects must be
performed. We performed these measurements and described
them in detail in an earlier paper.>® We placed upper bounds
on possible systematic effects in situ by amplifying the size
of any effects coupled to internal magnetic fields by running
with amplified internal fields. We summarize the results in
Sec. VI C. Finally we analyzed the experimental data with the
m-coil off. We discuss the procedure employed to perform this
analysis in Sec. VI D.

Sources of systematic effects present even in the ideal case
of uniform neutron beam phase space properties include: the
diamagnetism of the medium, the neutron optical potential of
the medium, the shift in the neutron energy spectrum due to
energy-dependent neutron scattering in the medium coupled
with possible target length differences, small angle neutron
scattering in the medium, and multiple scattering in the me-
dium.

1. Diamagnetism

The presence of the medium modifies the size of the resid-
ual magnetic field through its diamagnetism, thereby changing
the neutron spin rotation from the residual magnetic ficld in
the volume of space it occupies as the target is moved in and
out of a given volume. The change in the rotation angle can be
calculated from Eq. (25) using the value for the volume mag-
netic susceptibility of the material and the size of the field in
the target. For example, in the particular case of helium which
has a volume magnetic susceptibility of y, = —1.89 x 107°
cc/mole,* the resulting shift % =dmy,=—-1x10"°gives a
—2 x 107 rad effect for slow neutrons in a 1 m target. This
effect could be larger for many other substances, but as long
as the medium does not possess magnetic order, this shift is
typically much smaller than the 1 x 1077 rad/m goal for most
materials.

2. Neutron optical potential

The presence of the target medium slows down the neu-
tron beam, whose polarization therefore precesses more in
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the residual magnetic field than with the empty target. The
neutron optical potential of matter is typically 2100 neV. The
kinetic energy of the neutron beam averages about 3 meV
for a wavelength of 5 A. The fractional change in neutron
velocity with and without the medium therefore leads to a
systematic effect of about 1 x 10~¥ rad at 5 A. Again this is an
order of magnitude smaller than the sensitivity goal of interest.
Note that the sign of this effect depends on the sign of the
neutron optical potential and would be different for materials
like hydrogen and titanium, which have negative values for the
neutron optical potential.

3. Shift in neutron energy spectrum due to scattering
coupled with target length differences

The neutron scattering cross section of the target me-
dium will in general vary over the energy spectrum of a cold
neutron beam used in the experiment. Therefore, the average
neutron velocity is slightly shifted after passing through the
target as different velocity classes are removed from the beam
according to the transmission law T = exp[—nc(E)r], where
n is the target number density, o-(E) is the total neutron cross
section for neutrons of energy E, and 7 is the target length.
The size of the shift is greater for a longer target. Therefore,
for targets of different lengths, this difference in average ve-
locity, coupled with a difference in residual magnetic field in
the two target regions, gives a systematic effect. The energy
dependence of the total neutron cross section over the cold
neutron beam spectrum typically possesses a rapid variation
as the neutrons pass through either the Bragg cutoff energies
(for solids) below which diffraction turns off or below neutron
wavelengths corresponding to the atomic separation (for lig-
uids) below which one gets destructive interference in the
scattering from neighboring atoms. This change in the total
neutron cross section can be as much as a factor of 2 over
an energy range of a few meV. "T” =~ (.05 is a typical value
for this effect in a target whose length has been chosen to
optimize the signal size according to the considerations pre-
sented in Sec. III. Assuming a length mismatch of % =107
(achieved in our liquid helium target using standard machining
techniques) gives a 1 x 107® rad systematic effect. This effect
could be larger at higher neutron energies for targets made of
heavy nuclei, which possess sharp compound nuclear reso-
nances and therefore a very rapid cross section change over
a small energy interval. Sharp compound nuclear resonances
in the slow neutron energy range of interest for this paper are
relatively sparse. This systematic uncertainty obviously goes
away if instead one mechanically moves a solid target in front
of and behind the m-coil as was done in many of the original
spin rotation measurements.

4. Small angle neutron scattering in the target

In addition to the neutrons which pass straight through
the target, there are some neutrons that scatter, elastically
or inelastically, through small angles within the phase space
acceptance of the polarimeter. The spin rotation angle of these
scattered neutrons which reach the analyzer and then the de-
tector can differ for the two target positions for several reasons
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(solid angle differences, magnetic field gradients, differences
of the dwell time of the scattered neutrons in the field, etc.)
and can lead to a systematic effect.

Fortunately, small angle scattering intensity in condensed
media in thermodynamic equilibrium can be calculated using
general results from thermodynamics and hydrodynamics in
the small momentum transfer regime of relevance for this
potential source of systematic uncertainty. For ga < 1, where
a is the atomic separation, the fluctuation-dissipation theorem
can be used to relate the spectrum of equilibrium density fluc-
tuations to the thermal and continuum properties of the me-
dium. In this limit, there is a universal form for both the static
structure factor S(g) and the dynamic structure factor S(g,w)
of a liquid at finite temperature and Lhcrefore the differential
and double differential cross sections dQ < and d?z:.a' respec-
tively.*** The dynamic structure factor S(g.w) is propor-
tional to the probability that an incident neutron transfers mo-
mentum /ig and energy fiw to the scatterer in one collision. The
double differential cross section 72— is directly proportional
to the dynamic structure factor S(q,m),

d*c
dEdQ
where b is the scattering length for a bound atom and & and kp
are the wave numbers for the scattered and incident neutrons.
For the neutron small angle scattering intensity, lim,_,o
S(g) — ,:ﬁ} coth 2222 where o, is the velocity of sound, m

= b‘—S(q w), (33)

aT *
is the mass of the atom, and T is the temperature of the
medium. For 252 < 1, lim,_ S(q) —» L5 = & L pkT,, where

mug
¢p and ¢, are the specific heats at conslam pressurc and

constant volume, p is the density, and « is the isothermal
compressibility This gives rise to a differential cross section

ot pr where ¢ is the bound neutron-atom

Il.mq_.() a0
cross sectlon."‘“ Th]S result indicates that it is useful to maintain
the target medium at low temperature to reduce small angle
scattering from thermally excited density fluctuations in the
medium. For a ratio of specific heats at constant pressure and
constant volume :—’u’ = 1, this expression reduces to the well-
known result for a classical liquid: limy_ S(g) = p«kT.4!
Away from the ¢ — 0 limit, one can also calculate S(g,w)
and the relative intensities of the elastic and inelastic compo-
nents of small angle scattering from condensed media in the
hydrodynamic regime. The elastic and inelastic components
come from scattering due to diffusive and sound modes,
respectively, and are therefore the neutron equivalent of the
famous Rayleigh and Brillouin peaks in light scattering. The
detailed expression for S(g,w),*
2ksT . ¢, Drciq* — ¢ (w? = c2g)Dr(E - 1)

Hgw) = mc? [Cp (@? = c2¢?)? + (wg*DL)?)

2
v D
+(1_¢_) qaor

¢ &+ (Dr P’ oY

has three peaks: the central quasielastic Rayleigh compo-
nent and the two Brillouin doublets at frequencies w = +c,q
corresponding to the sound velocity. In this equation, ¢y is the

isothermal sound velocity, ¢, = Z-_:CT is the adiabatic sound

=D+ (Z—*: — 1)Dy determine

velocity, and Dy = pf
r
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the half-widths of the Rayleigh and Brillouin peaks, with D the
diffusion coefficient. As follows from the above formula, there
is a well-known expression for the relative intensities of the
quasielastic Rayleigh peak and the inelastic Brillouin peaks:
" We use liquid helium as an example. Figure 11 shows
S(w) plots at various q values. The central peak centered at
g = 0 and w = 0 corresponds to quasi-elastic scattering from
diffusive motion of the atoms in the liquid, whereas the peaks
at w = cq with ¢ the velocity of sound correspond to creation
and absorption of one phonon in the liquid. For energy and
momentum transfers small enough to fall within the hydro-
dynamic regime, the relative intensities of the three peaks
are set by thermodynamics. The intensity of the quasi-elastic
peak in helium is consistent with X-ray scattering measure-
ments* of the static structure factor S(g) extrapolated to the
g — 0 limit. The relative intensity of the three peaks and the
equality of the intensity of the phonon creation and absorption
peaks have been verified in light scattering experiments in
liquid helium between 2 and 4 K*3%¢ and are also expected
on physical grounds. Since the energy associated with the 4 K
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liquid temperature kT > fw is greater than the small energy
transfers involved in the small angle scattering, the detailed
balance factor exp %, which relates the relative probabilities
of scattering with energy gain (upscattering) and energy loss
(downscattering), approaches unity.

Using these expressions, we can therefore estimate the
small angle scattering systematics in liquid helium as follows.
For elastic small angle scattering, based on the neutron cross
sections, 1 m liquid helium target length, and phase space
acceptance of the 1 m long glass output guide, a fractional
difference of 10 ppm of the neutrons scatter from the two target
positions into the polarimeter and the glass output guide. The
extra spin rotations in the residual magnetic ficld then produce
a systematic effect of 5 x 10~ rad. For the inelastic small an-
gle scattering from sound waves in helium, the total intensity
of the scattering is the same as for the elastic scattering from
experiment as noted above, and at 4 K, it is equally split
between energy gain and energy loss. Therefore, the size of
the systematic effect is about the same as for the small angle
elastic scattering, namely, 5 X 10~ rad. This is comparable
to the scale of the other systematic uncertainties mentioned
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FIG. 11. S(w) plots at various q values.
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above. For other materials, the optimum target thicknesses are
about an order of magnitude smaller than for liquid helium,
and generically this much shorter target length and smaller
difference in the fraction of small angle scattered neutrons
accepted into the downstream polarimeter will further sup-
press this systematic by another order of magnitude.

5. Multiple scattering in the target

There are also neutrons which can multiple scatter in
the target and enter the detector. The extra dwell time of the
neutron in the residual ficld from multiple scattering can in
principle give a systematic effect. For solid targets, the Bragg
scattering from crystallites can give a nontrivial probability
for multiple scattering back into the forward direction, and
previous experience with neutron spin rotation measurements
shows that this is not a negligible systematic effect for typical
crystallite sizes and distributions in polycrystalline solids. For
this reason, some of the previous spin rotation measurements
were forced to restrict the incoming neutron spectrum to wave-
lengths beyond the Bragg cutoff of the solid target material to
avoid diffraction completely.

Although there is no Bragg scattering in a liquid, there
is still multiple scattering. Calculations and measurements
of the angular distribution of the scattering of slow neutrons
in materials show that it has both significant neutron energy
and temperature dependence. The rapid energy dependence
of scattering in this energy and momentum transfer regime
is a result of destructive interference in the scattering from
neighboring atoms. The fraction of multiply scattered neutrons
that make it into the polarimeter is dominated by the target
geometry and polarization analyzer phase space acceptance
and is further suppressed by the ratio of the width of the
neutron beam to the length of the target. In our helium target,
we estimate that a fraction of about 2 x 107 of the neutrons
multiple scatter into the acceptance of the output guide and
analyzer and that the average difference in the neutron spin
rotation angles for the multiply scattered neutrons from the
front and back targets is about 0.2 mrad, again mainly deter-
mined by geomeltry. This gives a 4 x 10~ systematic effect for
our liquid helium target. It would be comparable for most other
substances: although the neutron scattering cross sections are
typically somewhat larger, this is more than compensated
by the smaller target lengths for optimized transmission and
therefore the smaller differences between the extra neutron
rotation angles for the two target positions.

6. Large target nonuniformities

For either liquids or solids, density nonuniformities will
increase the small angle scattering intensity from the estimates
described earlier. We first focus on large nonuniformities.
For liquids, bubbles are possible. Polycrystalline solids can
produce extra small angle scattering from density nonunifor-
mities due to grain boundaries, internal stress, etc. Since these
possible effects are not easy to estimate, the main strategy to
eliminate this class of possible systematic effects is to ensure
that these nonuniformities are either absent (in the case of
bubbles) or static (in the case of cracks and voids in solids).
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Bubbles are a possible concern both for increased system-
atic effects due to extra small angle scattering and also for
the possibility of increased statistical noise in the measure-
ment from density fluctuations as mentioned earlier. In fact,
bubbles in boiling liquids have been measured in the past
using slow neutron transmission.””* The agreement between
the statistical accuracy of the measurement in liquid helium
and the estimate expected from neutron counting statistics
discussed in Sec. V can be used to place an upper bound on
the fraction of target volume occupied by bubbles. However,
although it is possible to calculate the neutron small angle
scattering from spherical bubbles reliably, it is not easy to
predict the density and size distribution in a realistic target,
which depends in detail on the size of temperature gradi-
ents, the nature of surface conditions, and the properties of
the liquid. Several things are known experimentally from the
numerous studies that have been performed of bubble forma-
tion and dynamics in liquid helium for cryogenic engineering
and in liquid hydrogen for bubble chambers used in high en-
ergy physics experiments.*’~52 From these studies, it is known
experimentally that the rate of production of bubbles typi-
cally increases exponentially for heat fluxes beyond a certain
threshold, and so, an isothermal target with negligible heat
influx should possess few if any bubbles.

The best experimental solution to suppress bubble forma-
tion is to operate the liquid in a slightly supercooled state to
render the growth of bubbles thermodynamically unfavorable.
This was done in the liquid helium target by measuring the
target temperature and controlling the pressure of the boiloff
gas from the evaporating liquid at a location far away from
the liquid in the target to be higher than the equilibrium vapor
pressure corresponding to the target temperature. This can be
done by exploiting the finite thermal conductivity of the tube
through which the boiloff gas evaporates. This technique is
also employed successfully in liquid hydrogen targets which
are capable of absorbing a few hundred watts of power while
still maintaining density fluctuations small enough to success-
fully perform sub-ppm precision parity violation experiments
in polarized electron scattering experiments.?3-56

7. Target-dependent neutron optical effects

First, we consider the bending of neutron trajectories from
gradients in the neutron optical potential due to gradients
in target density. The latter can come from several possible
effects such as gravity, pressure and temperature fluctuations,
and static density nonuniformities in a solid. In a mecha-
nism similar to that for the small angle scattering systematics
described above, the time that the polarized neutrons in such
bent trajectories spend in the residual field will be different
for the two target positions and a different fraction of these
trajectories will be accepted by the analyzer, and in principle,
this combination can generate a systematic effect.

We estimate the typical size of such effects by assuming
a gradient of the neutron index of refraction in the target
over a certain length and calculating the change in direction
of the transmitted neutron trajectory from neutron optics. As
an example, we estimate the angular deflection of the cold
neutron beam in liquid helium due to the gravity-induced
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density change, which is of order # = rad

E} is the neutron kinetic energy and %‘2 is the gradient in the
neutron optical potential transverse to the direction of neutron
motion. For liquid helium, the liquid pressure changes by
10~% over the height of the liquid in the beam, which gives
a change of 107 of the liquid density and therefore of the
neutron optical potential. Such a fractional change in the 10
neV neutron optical potential of liquid helium acting over the
0.5 m target length bends the neutron beam up by an average
angle of ~30 nrad and therefore a ~10~'° difference in the spin
rotation angles accepted by the polarimeter in the two target
states. Other liquid targets composed of material with larger
neutron optical potentials might increase the size of this effect
by an order of magnitude.

Target-dependent shifts in the phase space of the beam
from refraction effects are minimized by making the bound-
aries of all surfaces normal to the mean beam momentum.
Since all neutron optical boundaries seen by the forward-
going beam are normal to the neutron momenta, first-order
effects from neutron refraction-induced changes in the neutron
paths are suppressed. Typical transverse neutron beam motion
and angle shifts with the introduction of the liquid assuming
typical manufacturing tolerances for the chambers and typical
alignment accuracies of the mean neutron beam momentum
with the target boundaries are of order 1072 ym and 1 prad,
respectively, and it is the difference in these numbers for the
two targets coupled with the residual field which is needed to
generate a systematic effect.

An important neutron optical systematic effect at the
edges of phase space acceptance can come from neutron
reflection from the walls of the target. Since the critical angle
for reflection is slightly different for a solid-liquid interface
and a solid-gas interface and in both cases these angles can
both fall within the phase space acceptance of the polarimeter
given the typical critical angles for neutron reflection from
material boundaries, any change in the residual magnetic field
seen by the neutrons close to the edges of the beam can lead
to a systematic effect. Consider a specific case. The neutron
optical potential of aluminum is 54 neV and the neutron
optical potential of liquid helium is 10 neV; the difference in
the critical angle for reflection from the two interfaces for a
5 A neutron is 0.4 mrad and the fraction of the beam that can be
affected by this reflection is 1 x 107, This possible systematic
effect can be reduced significantly by introducing baffles into
the target chamber to exclude wall-reflected neutrons from
the phase space acceptance of the analyzer. This suppresses
the effect by at least the ratio of the total thickness of the
baffles to the length of the target chamber, which is about
0.6 cm/S0 cm = 1072, and in reality, this suppression will be
much greater due to the large neutron absorption of the baffle
material and the roughness of the surface it presents. Assuming
a 10 nT field as above gives a 2 x 107'° systematic effect.

, where

8. Nonforward scattering coupled to gradients in the
axis of the field of the output coil

The output coil adiabatically transports the projection of
the neutron polarization onto the axis of ils magnelic field
direction just after the polarized neutrons cross into the coil
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through the non-adiabatic entrance into the coil. If the output
coil field axis has gradients transverse to the direction of the
neutron beam and the non-forward scattered neutrons sample
slightly différent spatial areas of the beam, then there will be
a target-dependent difference in the rotation angles seen in the
polarization analyzer which causes a systematic effect.

The size of this possible effect can be estimated as fol-
lows. The fractional difference of the nonforward scattered
neutrons which get to the polarization analyzer is of order
1073, The rotation angles possessed by these neutrons at the
entrance to the output coil are typically 5 mrad for a 100 pG
internal field and the typical difference in spatial location of the
nonforward-scattered neutrons projected onto the entrance to
the output coil is about 2 mm. Even a large gradient in the
direction of the field of 10% over this distance would give
a systematic effect of only 5 x 107'°. We conclude that this
potential source of systematic error can be made negligible by
proper design of the ficlds of the output coil.

B. Sources of systematic uncertainty from
instrumental imperfections

All of the systematic effects outlined above are present
under the assumptions of a uniform-wavelength beam distri-
bution, uniform intensity across the beam, uniform analyzing
power of the analyzer within its phase space acceptance, and
a cylindrically symmetric residual magnetic field inside the
apparatus. If one relaxes these assumptions, then one imme-
diately encounters another large possible set of systematic
effects which are associated with various possible correlated
products of nonuniformities in the phase space properties of
the beam, apparatus, and target. It is not possible to predict
these potential systematic effects without a detailed knowl-
edge of the variation of the phase space properties of the beam
and the polarimeter. So, it is essential to measure the typical
size and length scale for the variation of these phase space
nonuniformities experimentally.

These measurements were performed and described in
detail in previous work.*® We can set the scale for the typical
uniformity requirements for certain phase space properties of
the beam as follows. For a 10 nT residual field which rotates
the typical cold neutron by an angle of a few milliradians,
we need to limit the product of all of these nonuniformities
which change the transmission intensity through the polari-
zation analyzer at the 1075 level as mentioned earlier in this
section. Due to the split beam, one needs a product of more
than one of these nonuniformities to generate a systematic
effect. This means that we are interested in constraining the
fractional nonuniformities of certain beam, target, or polarim-
eter properties at the 1072 to 10~ level. Furthermore, since
the fraction of non-forward scattered neutrons from the liquid
helium accepted by the polarimeter is at the 100 ppm level
and we have already estimated the systematic effects associ-
ated with these sources earlier, we can concentrate the rest
of our analysis on effects which act on the unscattered beam.
These include variations in transmission due to possible large
target nonuniformities such as bubbles or voids and variations
from small target nonuniformities such as gradients in den-
sity. By definition, the latter effects fall within the regime of
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description for neutron optics and can therefore be analyzed in
a straightforward manner. It is clear that we must be especially
careful about those properties of the beam that are influenced
by the target and are close to the edge of the acceptance of the
polarimeter in any phase space variable, because this is where
the fractional changes can be large.

The measurements performed and described in Ref. 38
combined with relatively simple calculations involving the
transmitted beam place an upper bound of 1 x 107 rad on
possible systematics from polarimeter nonuniformity and 6
x 107® rad on a possible correlated nonuniformity of the target
and the polarizing and analyzing power of the polarimeter.
These small effects were measured despite the use of a highly
nonideal neutron polarization analyzer which possessed ma-
jor nonuniformities in its analyzing power in phase space.
These effects can be further suppressed using modern polar-
ized neutron optics technology.

C. Bounding systematic effects through auxiliary
measurements

It is essential to have a strategy to amplify experimentally
possible systematic effects and either isolate and eliminate
them or place upper bounds on their size. One can place upper
bounds on such possible systematic effects. For all systematic
effects which couple to internal magnetic fields or internal
magnetic field gradients, one conducts measurements in which
the internal magnetic field and the internal magnetic field
gradients are increased well above the running conditions
of the experiment. This amplifies all magnetic field-induced
systematic effects (which constitute the great majority of the
effects discussed above) by the same factor and makes it
possible to find or bound such effects in a time short compared
to the measurement time. This procedure works under the
assumption that we can scale the upper bound by the ratio of
the fields/field gradients present in the auxiliary measurement
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and the production data. This is a good assumption as even the
larger fields used to amplify the possible scattering systematic
effects are still small enough (of order 1 uT) that they do not
affect the rest of the polarimeter.

As an example, in our liquid helium experiment, two
measurements were conducted: one with a (relatively) large
constant longitudinal field in the same direction in both target
chambers and another with a large upstream/downstream mag-
netic field gradient in the target region with the longitudinal
fields in opposite directions in the two target chambers. Both
fields were produced by running appropriate currents through
the trim coils wrapped around the target insert. The current
going through the trim coils was setup symmetrically upstream
and downstream of the m-coil with opposite signs for the
gradient field and the same signs for the constant field. The
fields inside the target were measured by the fluxgale magne-
tometers immediately before the data were taken.

Figure 12 shows the data taken with a magnectic field 100
times the size of the residual field present in the main experi-
ment. We also took data with liquid helium placed in a longi-
tudinal magnetic field gradient chosen to be positive in the
upstream target region and negative in the downstream target
region with a magnitude larger than the gradients present in the
experiment by a factor of 100. All these data are consistent
with zero parity-odd asymmetry within the statistical error.
Using these measurements we place an upper bound of <4
% 107® rad on any systematic effects coupled to longitudinal
magnetic fields and an upper bound of <3 x 107® rad from
magnetic field gradients for the conditions of the experiment.

Likewise to set an upper bound on all systematic effects
associated with possible target-dependent nonuniformities in
the polarization products of the polarimeter, we set the polar-
imeter output angle to extreme values to amplify these possible
systematics. An example of a systematic effect of this type
is a target-dependent east-west polarimeter analyzing power
differences. It is a “triple conspiracy” systematic proportional
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FIG. 12. Measurements of the parity-odd neutron spin rotation angle in the presence of amplified longitudinal magnetic fields. The plot shows data taken with
liquid helium placed in a longitudinal magnetic field of 0, 0.5 uT, and +1 uT. These data amplify any systemaltic effect coupled to the total line integral of the
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1o [(PAW - PAE)TO - (PAW - PAE)T]]¢, where PAW and
PAj are the west and east PA products of the polarimeter,
T0 and T'1 are the transmitted intensities in the two target
states, and ¢ is the measured spin angle under these conditions.
This was done by placing the polarization analyzer angle at
much larger values than normally used in the experiment. The
upper bound on this possible systematic of 6 x 1078 rad/m we
achieved for the liquid helium target is consistent with the up-
per bounds on this systematic set before by the measurements
of the polarimeter properties referred to above.

As another internal check on the consistency of these
upper bounds on systematic uncertainties, one can observe
the east-west asymmetry in the intensity differences between
the two target states. These measurements give us another
experimental handle on possible systematic effects due to
nonforward scattering. The fractional difference in the trans-
mitted intensity through the polarimeter in the two target states
directly measures the difference in the nonforward scattering
in the two target positions with the relevant weighting of
elastic and inelastic small angle scattering, multiple scattering,
differential neutron spectrum changes, and any other possible
neutron refraction effects that enter the polarimeter, thereby
subsuming many of the individual systematic effects discussed
above. The product of this asymmetry with the asymmetry in
the spin rotation angle from residual fields in the two target
positions can place an experimental upper bound on system-
atic effects from nonforward scattering.

Table II shows a summary of the size of various contri-
butions to the systematic uncertainty under the assumptions
stated above. The calculated systematic effects for a liquid
helium target are well below 1077 rad/m. The measured upper
bounds on the systematic effects added in quadrature are 1.4
x 1077 rad/m.

D. Systematic uncertainty measurement from the
m-coil off data

Finally, one can measure the systematic uncertainty dur-
ing the measurement using the -coil off data. As mentioned in
Sec. 11, with the m-coil off the asymmetry must be zero in the
absence of systematic uncertainties. The 7-coil off measure-
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ment is interleaved into the standard data taking protocol and
therefore is the most direct method to measure the systematic
uncertainty.

To convert a nonzero measurement of a 7-off asymmetry
into a systematic uncertainty on the neutron rotary power, one
must know the appropriate conversion factor between the two.
This can be determined from the measurement of the polarizer-
analyzer product PA described in Sec. III B in Egs. (27) and
(28). In the presence of internal magnetic fields, however,
the measured PA values of relevance correspond to neither
PA” nor PA" defined above: instead, PA™ is in fact a linear
combination of PA™ and PA°. This is because the horizontal
component of any precession angle that occurs upstream of
the m-coil both changes sign and is reduced by the factor d,
whereas the measured asymmetry after passing through the
rest of the target includes both this contribution added to any
additional precession from the downstream side of the coil.
The PA product for the east and west sides in the presence of
internal longitudinal fields is therefore given by

A"(x)=PA"(1 = (1 + d)x)sin¢
= PA%sin ¢, (35)

where x is the fraction of the total rotation angle that occurred
upstream of the mr-coil, and d is the factor by which the 7r-coil
over-rotates or under-rotates the neutron spin, averaged over
the wavelength spectrum. PA* is the mr-coil on product in the
presence of magnetic fields and it is the quantity needed to
properly normalize any observed mr-off asymmetry in terms of
a systematic uncertainty on the parity-odd spin rotation angle.
The n-coil is at the geometrical center of the target, so
for a uniform longitudinal B field with x = 1/2, and d ~ 0.6
from Fig. 8, m-on asymmetries from magnetic rotations are
reduced by a factor of 5 compared with 7-off asymmetries.
However, the internal magnetic field is neither uniform nor
exactly constant from run to run and it is not possible to
determine x from the internal magnetometer measurements
alone. Nevertheless, x can be determined by comparing the
total integral of the magnetic field in the target region as in-
ferred from the calibrated ion chamber signal described earlier
with the measurements of the internal magnetic ficld at certain
points in the target region from the fluxgate magnetometer.

TABLE IL. A list of sources for potential systematic effects and estimates for the uncertainties for the specific
case of liquid helium compared to the upper bound from auxiliary measurements. The measured upper bounds on
the systematic effects are consistent with the calculated estimates.

Source Uncertainty (rad/m) Method
Liquid *He diamagnetism -2x107% calculated
Liquid *He optical potential +3x%107° calculated
Neutron E spectrum shift 8x 1077 calculated
Neutron refraction/reflection Ix 10710 calculated
Nonforward scattering 2%1078 calculated
Polarimeter nonuniformity 1x1078 measured
B amplification <4x107® measured
B gradient amplification <3x1078 measured
PA/target nonuniformity <6x1078 measured
Total (upper bound, from measurements) 1.4x1077
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Thus, the extraction of the systematic uncertainty from
the experimental data proceeds through the following steps.
First, we isolate the contributions to the total spin rotation
angle from different sources. Then, we use the ion chamber
calibration of the sensitivity of the polarimeter to longitudinal
magnetic fields along with the measurements of the polariza-
tion products for the two sub-beams in the apparatus to exper-
imentally determine the degree of common-mode suppression
of the spin rotation from internal magnetic fields using the =
coil off data with a known amplified internal magnetic field.
We multiply this suppression factor with the value of the
average magnetic field as determined from the ion chamber
response to extract the systematic uncertainty. The details of
how these analysis procedures are implemented in practice
will appear in a forthcoming paper on the results of the liquid
helium measurements.

VIl. CONCLUSION

In this paper, we have presented the design, performance,
and an outline of the statistical and systematic uncertainty
analysis for an apparatus which is capable of measuring the
rotary power for polarized slow neutrons passing through
matter at the level of d¢/dz = 1 x 1077 rad/m. Our apparatus
is optimized to measure a very small rotation angle with an
accuracy of a few percent and a high insensitivity to possible
sources of systematic uncertainty. A new phase of the liquid
helium measurement which motivated the development of this
apparatus is planned® at a more intense neutron beam under
construction at NIST* which should have enough neutron flux
to conduct a measurement with this statistical precision.

The same methods we have described here could also
be used to measure the neutron rotary power in other target
media. Although our work has been mainly motivated by
the search for neutron-nucleus parity violation from the elec-
toweak sector of the Standard Model and by searches for
possible exotic sources of neutron parity violation, there
are many other ways that condensed media can generate
mirror-asymmetric interaction of polarized neutrons in the
medium which this apparatus could be used to measure.
Examples include, but are not limited to, neutron spin rotation
in handed molecules,®*6? noncentrosymmetric perfect crys-
tals,®*-%7 materials with helical internal magnetic fields,*® and
spinning matter.%~"! A slightly modified apparatus configura-
tion with the 7-coil after a target split into quadrants is now in
preparation for a proposed search for possible exotic parity-
even neutron spin-dependent interactions”7? which can cause
transversely polarized neutrons to tilt forward rather than to
rotate relative to the beam momentum.

The specific apparatus, measurement method, and system-
atic effect analysis described in this paper is best suited to
media which do not possess or produce magnetic fields. How-
ever, the systematic effects for measurements of neutron spin
rotation in media such as polarized targets and magnetized
materials are broadly similar, and many of the same consid-
erations described in this paper also apply. Examples include
polarized neutron techniques such as spherical neutron polar-
imetry’*"¢ and experiments envisioned for possible tests of
time reversal invariance in epithermal polarized neutron trans-
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mission through polarized nuclear targets.”””’® A description
of methods which can be used to further improve the precision
of neutron polarimetry in these systems as well would be very
useful.
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