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Abstract

The NPDGamma collaboration aims to measure a parity—violating direc-
tional gamma-ray asymmetry from the capture of polarized cold neutrons on
protons. The asymmetry, predicted to be on the order of 50 ppb, is a result
of the weak interaction between mesons and nucleons during the neutron
capture reaction. The experiment is designed to make a statistics limited
measurement of the asymmetry at the level of about 20%. The experiment
will be carried out at the Fundamental neutron Physics Beamline (FnPB) at
the Spallation Neutron Source (SNS). The neutron beam is polarized by a
super—mirror polarizer. A 9.5 G magnetic field guides the neutron spin to a
liquid para-hydrogen target, where the neutrons capture forming a deuteron
and a 2.2 MeV gamma-ray. The gamma-rays will be detected by a cylin-
drical array of Csl scintillating crystals. The beam polarization is reversed
with the aid of a resonant RF Spin Rotator (RFSR). This thesis considers
different methods for determining the beam polarization and efficiency of the

RFSR.
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Chapter 1

Theory and Motivation

The weak interaction is the only force known to violate mirror-symmetry
(parity). Hadrons, being composites of quarks, participate in all fundamen-
tal interactions (gravitational, electromagnetic, strong, and weak). Weak in-
teractions involving leptons (which do not interact strongly) have been well
characterized by high-energy experiments see [60]. The weak boson (W# and
Z) masses are on the order of 100 GeV; thus the relative strength of the weak
interaction to the strong or electromagnetic force is small; and since the range
of the weak bosons is about 107*¥m, quarks can only interact weakly when
they are sufficiently close. The study of hadronic weak interactions (HWT)
is vital as it provides a probe of strong quark—quark correlations within the
hadron, but has proven experimentally challenging.

Under normal conditions in the present universe, hadrons are usually
bound together in nuclei. Parity—violation (PV) has been observed in semi-
leptonic decays of medium-mass nuclei such as ®°Co. Also, hadronic PV in
atomic transitions has been seen, due to many—body enhancement effects. In
low—mass nuclei, where a microscopic theory is able to predict the size of PV,
no convincing evidence of PV has been observed, due mainly to experiments
not having the required sensitivity.

The simplest nuclear reaction, 77 + p — d + v, at low energy, provides an
ideal lab to study hadronic weak interactions and test models; by measuring
the parity-violating correlation (the gamma-ray asymmetry A,) between
neutron spin and gamma momentum in the capture of polarized neutrons on
protons.

In this chapter a brief history of PV is mentioned and an introduction to
the theory of the expected gamma-ray asymmetry is presented.



1.1 Parity and its Violation in Weak Interac-
tions

A parity operation reverses the sign of all spatial coordinates. When an
observable is invariant under a parity operation, the observable is parity—
even (e.g. axial vectors like the magnetic field and angular momentum, as
well as scalars). When a parity operation reverses the sign of an observable,
that quantity is parity—odd (e.g. polar vectors like position, momentum,
and the electric field; and pseudo—scalars like the the scalar product of a
vector and axial vector). For a while, parity symmetry was long thought to
be a fundamental discrete symmetry of nature. Since the gravitational and
electromagnetic interactions are invariant under a spatial inversion, it was
assumed that strong and weak nuclear forces should obey the same invariance
principle. Further investigations showed this not to be the case for the weak
interaction.

1.1.1 Brief History of PV in Nuclear Physics

In the 1930s Fermi proposed a theory of weak interactions to explain [5—
decay, and Yukawa developed the theory of meson—exchange to explain the
strong nuclear force [22, [61]. Yukawa’s theory postulated massive bosons,
later determined to be pions (7*°), as force carriers of the strong interac-
tion; thereby, explaining the short-range (about 1 fm) behavior of the nu-
clear force. Even with the advent of Quantum Chromodynamics (QCD)
this approach is a useful descriptive theory. Parity is conserved in the
strong/color force, as it is a purely vector interaction; there is no mixing
of parity—even/odd functions that would give rise to parity—violating observ-
ables. Fermi’s theory is a four fermion contact interaction, that also conserves
parity. Purcell and Ramsey, in 1950, pointed out that parity conservation
had not been experimentally verified in nuclear/particle physics [48)].

In 1954 Chinowsky and Steinberger [15] showed that the pions must have
negative parity, thus they are psuedo—scalar particles. This led to a problem
in explaining kaon (K*) decays. It was observed that K*s decayed in two
ways

Kt = rtata~
K+ — atn0,



If parity were conserved in nature, assuming no angular momentum between
the pions, the following relationship would hold

P(rtn%) = PKT =P(ntrta)

= (=1D(=1) = (=D(=1)(-1)
1=—1x%

A common belief at the time was that there were two distinct particles with
identical lifetimes and masses. One decayed to three pions, while the other,
decayed to two; these were known as 7 and 6, respectively.

In 1956, inspired by the 70 puzzle, Lee and Yang [34] showed that PV in
the weak interaction was not well constrained, and suggested experimental
searches. Wu et al. [59] took up this challenge and in 1957 the first clear
evidence of PV in the nucleus was observed in the distribution of electrons
from the S-decay of °Co. Immediately following this result Garwin et al.
[25] found evidence of PV in the leptonic decay of pions.

In 1958 Feynman and Gell-Mann published their V — A current—current
theory of the weak interaction to account for PV [23]. In the 1960s two
major theoretical developments were the accurate methods of calculating
parity violating observables from symmetries of the V — A theory [I1] and
the Weinberg-Salam standard model of electroweak interactions [56] B1]. It
was also in this decade that the first evidence of hadronic PV was observed in
the 472 keV transition in ' Ta [36] and in the capture of polarized neutrons
on "3Cd [1]; though this latter result came under scrutiny [43].

By the end of the 1970s the first searches for PV arising from electron
nucleus neutral curents in atomic transitions had been carried out [16] and
were in disagreement with results from neutrino neutral current studies [9].
Also, in 1972 Lobashov et al. [37] reported a large gamma-ray circular polar-
ization (P, = —1.30£0.45-107°%) in the capture of thermal neutrons in water
(a fraction of this signal is due to 7 + p — d + 7); suggesting that hadronic
weak interactions are not well characterized by the standard model. This led
Cavaignac et al. [14] in 1977 to carry out the first search for parity violating
neutral currents in the 7 4+ p — d + v reaction using a liquid hydrogen tar-
get, by looking for an asymmetry in the distribution of gamma-rays emitted
with respect to neutron spin. Some of these issues remain unsettled; but by
the 1980s a new theoretical framework had been introduced.

In 1980 Desplanques, Donoghue, and Holstein (DDH) published calcula-
tions that related parity violating observables to weak meson-nucleon (mN,
with m = 7, p,w) coupling constants [20] HA! (where AT is the isospin
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change of the reaction)ﬂ; this will be discussed in some detail later. This
framework inspired a host of experiments to measure these coupling con-
stants, such as:

1. Searches to determine the analyzing power for longitudinally polarized
protons in p'+ p scattering; which is sensitive primarily to pN coupling;
but, depending on energy, also to the wN coupling.

2. Measurements of the circular polarization (P,) of photons in the 1080
MeV transition of 8F; sensitive to 7N coupling.

Interestingly, nuclear anapole moment searches in atomic transitions, pri-
marily in !33Cs, can also be related to the these meson-nucleon coupling
constants. These transitions are predominantly sensitive to 7N coupling,
but also to pN and wN couplings.

A review, in 1985, of the ®F null results [2] showed that the data imply
a small value of the 7N coupling constant as compared with the DDH best
value of 50 ppb. In 1997 Wood et al. found evidence of an anapole moment in
the 133Cs system [58]; when this was integrated with DDH [24], it suggested
that the 7N coupling constant was a factor of seven larger than the upper
limit set by the results of [2]. In the next section, we delve into the theory
related to A, in the @ + p — d + 7y reaction, to gain an understanding of how
the NPDGamma experiment can resolve some of this confustion.

1.2 The Weak NN Interaction

The strong nuclear force can be modeled as the exchange of mesons be-
tween nucleons. The dueteron is known to have only a single weakly bound
state, thus only the lightest mesons need be considered; these are the pi-
ons (7ri,7r0)E| Barton showed that, so far as CP is conserved, H spinless

!The small mass diference between the neutron and proton allow them to be consid-
ered, in the strong interaction, a single two—state system (the nucleon); similar to the
electron which is observed to be either in a spin—up or spin—down state. Thus the proton
and neutron form a doublet in an abstract psuedo—spin or isospin space. For a detailed
discussion of isospin see for example [10] [13].

2However, it is noted that the heavy mesons contribute about 10% of the nuclear force
in the dueteron

3The combined discrete symmetry of charge-conjugation and parity reversal, CP, was
once thought to be conserved; it is now known that, to a small degree, the SM violates
CP as well.



neutral currents cannot lead to PV [§]. Thus, only 7% exchange will dom-
inate the hadronic weak interaction. The mass of these particles is about
140 MeV, implying the range is about 1.4 fm. Looking at the empirical for-
mula (r = 1.2AY3fm, [57]) we expect the dueteron to have a radius of about
1.5 fm, in good agreement with the range of the 7. To first order we are
only interested in single pion exchange (see figure 1.1). We note that this
interaction switches the isospin of each of the nucleons, hence this is Al =1
transition.

In the Standard Model (SM) the weak force is also characterized by the
exchange of massive particles (W* and Z). The masses of these particles are
on the order of 100 Gev, hence the ranges are on the order of 1072 fm. Due
to 27 and w exchange, at a distance of < 0.2 fm the strong force becomes
repulsive [I3]; thus contact interactions between nucleons are suppressed. In
this context there can only be a Weak coupling between an exchanged pion
and a nucleon. The authors in [2] showed that the charged weak current is
suppressed by the Cabibo angle in the Al = 1 channel; meaning that PV in
the two nucleon system is primarily due to Z exchange between quarks in a
mN vertex.

An estimate of the relative coupling strengths between the weak and
strong interactions can be gained from the following example: The relation-
ship between a particle’s lifetime and the coupling strength of the interaction
responsible for its decay can be found in many particle physics textbooks (e.g.
[32]); the relationship shows

T 1/a?,

where « is the coupling strength. We compare a weak flavor changing decay
to a strong flavor conserving decay, whose reaction products are the same.

n n D

Figure 1.1: 7% exchange in the deuteron



Yt = p+a°
At = p+ 70

The lifetimes are 8.0 - 107'!'s and 5.6 - 10~%4s, respectively. From the above
we find the relative strength of the weak to the strong coupling to be

aw o JTa = 27.1077
as S

We conclude that the natural size of the weak contribution to the 7N coupling
is on the order of a few parts per million (ppm). Hence, in the following we
introduce the weak potential as a perturbation to the strong hamiltonian.

1.2.1 The Weak Nucleon Potential

In the context of pion exchange the strong interaction hamiltonian can be
written as .

Hs = igN7s(7 - ¢)N, (1.1)
where 7 o (01, 09,03) (the o; are the Pauli matrices), 75 = iy%y!92¢3 (the
7v's are the Dirac matrices), and g ~ 0.08 ([10]) is the strong interaction
coupling strength. This leads to the one pion exchange NN potential

e—mﬂ—”"

Anr

V.= (i) (o1 1) (02 ) (1.2)

My
Where m,,; is the pion mass, r = |r] —r3| is the distance between the nucleons,
and p; = 0,,.
Naively, one might write down the contact V — A weak interaction be-
tween nucleons like so

Hy o¢ (p7u(1 = 75)%n) (Gn (L = 75)p)- (1.3)

This is incorrect, as discussed above, nucleonic contact interactions are su-
pressed; and the weak bosons have finite range. A proper hamiltonian, at
the microscopic level, requires the electroweak interaction between quarks;
as done in [20]. There the perturbative weak hamiltonian (H,,) has been iso-
lated into parity conserving (PC) and parity non-conserving (PNC) terms
A

H, = Hpc + Hpne. (14)

4This is ultimately allowed by the assumption that one nucleon emits a meson through
a weak interaction, which is then absorbed by another nucleon through a strong interaction
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The total (strong plus weak) hamiltonian of the NN system may be written
as
H=H,+ H,. (1.5)

From perturbation theory it is known that the perturbed nucleon eigenstates
(1) are the sum of the unperturbed strong eigenstates (1) with the weak
eigenstates (¢);

w = ¢0 + Gwl. (16)
The weak mixing coefficient is given by
Y1 Huto
= : 1.7

and AF is the difference in energy between the two parity states.
Surrendering to arguments in [20, 26] the 7NN weak potential (V,) can be
calculated by using the Lippmann—Schwinger equation: The Green’s function

1

G:E—mik

(1.8)
is inserted into the transfer-matrix (7) between final and initial nucleon

pairs,
(fITliy = (fIHuli) + (fIHoGHyli) + ... (1.9)

Keeping only the 1% order non—vanishing terms this becomes

1 1

7 HSHPNC|i> + <f|HPNcE — HSHPC|i>- (1.10)

(flHwli) = (f|Hpc

DDH give Hpc and Hpyc, in the context of one pion exchange, as

Hpc = igeN75(16- + 71 )N (1.11)

hr -
HPNC = EN(T+¢_ — T_¢+)N. (112)
Here g, ~ (GpFy)/2v/2 ~ 3.8-107% (Gr = 1.166 - 1075 GeV~2 is the
Fermi constant and F; = 0.094 GeV is the pion decay constant)[62], ¢_ ()
represents the creation of a 7=(t) or correspondingly the destruction of a

a5, T_(4+) is the isospin transformation matrix. We have suppressed a



term involving 7.¢g, as my is being ignored. Plugging these into equation
1.10 and fourier transforming into position space (see [26]) yields

1

V(r) = Z'M—’T(THTQ_ — T1-To1)(01 + G3) - {(p? —P3);
N

e—mﬂr

] , (1.13)

Amr

where H! = (gzh:)/V/32 is the weak 7N coupling strength. The main dif-
ference between the strong and weak wNN potentials is the coupling be-
tween the isospin of the nucleons; the strong potential has a scalar while the
weak potential has a psuedo—scalar coupling. In the next sub-section it is
shown how this potential can be related to a gamma-ray asymmetry in the
1+ p — d + 7y reaction.

1.2.2 EM Transitions and the Gamma Distribution

When the neutron captures on the proton, electromagnetic transitions be-
tween the unbound and bound (deuteron) states lead to the emission of a
gamma-ray. In the language of partial-waves, the unbound state of the
neutron and proton is predominantly S—wave; that is the orbital angular mo-
mentum (L;) of the system is zero. From the previous subsection it is known
that to leading order, V,, perturbatively adds P—waves whose isospin differs
by one unit from that of the original S—waves. Using the spectroscopic no-
tation |*T1L; I), where [ is the isospin of the state and J is the vector sum
of the orbital and spin angular momentum, the unbound state with J; = 0,
is written as

1S, 1).

Knowing the deuteron ground state (see below), the unbound states with
J; = 1 are given by

0.98|351, 0>, O.2|3D1, O), and CLl|3P1, 1>

The subindex on a indicates that this coefficient comes from a Al = 1
transition.

The properties of the deuteron are summarized in [I0]. Its one bound
state is predominantly S—wave, though the tensor component of the strong
interaction adds a quadrupole moment (D—wave). The total angular momen-
tum is J; = 1. Again, we assert that V,, perturbatively adds the appropriate
P—waves; hence,



|d) = 0.9835;,0) + 0.2 Dy, 0) + a1 [*P;, 1).

The electromagnetic transition operator (Hgjs) may be split into electric
and magnetic components, we write these simply as F(l) and M(l) respec-
tively. To leading order only dipole transitions will contribute as higher
multipoles are suppressed by a factor of (kr)!; and since P(E(l)) = (—1)! and
P(M (1)) = (—1)*! the 1% order parity violating term comes from F(1) (the
electric—dipole transition). Thus only AL = 1 transitions will contribute to
PV. It is noted that electro-magnetic transitions between states with the
same isospin lead to vanishing matrix elements [29]. Putting this together
there will be one matrix element in the transition |'Sp, 1) — |d), which is

0.98(3S,, 0] M (1)]"So, 1)

this is a PC transition and produces no asymmetry. Scattering from the
J; = 1 to the |d) state leads to the following PNC matrix elements

0.98@1 <3P1, 1|E(1)|381, 0
0.98@1 <381, 0|E(1)|3P1, 1
0.20a; 3Dy, 0|E(1)]3P;, 1
0.20a, 3Py, 1| E(1)[*Dy,0

~ ~—

T ~—

By applying Fermi’s golden rule,

<f‘VEM’i>’2pO< do, (1.14)

2
Livy =~

and using Wigner D—functions to obtain arbitrary gamma directionsE| the
results given in [26] may be expanded to include the D—wave; we find

do 1 (E1) 4+ (E£1)'
0= 1 <1 — 4v/2 cos prfan) ; (1.15)

where (M1), (E1), and (E1)" are given by

5The D-functions allow one to determine the rotation between the L of the field radi-
ation with respect to the L of the np system; since the gamma has helicity ¢/ = +1 and
the neutron is polarized, the Euler angle in the D—function is the angle between gamma
momentum (p,) and neutron spin (o,,). We also note that the initial unbound state for a
polarized beam of neutrons incident on an unpolarized target is a coherent superposition
of both the J; = 0 and J; = 1 states [26], B9]; and the helicity of the gamma-ray must
satisfy the relation p/ = M;, — M,



(M1) = 0.98 [ d*r(3Sy,0/M(1)['So, 1)
(E1) = 0.98ar [ &’r (P, HE(D)[S1,0) + (*S1, 01 E(1)]> P, 1))
(E1) = 0.20a, [ d®r (CP, 1E(1)PD1,0) + ($Dy, 0| E(1)P Py, 1)).

Using states as given by [10], we calculate |(E1)|'/|(E1)| ~ 10%. The
DDH model (to be discussed below) is not sensitive to an effect on this
order; hence we define the gamma asymmetry (A,) simply as

[(ED)]

A, ~ _4\/§|(M1>|'

(1.16)

When the calculations are carried out, it is found that A, ~ —0.045H}. Thus,
a measured gamma-ray asymmetry in 7 + p — d + -y is a direct measure of
the 7N coupling constant in the parity violating weak potential.

1.2.3 DDH Framework and EFT

The authors of [20] made an attempt at a unified treatment of hadronic PV in
the Standard Model. They began by relating the group SU(6),, to the quark
model. SU(6),, is a Lorentz invariant generalization of SU(6). The indices
of SU(6), can be related to the three lightest quarks in the following way:
l=ut,2=u/l...6=s]; where 1| represents the spin—up or spin-down
state of the quark. By using the electroweak model, DDH explicitly includes
both charged—current (WW*) and neutral-current (Z) interactions between
quarks.

Hyperon decay data were used to constrain couplings in weak N — N'm
vertices; from there the effective NN weak potential is constructed. There are
large uncertainties in the estimation of the mN weak coupling counstants.
Thus, what the DDH model predicts is a reasonable range of values for
the constants. For the case of & exchange, the predicted range is H! =
0—1.55 - 1075 with a “best value” of H! =6.2-107", which implies that
|A,| ~3-1078.

Recently Effective Field Theory (EFT) has found application in the study
of HWI. A comparison of EFT and DDH (single pion exchange) approaches is
illustrated in figure 1.2. From the diagrams it is seen that EFT is applicable
for a range of scales; to name of few: There is the weak scale A, o v/Gp ~
250 GeV, the hadron scale Ay o m, ~ 1 GeV (this is also about the same
scale that the strong force becomes repulsive due to p and w exchange), and

10



the “pion scale” derived from the fact that the pion mass (m,) and decay
constant (F}) are both on the order of 100 MeV.

In the EFT framework, S and P wave mixing is parameterized by low
energy amplitudes with constant coefficients. These constants are related to
parameters in general parity violating short-range, medium-range, and long—
range potentials that are linearly dependent on momentum transfer. These
parameters are related to DDH couplings and to experimental observables.
When all this is done, the expected gamma-ray asymmetry is still predicted
to be on the order of 50 ppb. For a more detailed introduction to EFT see
[62], 35, 149].

In the next chapter the NPDGamma apparatus is described in some de-
tail, and it is explained how it enables an accurate measurement of A.,.

=
=
=
=
2
=
=
=

(a) (b) (¢) (d)

Figure 1.2: Each diagram has one parity violating vertex (unlabeled). a
represents the DDH 7NN interaction; b, ¢, and d are short-range, medium—
range, and long-range NN interactions in EFT. This figure is based off of a
figure in [49]
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Chapter 2

Experimental Apparatus

To make a statistics limited measurement on the order of 10-20% of A, ~
5-1078, systematic effects that produce false asymmetries, should be < 1078.
The statistical error must be < 1-1078; according to counting statistics about
10'® gamma-rays must be detected, thus about the same amount of neutrons
must capture on protons. These constraints help define the experimental
components. The requirements to measure A, are: a high flux polarized
neutron beam, a proton-rich target that will not depolarize the beam, high—
efficiency gamma detectors, and a means of comparing the gamma flux with
respect to neutron spin without introducing systematic effects (this is done
by fast spin reversal of the neutron beam).

A model of the NPDGamma experiment is shown in figure 2.1. At the
Fundamental neutron Physics Beamline (FnPB) at the Spallation Neutron
Source (SNS), cold neutrons from a liquid hydrogen (LH,) moderator are
transported by a super—mirror guide to a super-mirror polarizer. The po-
larizer absorbs one of the neutron spin states, rendering a beam with a net
polarization. A magnetic guide field defines the axis of quantization and pre-
serves beam polarization between the polarizer and the target. The neutrons
enter the Radio—Frequency Spin Rotator (RFSR)[]; where the polarization
is reversed (when the RFSR is on) or left alone (when the RFSR is off).
Finally, the neutrons enter the LH, target. When a neutron is captured by
a proton, a deuteron and a 2.2 MeV gamma-ray are formed. The gammas
are detected by an array of 48 Csl crystals in a cylindrical formation giving
about 37 sr coverage of the LH; vessel. The gamma-rays produce ionization

! An audio frequency (30 kHz) is used; but, for historical reasons is refered to as “RF.”
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Magnetic Field Coils

Beam Stop

Figure 2.1: Model of the NPDGamma experiment at FnPB. Original image
taken from [47]

in the Csl crystals, which then emit scintillation light. The light is detected
by vacuum photo diodes (VPDs) that create a current signal. The current
signal is sent to preamplifiers; and then read by the ADC in the Data Acqui-
sition system (DAQ). The above components will be elaborated on in this
chapter.

2.1 Neutron Production at FnPB

Neutron poduction at the SNS begins with a beam of hydrogen ions (H™)
that are accelerated down a 0.3 km long LINAC (made of both normal and
superconducting segments) to 1 GeV; the beam current is about 1 mA. The
H™ beam is passed through a foil that strips the electrons off, and passes the
protons to an accumulator ring where the beam is spooled around about 1000
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times before the protons are delivered to a liquid mercury (LHg) target in a
1us long pulse; the proton pulses impinge on the LHg target every 17 ms (i.e.
a pulse repetition rate of 60 Hz). The Hg nuclei undergo spallation, releasing
tens of neutrons per proton. The neutrons enter a LH, moderator where
they lose energy to the hydrogen and are then delivered to the Fundamental
neutron Physics Beamline (FnPB).

When in operation, the accelerated proton beam deposits approximately
1 MW of power into the LHg target. The LHg is housed in a thimble that is
exposed to the proton beam,E] that circulates about 1.4m? of mercury (about
20 tons [30]) through a cooling system designed to dissipate heat up to 2
MW. For more details about the SNS and its operation, please see [44] [30]

2.1.1 Super—Mirror Guide

Neutrons are transported to the experimental area by super—mirror guides.
The neutron guides at FnPB have a cross—sectional area of 10x12 cm?; chosen
to match the dimensions of the moderator. Neutrons leaving the moderator
are emitted isotropically. Upon entering the guide this geometric dependence
is reduced (i.e. if the guide were completely lossless the intensity would
remain constant from the entrance to the exit of the guide).

The cold guide starts about 1 m away from the moderator exit with a
core segment that is about 1.3 m long. Following the core guide, neutrons
enter a five channel bender that is approximately 5 m long with a radius of
curvature on the order of 50 m. The bender blocks the line of sight to the
moderator and thus helps shield the experiment from high energy neutrons
and gamma-rays. The channels in the bender are composed of four equally
spaced vertical V&HGSEI After the bender, neutrons are transported down a
straight section of m = 3.6 E] super—mirror guide that extends about 8 m;
ending approximately 15 m away from the moderator, in the experimental
area. Along the length of this guide are the primary and secondary shutters,
four chopper housings, and the 8.9 Aintercalated graphite monochromator
for the UCN line. For further details please see [31].

As the guide and polarizer operate on similar principles, an understanding
of neutron optics is instructive. We start with a partial wave analysis of plane

2We note that if the SNS ran continuously for one year, the thimble would have been
exposed to beam for about 30 minutes.

3Channels are required as the critical angle is on the order of a few milliradians.

4The quantity m is defined below.
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waves scattering from a nucleus at the origin, we have

ezkr

W(r,0,0) = e+ £(6,0)

(2.1)

Where z is the direction of the incoming plane waves, k = 2w /A, with A
on the order of angstroms for cold neutrons, r is the separation between
the neutron and the scattering site, and f(0, ¢) is the scattering amplitude.
S—wave scattering dominates the processﬂ hence f(6,¢) — f.

The nucleus can be approximated by a several MeV deep square—well,
with a range on the order of a few fm. Hence, the neutron’s wavelength,
in the well, is on the order of 1 fm; while outside of the potential well the
neutron’s wavelength is a few A. Far from the nucleus (r > 1) the plane
waves behave as

ik, . SInkr
2.2
e . (2.2)
The wavefunction is
eikr o e—ikr )
o + feltr = rV(k,r) =u(k,r). (2.3)
)

Far from the scattering site the Schrodinger equation for the radial wavefunc-
tion, u(k,r), is just the Helmholtz equation, which has solutions u(k,r) =
C'sin(kr + §); where C' and (ﬂ are determined by boundary conditions. If
C = e [k, then

__ ,idsind
[ =e"5e.

If the phase shift is small then, to first order in §, f = §/k = —a. Since the
differential scattering cross—section is given by

do
=1
Then the total coherent scattering cross—section is

o = 4ma’.

5Using a classical argument, if a particle approaches a hard sphere with radius 7 at an
impact parameter greater than r no scattering occurs. Since [ = hkr then partial waves
with I/h > kr do not scatter (i.e. if [ > kr then the phase shift of the outgoing wave is
zero). For more details see [57]

6Tt can be shown that for low energy scattering § = —ka, where a is the scattering
length [33]
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Thus, far from the nucleus, the outgoing wavefunction is that of a particle
scattering from a hard sphere with radius a.

A cold neutron, with A on the order of a few A, interacts with a homo-
geneous material (of a single element); whose nuclei are rigidly fixed with a
spacing also on the order of angstroms; experiences several such scattering
lengths. Assuming that the scattering does not significantly change the inci-
dent wave (i.e. the wave incident on each nucleus, V,(r’), is the same as the
incident wave on the entire sample, W(7’),) the total wavefunction becomes.

. 6ik|r—7"/|
U(r) =" — /\IJ(T') Na(r)d®r'. (2.4)

=

Following the example of Golub et al. [28], we operate on both sides by
(=h%/2m,,)(V? + k), which yields

" 2w + 2 Naw(r) = PV g0y = B, (2.5)

2m,, my, 2m,

If a > 0, this is the Schroedinger equation for scattering from a step potential
(V) given by
2mh?

my

V:

Na. (2.6)

The index of refraction (n) for the material is given by the ratio of the
neutron momentum in the material to the free neutron far from the guide

walls:
Vv Na
=4/1— —~1-—"T)\2 2.7
"=V T E o (2.7)

From Snell’s law the critical angle for total external reflection from the surface
of the guide is

cosf, = —. (2.8)

Letting n, = 1, for small angles we find

Na
0. >~ 4/ ?)\. (2.9)

From [28] we find that for nickel-58 Na = 1.3-10~> A=2. Thus a neutron of
four angstroms (around the peak flux at FnPB) will have a critical angle of
0. ~ 8 mrad.
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Adding alternating layers of Ni and Tim for example, with a character-
istic spacing of d ~ h/p, allows neutrons (with the appropriate momentum
perpendicular to the guide surface, p, ) to Bragg reflect off the multilayers;
thereby extending the critical angle (i.e. . — m#..). Presently, super—mirrors
with m = 3-4 are commercially available. Varying the layer spacing allows
neutrons of different p, to also be Bragg reflected.

The neutron intensity (Ny(\)) exiting the guide is given by the input
intensity (N;(\)) scaled by geometrical properties of the guide (e.g. the
length of the guide, its radius of curvature, and its effective solid angle);
Maier—Leibnitz et al. [41] have determined these scaling factors for straight
and curved guides. A detailed simulation of the spectra exiting the guide
was done by Huffman [31]. Figure 2.2 shows this simulated spectra and the
measured neutron flux at FnPB, as a function of wavelength in angstroms.
The figure shows the simulated spectra to be in good agreement with the
measured spectra.

FNPB - 03/12/2009

100 :
calculated ——

measured ——

N/emZ/AMW-s (x107)

0.01 ) L L L ]
5 10 15 20 25

Wavelength, A

Figure 2.2: Simulated and measured neutron flux exiting the guide at FnPB.
Image taken from [45]

"The scattering cross—section for °®Ni is about 26 b, while for Ti it is about 4 b; the
absorption cross—section for both is about 5 b; see [19]
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2.1.2 Frame Definition Choppers

Frame definition choppers make it possible to select only part of the neutron
spectrum in a given pulse. This helps to control for experimental errors; for
example, it allows for effective neutron spin reversal. A pair of choppers have
been phased to prevent overlap of slow neutrons from a given pulse with fast
neutrons from the subsequent pulse.

The choppers are aluminum disks covered in °B paintﬂ excluding a wedge
with an opening angle #. The choppers rotate at a frequency f = 60Hz (as
this is the pulse rate of the accelerator).

A solution to the chopper opening angles can be found in the following
way: A neutron beam travels down the guide, where at a distance x away
from the moderator it encounters the chopper. At a distance L > x away
from the moderator the beam enters the LH, target. An illustration of the
position of the neutrons as a function of time is presented in figure 2.3; from
the figure it is seen that by similar triangles the following relation holds

2rx

f=—— 2.1
= (2.10)

Assuming that the opening and closing times are short as compared with the
time (7) that the chopper is open we find
0
T=—.
2 f
FnPB has chopper housings at 5.5 m , 7.5 m, 9.0 m, and 10.5 m away

from the moderator; the LH, target will be about 18 m from the moderator.
An estimate of the optimal opening angle for choppers 1 and 2 is below:

(2.11)

275.5
L= 22~ 1.92rad ~ 110°, (2.12)
18
275
0, = 7;8 ~ 2.62rad ~ 150°. (2.13)

Mahurin and Crawford in [38] made a detailed study of various chopper con-
figurations and opening angles and found that two counter—rotating choppers,
with the smallest opening angles that disallow wrap—around neutrons, have
the optimal opening angles of 6; ~ 132° and 6, ~ 167°; in rough agreement
with the above estimates.

8Boron-10 has an absorption cross-section of about > 3800b, while the scattering
cross—section is a few barns.
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Figure 2.3: Plot of neutron position (relative to the moderator exit) vs time
(in 60 Hz intervals). Wrap—around neutrons are eliminated by installing a
second chopper downstream. Image from [39)].

2.2 Super—Mirror Polarizer

The first super—mirrors were developed by Mezei for neutron polarization
[42]; their more common use as spin-independent guides occured later. In
the case of the polarizers the multi-layers are interspersed with magnetic
material (e.g. iron). The device sits in a large uniform magnetic field, on
the order of a few hundred Gauss, that magnetizes the multi-layers. The
neutron magnetic moment (u,,) interacts with the effective field, leading to a
Zeeman splitting of the optical potential; thus the critical angle is modified
in the following way:

Na _2m -
0. = M/ — F —"tin - Bess- 2.14
— F o Hn Beys (2.14)
Thus the polarizer can be crafted such that one spin—state has 6. < 1, and
will penetrate the multi-layers and be absorbed by the substrate;ﬂ while the
other spin—state has 6, ~ /26,9, where 6, is the critical angle in the absence

of magnetic fields.

9Borated glass is a typical substrate; the wrong spin-state neutrons are captured by
the boron and emit a single 0.5 MeV gamma-ray; iron in the multilayers can also become
activated. This requires the polarizer to be enclosed in shielding.
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The polarizer at FnPB is a 43 ¢m long bender, with a radius of curvature
of about 11 m (the bend ensures that every neutron makes a bounce, leading
to a high beam polarization). It is 10 cm wide by 12 cm tall (to match the
cross—section of the guide), and has 45 channels. The concave surfaces of the
vanes will have m = 3 coating; and the convex surfaces have m = 2. The
expected transmission will be about 30%; neutron beam polarization will be
2 95%. For more details please see the design studies done by Crawford [17].

2.2.1 Compensation of the Polarizer Field

The polarizer is encased in a magnetic yoke that is composed of two magnets;
a schematic is shown in figure 2.4. The inner magnet provides the required
field for beam polarization. It is made of 12 pairs of NdFeB stacks; each
stack is about 1.5 cm wide, 2 cm long, and 14 cm tall. The outer magnet’s
field is oriented so as to compensate the fringing field and gradient of the
inner magnet. The outer magnet is composed of 6 pairs of NdFeB stacks;
each is 2.5 cm wide, 2 cm long, and 25 cm tall. The top and bottom of each
magnet is made of high grade Armco iron plates; the compensation magnet’s
plates are 1 cm thick and about 29 cm wide by 50 c¢cm long, while the inner
magnet’s plates are 0.8 cm thick and about 50 cm long by 16.5 cm wide.
Balascuta has shown that the field in the region of the polarizer is above 300
G for this design [6]; which satisfies the requirement for polarization coming
from the manufacturer [47].

Shimming strips will be added to the sides of the compensation magnet
to help minimize field gradients in the region of the experiment that can
lead to beam depolarization in the RFSR and/or Stern-Gerlach steering of
the beam in the target. First order numerical calculations (included in the
appendix) show that these effects should be negligible for this design.

2.3 Magnetic Guide Field

A magnetic guide field, of about 9.5 G, defines the quantization axis (the
vertical direction in this experiment). The field is created by four racetrack
coils that are about 3 m long and 1.5 m wide. The coils are stacked vertically,
such that the top and bottom coils are 2 m apart; these each have a total
current of about 1 kA. The middle coils are seperated by a vertical distance
of 0.5 m and have a total current of about 400 A. See [6] for more details.
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Figure 2.4: Schematic of the double yoke design, to compensate the field of
the polarizer. Image originally from [6].

The guide field will be shimmed to satisfy the uniformity requirement set
by the Stern—Gerlach asymmetry. Vertical field gradients must be kept at
approximately the level of 1 mG/cm to ensure that this false asymmetry is
below the level of 1 ppb.

2.4 Resonant RF Spin Rotator

The efficiency of the gamma-ray detectors (to be discussed later) will slowly
vary over time due to activation, from being exposed to the neutron beam,
and temperature fluctuations; and it is very unlikely that opposing detectors
will behave identically over a period of time required to perform the measure-
ment. That is, the difference in the gamma-yields (Y') between a detector
pair will lead to an asymmetry

Yy —Yp

=, 2.15
Yo +Yp ( )

not wholly dependent on the parity violating asymmetry, A,. Also, the asym-
metry cannot be determined, at the required level of precision, by measuring
the signal in the i*" detector and the corresponding signal for the the reversed
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spin—state in the same detector,

U
A= W (2.16)
i T

because pulse-to-pulse fluctuations in the beam current will lead to a false
asymmetry. The way around these potential sources of systematic errors is by
frequent spin reversal of the neutron beam, from which the raw asymmetry
is constructed,

(R G o
Yi+Y 4 Yy +Yy

From here, A, can be extracted (see [26] for more details).

To achieve the desired spin reversal a radio—frequency spin rotator (RFSR)
is used. The RFSR must satisfy the following requirements: Reversal of the
spin of all neutrons in the energy range of interest (about 2 meV to 13 meV),
with high efficiency. The AC fields must not introduce stray field gradients
that could steer the beam, nor can the fields couple to any other component;
and the AC field must be able to be turned on and off in a time frame of
about 1 ms.

The RFSR is a 30 cm long solenoid with a 30 cm diameter, housed in a 40
cm long, 40 cm diameter aluminum can; the Al housing is about 2 mm thick
[12]. To minimize electronic pick—up in other circuits the load in the power
circuit is held constant. To turn the RFSR off, the current is switched to an
impedance matched dummy load. The RFSR is turned off (1) and on ({)
for consecutive pulses in an eight step spin sequence (1]} 14171]), designed to
cancel quadratic drifts in detector gains that take place on a time scale of
100 ms.

Ao = (2.17)

2.4.1 Field of the RFSR

The expectation values of the neutron’s quantum mechanical spin projections
will follow the same dynamics as a classical magnetic moment. Hence a dis-
cussion of a magnetic moment that arises from a classical angular momentum
is instructive.

The neutrons gyromagnetic ratio is about 7, /2w ~ 2.9 kHz/G, since the
guide field is about 9.5 G the Larmor frequency is about f; ~ 28 kHz. The
RFSR produces a field oscillating at the Larmor frequency along the beam
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axis (Z). The total field in the lab frame is
By = BoY + B,y Cos(th)Z, (2.18)

where By is the vertical guide field, B,s is the rf amplitude, and wy, is the
angular Larmor frequency. The RF field can be rewritten as

A ~

B, . . .
B, s(t) = Tf (cos(th)Z + sin(wpt) X + cos(wpt)Z — Sm(th)X> . (2.19)

The rotating field is brought to rest by transforming to a frame, rotating at
a frequency of wy. The total field in the rotating frame is

By = (BO - %) Y + BQ’"f (14 cos(2wrt)) Z, — sin(2wpt) X,.  (2.20)
The subindex (r) indicates these coordinates are in the rotating frame. The
counter—rotating field in this rotating frame is oscillating at twice the Larmor
frequency, and thus is off resonance. The counter-rotating field makes the
magnetic moment “wobble” back and forth without signifcantly disturbing
the rotation of the neutron spin [26]; hence to first order we neglect it. The
effective field then, at resonance in the rotating frame is

B, s
2
The precession angle, about this field, is given by

0 = 77, B, ;AL (2.22)
where At is the time the neutron spends in the RFSR:
At = L7= ),

here L is the length the neutron traverses through the RFSR (0.3 m), m,, is
the neutron’s mass, h is Plank’s constant, and A is the neutron’s wavelength.
Thus to induce a 7 flip of the neutron spin, the amplitude, B,;, is varied
over the neutron time of flight (tof), or correspondingly A;

h 1 72-107%Tm
B,.¢(\) = — .
s VuMp L A A
For a 4Aneutron, the required RF amplitude is B, ¢ ~ 0.2 G. In practice, a
1/tof waveform from a function generator defines the envelope for the AC
field; this function gets triggered every proton pulse.
Further details about the RFSR and its efficiency (measured at LAN-

SCE), can be found in [52]. The issue of determining the efficiency of the
RFSR at FnPB is discussed in the next chapter.

Bejy = —L2,. (2.21)

(2.23)
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2.5 Liquid Hydrogen Target

The 77 + p — d + y reaction requires a dense unbound—proton rich material.
From [19], for thermal neutrons on hydrogen, the total scattering cross—
section (which is dominated by incoherent scattering) is about 80 b, while
the absorption cross—section is about 1/3 b. Qualitatively, we expect that
most hydrogen rich materials (e.g. methelene CHy, methane CHy, or water
H,0) will depolarize a neutron beam, as spin—incoherent scattering is much
more likely than coherent scattering or capture.

Molecular hydrogen is covalently bonded; from the Exclusion Principle
the two electrons filling the >—orbital have their spins anti-aligned. The
proton spins may be aligned in a triplet state, ortho—hydrogen (oHs), or
anti—aligned in a singlet state, para—hydrogen (pH,). The singlet state, with
S = L =0, is the ground—state; the lowest energy triplet state, S = L =1, is
higher in energy by 15 meV, due to the rotational degree of freedom. In LH,
at 20 K, at equilibrium, the concentration of oHy to pHs is on the order of
1073 [39]. Since angular momentum is conserved, neutrons interacting with
LpHs can spin—flip only if pHy — oHs. But, conservation of energy forbids
this unless the neutron can deliver 15 meV to induce the transition L = 0—1.

The flux at FnPB is peaked at an energy of a few meV, hence spin—flip
scattering is suppressed in LpH, and coherent scattering and absorption both
have cross—sections on the order of a few barns. Neutron beam depolarization
will be small in the target.

The target vessel is an aluminum cylinder that is about 30 cm long and 30
cm in diameter. Its walls are about 3.8 mm thick and the windows are about
1.5 mm thick [47]; simulations show that about 60% of incident neutrons
will capture in the target [26]. A schematic of the target cryostat with LpHs
vessel is shown in figure 2.5.

The target is filled as follows: Hydrogen gas flows through a gas purifier
to filter out water and particulates. Then Hs goes through a LN, purifier
pre-cooler, which filters out hydrocarbons and cools the gas to 120 K. The
H, passes through a pre-heat-exchanger where it is cooled to 80 K. Then Hy
condenses on copper fins attached to a 15 K cold head of the cryo—cooler. The
hydrogen drips into a ferrous hydroxide powder; this is to catalyze the ortho
to para conversion[l’] As the heat of conversion is greater than the heat

10The dominant mode for spontaneous oH, — pHy conversion is by ortho-ortho scat-
tering. The rate of this process depends on the square of the ortho concentration. Thus,
small concentrations oHy are stable [39)

24



of vaporization, the Hy will tend to boil off until the conversion is nearly
complete. Next the LH, flows to the target vessel; hydrogen that boils off is
directed to the condenser, where it is reliquified. The process continues until
the vessel is filled. The temperature is kept around 15-18 K, and monitored
by a pressure transducer and thermometers. A control system keeps the
target stable, and prevents the formation of bubbles; which could create a
vertical density gradient in the LpHs that can lead to a false asymmetry. For
more details see, for example, [12] and [39).

2.6 Csl Detector Array and Data Acquisition
System

In the NPDGamma experiment, photo—multiplier tubes (PMTs) cannot be
used as part of the gamma-ray detectors, because the charge multiplication
is very sensitive to magnetic field variations. Instead, Csl crystal scintillators
are attached to vacuum photo—diodes (VPDs).

Figure 2.5: Schematic of the LpH, target cryostat (with cryo—coolers at the
top and bottom) and the target vessel. Original image from [26]
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The detector array is shown in figure 2.6; it is composed of four rings,
each with 12 CsI(T1) crystals; the 48 crystals arranged in this cylindrical
formation give about 37 sr coverage of the LpH, vessel. Csl is well suited to
detect the 2.2 MeV gamma-rays because of its high density, about 5 g/cm?
[12]. The mean free path of the gamma-ray in CsI(Tl) is about 5 cm; to
attenuate 95% of the gamma-rays, the detector’s size is about three mean
free paths (i.e. the dimension of each crystal is (15 cm)?). Also, CsI(TI) is
very radiation hard, even with doses of up to 50 kRad [12]. Thus the crystal’s
transparency should not be significantly diminished over time; preventing a
decrease in the detected light which would lead to decreased sensitivity in a
given detector.

The dominant form of the scintillation process arises when an electron-
hole pair recombine forming an excited molecular state that decays through
photoemission. Another form comes from phosphorescence which is when
the electron-hole pair are in a metastable state that can take several us to
recombine. This effect can account for about one third of the total light
emission [I2]. Each crystal is viewed by a VPD. Scintillation light from each
gamma-ray creates about 500 photoelectrons in the cathode [I2]. The cur-
rent output from the VPD is converted to a voltage using a I-V preamplifier
that is attached to the back of each detector. The signal is sent to an op-amp
that sums and averages all the signals. If the counting rates in all detector
elements are equal it is sufficient to subtract this average from each signal.
Finally, the sums and differences are digitized using an ADC, and stored.
The digitizers sample the sum and difference signals at a rate on the order of
50 kHz during one neutron pulse [26], to get time-of-flight (tof) information.
The digitizers are in a VME crate where they store the data on memory that
is shared with a VME controller (the transient digitizers also have their own
memory and controller). The memory is split into two buffers that hold data
from alternate pulses. The inactive buffer is read by the VME host which
combines the data with tof information and spin direction. After some data
compression, the total event information is written to tape (through a SCSI
interface) and to RAID array [47].

From the flux measurement (figure 2.2) we expect about 10'° n/s exiting
the guide; the polarizer transmits about 30% and 60% of these capture in the
target, the detector array views about 75% of the target and each detector
attenuates 95% of the emitted gammas. Thus, we estimate that about 10°
/s will be detected; hence the detector is operated in current mode. Further
details on the detector array and DAQ, are in [12] 39, 26].
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Figure 2.6: Schematic cut—out of the CsI detector array with the LpH, target
in place. Original image from [I§]

2.7 Beam Monitors

The beam monitors are wire ionization chambers filled with about 1 atm of
CO, and about 0.004 atm of He. The gas is contained in a cylindrical volume
with an outside diameter of 25.4 cm; the aluminum windows are about 0.10
cm thick and are separated by a distance of about 3.38 cm. There are three
planes of wires, perpendicular to the beam. The two outer wire planes each
contain 23 wires to generate a HV bias of about -1 kV. The middle wire plane
has 24 sense wires connected to ground through a preampliﬁerﬂ

The output signal is produced when a neutron, passing through the mon-
itor, undergoes the capture reaction: n+> He — p+> H, which has a Q-value
of 765 keV. The proton and triton lose energy by ionizing the gas. The neg-
ative ions are collected by the sense wires, thus producing a current signal
which is converted to a voltage and amplified by the preamp. The volt-
age is proportional to the neutron capture rate (Nq(A)), which in turn is
proportional to the incident neutron flux (N;(\)) by

Noap(A) = Ni(A)(1 — e=oPndy, (2.24)

UThese stated dimensions come from [40]
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Where o()) is the energy dependent capture cross—section for neutrons on
3He, and nd is the “thickness” of the 3He gas; these will be defined in the
following chapter. The output voltage is sent through a low—pass filter to
eliminate high frequency noise. The filter has a time constant on the order
of 100 us (this is about the time scale of ion collection). The voltages are
then sent to the DAQ. For more details on the operation of beam monitors,
see for example [27].
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Chapter 3

Polarimetry Methods

The gamma-ray differential cross—section is related to the parity—violating
gamma-ray asymmetry (A,) in the following way (see equation 1.15);

do 1
20 < 1 (1+A,-cosby,, ). (3.1)

Correction factors that modify the differential cross—section and thus the
gamma yield (V') of a given detector can be written as

Vi(A)

Yi(A) = = 1+ 4,6i(0, ) Bu(Ne(\) SV A(Z, 1) (0, ) (3-2)

Where V; is the output signal in the i detector, A is the neutron’s wave-
length, g;(0, ¢) is a geometry factor, P, () is neutron beam polarization, €(\)
is RFSR efficiency of reversing P,, and S(A) is the spin—flip scattering prob-
ability (depolarization). The quantity h(Z,\) is the capture centroid along
the beam axis (Z); it is not evenly distributed along Z and hence repre-
sents fluctuations along the beam axis. A detector is at a particular # and ¢
relative to a capture location (or equivalently a gamma-ray source). In addi-
tion gamma-rays emitted at different angles can deposit different amounts of
energy in a given detector, or even among two different detectors. These an-
gular beam fluctuations are represented by the detection efficiency, f;(6, ¢).
For a detailed derivation see [26].

Systematic uncertainties are added in quadrature to the statistical uncer-
tainty, giving the total uncertainty of the experiment. The goal is to make
a statistics limited measurement on the order of 10-20%. Systematic errors
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should be controlled at the 1% level; that is

(), 08 G (s

~

The authors of [26, 21] point out that the depolarization uncertainty is esti-
mated to be on the order of a few percent and the uncertainty in the total
geometry factor (G) is better than 1%. Thus P, and € need only be known at
the level of 1-2%. Given the flux of FnPB (~ 10® n/cm?/s), the uncertainty
of P, will not be dominated by statistics; instead sytematic uncertainties will
dominate the error of the polarization measurement.

Zimmer et al. [63] [64] showed how the polarization of a neutron beam
can be determined by taking relative measurements of the neutron flux (V)
through a polarized *He analyzer (with polarization P3), by reversing P, with
the aid of a well characterized high—efficiency Spin—Flipper (SF). The SF is
located downstream of a polarizer; the analyzer is downstream of the SF and
a beam monitor measures the transmitted flux. It is noted that either P,
may be reversed by the use of the RFSR (discussed in chapter 2) or P; may
be reversed by adiabatic fast passage (AFP). In both cases, assuming that
either P, or P; can be reversed with 100% efficiency, P, is determined from
measured neutron intensities in the following way:

Naligned - Nanti—zzligned 1
P, = = (3.4)
Naligned + Nantifaligned A

The subindex on N indicates whether P, and P3 are aligned or anti-aligned
with each otherH The analyzing power (A) of the *He cell is given by

2Np._o ) 2
A=,y[1- : : 35
\/ ( Naligned + Nanti—aligned ( )

Np,—¢ is the neutron intensity after passage through the analyzer for Py =
0. If the efficiency of reversing either P, or P; is very close to 100%, the
sums of the aligned and anti-aligned signals will approximate the signal
of an unpolarized beam. From there P, can be determined without any
direct knowledge of P3 or other properties of the analyzer. These relative
transmission methods are insensitve to uncertainties in P3 which usually
dominates the experimental uncertainty in determining P,.

'Note that P, and Ps are always along the guide field direction.
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In the following, the method for determining P, as proposed in [63] is
described; the method uses the RFSR to reverse P,. The alternative method
using AFP on the analyzer to reverse P, is also discussed. First, we begin
with a discussion of the analyzer.

3.1 The *He Analyzer

Figure 3.1 shows a picture of the analyzer cell. The analyzer is a cylindrical
cell made of GE-180 glass, that will be filled with *He. This type of glass
was selected because it is non-borated (this minimizes neutron attenuation
through the glass and radiation through neutron capture) and for its hardness
(to minimize 3He leakage). The cylindrical shape of the cell was designed to
ensure that every neutron passing through the cell experiences the same *He
thickness (e.g. if the cell were spherical we would need to integrate over its
cross—section to make an accurate transmission measurement, see [21] for
details); this can be confirmed by neutron transmission. Helium-3 is ideal
for its spin—dependent cross—section.

Figure 3.1: A picture of the *He analyzer cell, connected to the filling station
at the SNS.
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The helium gas will have a number density (n), a length that the neutron
beam will traverse (d)[] and a time-dependent polarization P3(t). Safety
considerations at the SNS require that the pressure in the cell be no more
than a couple atmospheres; the length of the cell is about 5 cm, hence the
column thickness will be about, nd ~ 10 atm-cm[]

The neutron absorption cross—section (o) on 3He is highly spin-dependent,
due to the fact that n +3 He goes to a virtual *He state with angular mo-
mentum J = 0 [46]. Thus, from the exclusion principle, if the neutron spin
is anti-aligned with the spin of the 3He it will be absorbed; while if the spins
are aligned the neutron will scatter. Hence if the helium is polarized, we may
approximate the absorption cross—section as

or ~o(N)(1F P).

Here o, represents the cross—section for neutrons, whose spins are parallel
(+) or anit—parallel (-) with P;. The cross-section follows the 1/v law [13],
thus for a given neutron wavelength (), we have

o(A) = 2.

Using thermal neutrons as a benchmark, Ay ~ 2 Aand o ~ 5333 b.
The neutron transmittance (T, where £ indicates neutron spin aligned
or anti—aligned with P;) through the helium takes the following form

Ty = ¢ no"PIFR), (3.6)

The analyzing power (A) of the cell is the polarization an unpolarized neutron
beam acquires after transmission through the cell;

90 _%0
7—1+ N T, e ndA\Ps — e %o nd\P3 o
= tanh

0
_ _ < i 90 dAPy ) | 3.7
T, + T SanddPs |~ SendAPy )\0” 3) (3.7)

The quantity

xr = i—gnd)\Pg

2The product, nd we call the column thickness, and may be given in units of amg-cm
~ atm-cm
3The reasons for having a large column thickness will be discussed below.
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is the opacity of the cell.
The uncertainty of the analyzing power, which dominates the uncertainty
in P,, has the following form [64]
op, - A 2x Oz

P, A sinh(2z) (38)

where x is the opacity. Complete ignorance of the cell’s opacity (i.e. o, /x =
1) implies that op, /P, ~ 2z/sinh(2z). Letting P3 = 0.6 (a typical *He
polarization), we estimate the uncertainty of P, to be a few percent for 4
Aneutrons traversing a 10 atm-cm cell, while for a 5 atm-cm cell the uncer-
tainty is about 30%. Hence an analyzer with a large opacity is ideal for this
measurement [

If the neutron beam has an initial polarization (F,) then the transmit-

tances beome v
Ty = (1£ P,)e %" P0FH) (3.9)

Thus, the total transmittance is

T=T,+T = o~ 3omdA (cosh (%nd)\Pg) + P, sinh (%nd)\Py))) . (3.10)
0 0

This relationship can be confirmed by noting that if P, = P; = 41 then
T =1, as is required.

3.1.1 SEOP

The analyzer will be polarized through Spin Exchange Optical Pumping
(SEOP). Several reviews of this method can be found in [54, 3, 2I]. Be-
low we present a brief summary of SEOP.

The analyzer cell will be filled with about 2 atm of *He at room tem-
perature (about 102°-10%' atoms), a “drop” of Rb (approximately 10*-101°
atoms), and about 0.1 atm of Ny gas (about 10! atoms); the Ny acts as a
quencher. During the optical pumping process the Rb must have a vapor
density on the order of 10*atoms/cc [21], hence a temperature on the or-
der of 450 K is required (this leads to a helium pressure of ~ 3 atm during

pumping).

4A completely opaque cell will lead to 0 systematic uncertainty but 100% statistical
uncertainty, as neutrons will not be transmitted; a balance must be reached.
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Figure 3.2 shows a schematic of the SEOP process. Left circularly po-
larized laser light, with a wavelength of 795 nm, excites spin—-down atoms
from the 5S;/, state to the spin—up 5P,/, state. Collisional mixing brings
the spin—up and spin—down sublevels of the excited atoms into equilibrium.
Collisions between Rb atoms and Ny molecules then quench the excited Rb
atoms down to the spin—up and spin—down ground state sublevels with about
equal probability. Each atom in the initial population has an electron spin
of -h/2, while the average spin of the final population is 0; hence each pho-
ton deposits an angular momentum of #/2 to the Rb; the remainder goes to
heating the vapor [54]. Binary collisions between the Rb and *He allow the
hyperfine interaction to transfer the spin from the Rb atom’s 5PI /o State to
the 3He nucleus; the cross—section for this is about 2 b.

The Pj saturation depends on the Rb polarization (Pg,), the spin ex-
change rate (7se), the Rb density (Ngp), and the room temperature helium
relaxation rate (I' ~ 10 b) [4]:

VseNRb
1.33’)/36]\[}% + I ’

P3sat = PRb (311)

Collisional
Mizcing my =12
E'P-..z m; =-1/2

Quenching He
by Ny nuckear spin
Sipin

5%
Drestruction

(2) (B)

Rb
electron spin

B0

554

mg = 112

i2

mg = -172

Figure 3.2: a) Schematic level diagram for optically pumping Rb with left cir-
cularly polarized light (¢7). b) Conceptual picture of spin exchange between
Rb and *He. Image inspired by figures in [54] 55]
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If I' < v Npgp, then Psgyp >~ 0.75PRb.E] Once the polarization is saturated,
the cell is cooled and the optical pumping is stopped, P3; will decay with
a characteristic decay time (77). The decay time is dominated by dipole—
dipole interactions between the helium atoms (in the high pressure limit) and
collisions with the cell walls; these relaxation rates are given by I'. Hence we
find:

P3(t) = Pagqe” /™. (3.12)

Currently, typical cell decay times are on the order of hundreds of hours [4].

The 3He analyzer is ideal for neutron polarimetry; and, in this experiment,
it will also be used to tune the RFSR. In the next section the issue of tuning
the RFSR and determining its efficiency, without using AFP to reverse Ps,
is discussed along with the method for determing P, using the tuned RFSR.

3.2 Determining ¢(\, X, Y) and P,(\, X,Y) With-
out Reversing 3

Figure 3.3 depicts an experimental set—up with a super—mirror polarizer fol-
lowed downstream by the RFSR, then a polarized *He analyzer, and finally
a beam monitor. This set—up allows a determination of RFSR efficiency
(€), and neutron beam polarization (P, ) that does not involve adiabatic fast
passage to reverse the 3He polarization (Ps); P3 is maintained by the same
magnetic guide field used to preserve P,. Note, that in the figure, we have
suppressed showing the beam collimator. Collimation is required for an accu-
rate map of (A, X,Y) and P,(\, X,Y); otherwise stray neutrons may enter
the analyzer from the side and produce a signal.

3.2.1 RFSR Efficiency Measurements

We define the X—axis to be beam-left, the Y—axis is the vertical direction,
and the beam axis (Z) pierces the XY plane at the point (X,Y") = (0,0). We
define the point Z = 0 to be the center of the analyzer cell. Several points
(X,Y,0) will be selected over which to measure €(A, X,Y) and P,()\, X,Y).
Neglecting the issue of beam divergence, the neutron beam is about 10 cm
wide and 12 cm tall at the exit of the super—mirror polarizer. Since the

5Tt is a current topic of investigation why there is a factor of 1.33 in front of v, Ngy in
the denominator, rather than unity [4]
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Figure 3.3: Conceptual schematic of the apparatus for the proposed method
for measuring P, (A, X,Y) and €(\, X,Y"), without reversing P; by AFP. Im-
age inspired by a figure from [47]

analyzer has a radius of about 1 cm; then nine locations, that will give a broad
map of € and P, across the beam, are the pairs (X,Y'); where X = —4,0,4cm
and Y = —5,0, bem.

The RFSR can be tuned to be 100% efficient [52] over a small radius
around the beam axis equal to the RFSR field axis. For the sake of argu-
ment we specify that the RFSR be tuned to be 100% efficient on the beam
axis (0,0). In any case five neutron intensity measurements can be made
at each location. Assuming that the transmission through the glass is spin-
independent; wavelength dependence is not a concern, as relative transmis-
sion measurements will be made per energy bin and hence will be canceled;
the neutron yields exiting the analyzer areﬁ

Nit(A)y No g (A), Nyp(A), Ny (), and N (A).

These respectively represent neutron yields entering the beam monitor after
the RFSR has delivered 0, 7/2, 7, 37 /2, and 27 pulses to the beam. Figure

6In our notation the first and second subindeces respectively represent the directions
of P, and P3 with respect to the guide field.
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3.4 depicts the rotated polarization vectors after each rf pulse; for the sake
of argument we have assumed that the net result of the RFSR is to slightly
under rotate P,.

From figure 3.4 it is seen that the various spin rotations lead to beam
polarizations that are reduced by factors: 1, «, €, £, and ~; respectively.
Note that € is the RFSR efficiency for reversing P,, by rotating the spin
direction by 7. Using the small angle approximation these factors can be
written all in terms of v < 1; we have: 1, o, 2a®> —1, —3a, and 1 —8a?. This
is confirmed by noting that if the spins are not under rotated then o« = 0
and € = —1 as desired.

If Ny +(A) = N{,(A), then within statistical error we can assert that the
RFSR is perfectly tuned. That is, from figure 3.4, if 1—v = 0 then 1 = 1—862,
whose solution is # = 0. This can also be confirmed by the following relation:

Ni4(A) + N p(A) = No4(A) + Nee 1 (A);

implying that 1 — cos(20) = sinf — sin(30). Assuming 6 < 1 we have
20% 4 20 = 0; whose only solution, under our assumptions, is 8 = 0.

26

Figure 3.4: Conceptual picture showing how a non-ideal RFSR rotates P,,
leading to a reduced polarization of the beam, given by the projection of the
new polarization onto the initial polarization axis. Dashed lines show the
ideal rotation of P,
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The signal to noise ratio must be > 1. Figure 3.5 shows plots of the
expected spectra exiting the analyzer (N;4(\) and N, 4+(A) )| The figure
shows that we are limited by N +()); so long as the background is < 500
counts per energy bin per second (over the energy window) then the error
due to noise should be washed out. If this is the case then the time required
to make the five neutron intensity measurements, such that the statistical
error is at the 1% level in each energy bin, will be on the order of a few
minutes. So long as the percent difference of Pj is not significant over this
time interval, then the measured neutron intensities can be compared, as
described above. If P3 does not vary by more than, say, 1% we find

1—e M <001,

which implies that if the time interval to accomplish these measurements (t)
is on the order of 10 minutes, then the polarization decay time (77) of the
analyzer cell must be on the order of 20 hours. As previously stated, it is
presently not uncommon to produce cells with 77 ~ 100 hrs.

Once the RFSR has been tuned on axis, the analyzer and monitor can be
moved to the next point (X,Y’) and the measurements repeated at the new
location. Hence to make a scan over the beam, at the desired nine locations,
will take on the order of 0.5 — 1 hrs. This means that if 77 ~ 50 hrs, then
P3; will have changed by a couple percent. This allows us to repeat the
measurements to ensure that, at a given location, we get consistent results
for P,(A\, X,Y) and €(\, X, Y').

To go more indepth regarding the determination of €, we write out some
of the neutron intensities in full detail:

Nir(A) = No(A)e mo" ™ {cosh <§—zndP3/\) + P,(\) sinh (i—zndpgAﬂ ,
(3.13)

N (A) = Ny()e—35md (Cosh (%’mp@) + ePy(M) sinh (i—zndPBA» ,
(3.14)

"We used the root analysis package [50] with the n—tuple generated from [31] and a
C-—program (originally written by Crawford [53]) the author has modified to take into
account beam polarization. The model assumes € = 0.98 [52] and a reasonable value of
P5; = 0.6; the model also takes into account the choppers with optimal opening angles and
beam collimators
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N_1(A) = Ny(A)e 20" <cosh <@ndP3A) + aP,()\)sinh <@ndP3)\>) .

)\0 )\0
(3.15)
From these we may construct the following ratio:
N (AN) — Njp(A 1— 2 —2a?
R, = TT( ) W( ) _ € ~ - ) (316)
NTT(A) - N—>T(>\) 11—« 11—«
This can be solved by
R, — \/R2 —8(R,—2
a= \/ a ( ) (3.17)

4

In the ideal case P, = P3 = ¢ = 1, then R, = 2 and a = 0. Finally, the
efficiency can be determined by € = 202 — 1.

Ny, Nyt in red and blue, respetively vs. 4 in angstroms

nisicm*2

E;Gj
_I| IIIIIIII| IIIIIIII| IIIII|T|| IIIIIIII| IIIIII|T| IIIII|T|]—|_T

2 3 4 5 6 7
Wavlength in A

Figure 3.5: Plot of the expected spectra exiting the analyzer, for Ny 4(A) in
red, and Ny 1()) in blue, vs A in A.
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3.2.2 Polarimetry Method Using the Characterized RFSR
and *He Analyzer

The experimental apparatus for this procedure is depicted in Figure 3.3. For

Ps(t + 0t) — P3(t) < 1%, over the time scale (6t) of the following three

measurements, we may assume P3(t) — P3. At a given location (X,Y), we

have three spectral measurements:

If Py and P, are aligned with the guide field, the neutron spectrum exiting
the analyzer will be

NTT<>\) — N()()\)e_%)nd)\ |:COSh (%ndPg)\) + Pn(>\) sinh (%ndPg)\)} .
0 0

(3.18)
When P is aligned and P, is anti—aligned (i.e. P, — —eP,, the -1 has been
factored out of €), the spectrum will look like

Ni(A) = No(A)e 2" (Cosh (%ndPg)\) — ¢P,(\) sinh (%mpg)) .

0 0
(3.19)
Finally, when P; = (|, P, may be aligned or anti-aligned, the count rates are

Npo(A) = No(A)e 3™, (3.20)

Letting ¢ — 1, we may write

L Np )+ NGV o
ht (2T ) = L2ndP 21
cos ( 2N )\Ond 3, (3.21)
hence
B : ~1 (N O+N V) '
2N3o(A) sinh (COSh <W>>
We may also write P, (\) as
Nir(A) = Np(\) NN V2
Py(\) = 2 i ( 10 ) . (3.23)
Nip(A) 4+ Nip(A) Nyt (A) 4+ Np(A)

81t will be known that P3 = 0 when Nyt(X) = Nj4+(A).

40



Assuming that € < 1 but that the value is known with high precision (at
the level of 1%), we find that

o Ny (A) + Npp(A) 1 —eNp(A) = Nip(A)
cosh (—OndPg)\) = 2N¢0(>\)H 1o i} 2N¢0()\)“ . (3.24)

Thus we have

Nit(A) — Njp(A
2Ny(A)(1 + €) sinh (g—gndP3A>
where the opacity z = f\'—gndPg)\ is determined from eq. 3.24. We also may
write

—1/2
Nyt (M) + Nip(X) cosh? (;—gndpgA)

Again, the opacity is determined from equation 3.24.

The fact that P; is time—-dependent allows validation of this method. The
beam polarization coming out of the super—mirror polarizer should not vary
over time. Hence measurements made over long time intervals (At), such
that

must give consistent results for P,(\) within experimental and statistical
errors. Indeed the neutron intensities, for each spin configuration (aligned or
anti—aligned with the guide field), over long times can be fit to a decaying
exponential function to determine 77. These two values must be in agreement
with each other as well as an independent measurement of 77 done offline.

3.3 Determing ¢(\, X,Y) and F,(\, X,Y), by
Reversing P; through AFP

As in the previous method, the LH, target is replaced with a polarized 3He
analyzer. However, now there are RF—coils to perform adiabatic fast passage
(AFP) to reverse Pj, and pick—up coils to measure the NMR signal after an
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AFP flip; the RFSR is not used to determine Pnﬂ Figure 3.6 depicts the
experimental set—up.

3.3.1 Determining AFP Efficiency

Reversing P5 requires the addition of AFP-NMR coils. The AFP coils can
be split-pair Helmholtz coils whose axis is aligned with the X axis. The
diameter of the AFP coils would be about 15 ¢m, to ensure that the field is
homogeneous within the region of the analyzer. The NMR pick-up coils would
also be a split-pair design, wound around the analyzer near the windows (i.e.
the axis of the pick-up coils is along 7).

Like the RFSR, AFP operates on the principles of NMR. In the frame
rotating with frequency w(t), the effective field is given by

Transverse Magnetic Guide Field

Preamps

VPD

Csl Detectors

bean —> | 1+ 1+ (=]

“He w3

DAG

l

Analog

Electronics

Figure 3.6: Conceptual schematic of the apparatus for the proposed method
for measuring P,(\, X,Y") and €(\, X,Y), by reversing P; through AFP.

9The RF field amplitude (of the AFP coils) must be perpendicular with the guide field;
we set the axis of the RF field to be in the beam-left (X) direction. The axis of the NMR
pick—up coils must be perpendicular with both the guide field and the RF field
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)\ v  Bapp o
Bejs = (Bo - @> V4 2eex (3.27)
V3 2
The frequency of the AFP field (w(t)) is swept past the Larmor frequency at

a rate that satisfies the adiabaticity condition

VB> _ ywl(t)
B2 < < ’ygBafp; (328)

D
afp B

afp

where D is the 3He diffusion constant, w(t) is the frequency of the AFP field
at a given time, By, is the amplitude of the field, 73 is the *He gyromagnetic
ratio, and V By is the gradient of the guide field.

Figure 3.7 shows a schematic of how the effective field in the rotating
frame changes by varying w(t). The pick—up coils register small changes in
the net magnetic field coming from the reversed magnetization of the 3He.

Finding the average efficiency (k) of AFP reversal of P; requires that
the time scale to perform many AFP flips is short compared with the decay
time of the analyzer (tapp < T1). Then P; can be flipped many times
until there is a significant reduction in the initial NMR signal. If the AFP
reversal is very near 100%, many such flips will be required, and thus s
can be found with high precision. For example, if 1000 flips are required to
reduce P; to 90% of its initial value, with t4rp = 0.1 hrs and 77 = 100 hrs,
the “natural” *He polarization loss will be < 0.1% and x ~ 99.99%. Since
0, ~ 1/4/1000 ~ 3.2%, the uncertainty for this measurement is

%~ 3.2%.

K

3.3.2 Polarimetry Method Using AFP to Reverse P;
Again, at a given P3 and (X,Y), three spectral measurements can be made:
If P; and P, are aligned with the guide field, the spectrum is
Nir(A) = No(A)e 2" {cosh <@ndP3A) + P,(\)sinh (?ndpg)\)} .

Ao 0
(3.29)
If P, is aligned and Pj is anti-aligned (i.e. P; — —kP), the spectrum will
be

0

Nip(A) = No(A)e 2" {cosh (%ndﬁpg)\) — P,(\) sinh <%nan3)\)} .
0 0
(3.30)
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afp

time

Figure 3.7: Schematic showing how the effective field in the rotating frame
can be reversed by sweeping through the resonance condition. If the
sweeping-rate is sufficiently slow, then P3 adiabatically follows the effective
field. When the AFP coils are switched off, P; remains anti—aligned with the
guide field.
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When P; = ([ (P, is aligned) the yield is
— 20 nd\
Nig(A) = No(A)e %" (3.31)

Assuming k — 1, we have

— Nip(A) = Ny (V) |
2N;0()) sinh (cosh—l (M))

2N1o(A)

Pa(N) (3.32)

We may also write

o\ —1/2
Py = M) = N (1 B (Nﬁ 2N30(A) (A)) ) (3.3

- NV + Ny () (A) + Ny

For the case when the AFP efficiency is not 100%, but is known at the level of

1% or better, this method does not allow an analytic solution for the opacity.

Instead it is found that

. (o) . oy . (o))

N; (N)-sinh ()\—OndPg)\> +Np4(A)-sinh ()\—Ondpg)\li) —sinh ()\—OndPg)\(l + /i)) = 0.
(3.34)

Thus the opacity can be found numerically. Figure 3.8 shows a simulation

of the neutron spectra for N (A) and Ny (A). In this case we have left the

RFSR alone and reversed P; = 0.6 with £ = 0.999 (a mildly optimistic value

for AFP efficiency [5]); the results are in good agreement with those shown

in figure 3.5.

As an example, let us assume that for a given energy bin we have Ny +(\) ~
10%n/s and Ny (A) ~ 105n/s. If kK = 99.9%, then from Eq. 3.34 we find the
opacity to be 13.91. Once the opacity is found then P, ()) can be determined
by
M) _ ogh <§—gndP3)\>

P\ = o : (3.35)

sinh (;-gndpgA)

where the opacity is determined from eq. 3.34.

19Tn this case, P3 = 0 when Nt+(A) = N4y (A) and the NMR coils should pick—up no
magnetization from the 3He.
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The efficiency of the RFSR can also be found using this AFP method.
From the above, we construct the ratio

N1t (A) = Nyt (A)

Rufp = . (3.36)
P N () = Ny
If the AFP flip is 100% efficient then we have
€=1—2Ruj. (3.37)

If £ < 1 but known with high precision, and if P, has been found, then e can
be determined numerically by

B (1 — €)P, sinh(z) ‘
~ cosh(x) — cosh(kz) + P,(sinh(z) + sinh(kz))’

Rap (3.38)

the opacity, z, is determined from Eq. 3.34.

Ny, Nyi) in red and blue, respetively vs. 4 in angstroms

10°

10°

nisicm"2

+ IIIIIIII| IIIIIIII| IIIII|T|'| IIIIIIII| IIIIIIII| IIIIII|T|—|_|—
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Figure 3.8: Plot of the expected spectra exiting the analyzer, for Ny 4(A) in
red, and Ny ()) in blue, vs A in A.
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As in the method not involving P; reversal, the fact that the helium po-
larization varies over long time intervals is an advantage for this method.
However, it is important to note that P3(¢) depends on T} and the AFP effi-
ciency (k). Since this method relies on precise knowledge of k, it is important
to be able to separate these two polarization losses; T} must be determined
by an independent measurement. Once it is shown that many AFP reversals
can be made over a time scale (6t) such that Ps(t+dt) ~ Ps(t), then s can be
determined with high precision as was explained in the previous subsection.

3.4 Comparison of Methods

Both methods discussed offer a means of finding P,(\, X,Y) and e(\, X,Y),
at the level of a few percent. In both methods, to determine these quan-
tities at the desired level of precision, each spectral measurement must be
determined at the level of 1% or better. It will be easy to control statisti-
cal uncertainties at this level, given the high flux of FnPB. Determining the
opacity through these relative transmission measurements, coupled with an
optically dense analyzer, allows for the control of systematic uncertainties at
a comparable level of precision.

The first method (not involving AFP) only uses components of the NPDGamma
apparatus, excluding the LpH, target, with the addition of a *He analyzer.
While the second method is similar, it also requires AFP-NMR coils to be
constructed. For this reason, and the fact that the AFP method has no ana-
lytic expression for the opacity of the analyzer when the reversal of Pj is not
100% efficient, we find the first method to be simpler.
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Chapter 4

Conclusions

The NPDGamma experiment is ready to start commissioning at the funda-
mental neutron physics beamline (FnPB) at the SNS in early 2010. The
experiment is designed to search for an up—down parity violating gamma—
ray asymmetry in the capture of a polarized beam of neutrons on protons in
a liquid para—hydrogen target. In this thesis two independent methods for
determining neutron beam polarization (P,) and resonant RF spin rotator
efficiency (€) have been discussed. It has been shown that either method
will suffice to measure these quantities at the desired level of a couple per-
cent. The option that does not use adiabatic fast passage (AFP), to reverse
the polarization (Ps) of the *He analyzer, is simplest and is therefore the
recommended method for the measurements.
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Appendix A

In this appendix we make first order numerical estimates for Stern—Gerlach
sterring of the neutron beam and beam depolarization in the RFSR, primarily
due to the fringing field of the super—mirror polarizer’s magnetic yoke.

A.1 Stern-Gerlach Steering

The Stern-Gerlach effect arises from the coupling of the neutron magnetic
moment p, to the gradients of the total magnetic field of the experiment
(guide field, fringing field of the polarizer, etc.).

Fz/fwﬁB

In the presence of magnetic field gradients (0By/0Y') neutron trajectories
will be deflected up or down. This results in a change of the solid-angle of a
given Csl detector and can lead to a false up-down asymmetry.

We define the coordinates such that X is beam left, Y is the vertical,
and Z is the beam axis. Far from the super—mirror polarizer, the magnetic
field produced by the polarizer’s yoke approximates that of a dipole. Vertical
gradients cause neutrons of opposing spins to be steered in opposite directions
by a distance dE] Hence a given detector’s geometric efficiency E (i.e. the
effective detector solid angle) depends on whether the neutron’s spin is 1 or

4 like so:
A A

ET:—OTE¢:m7

e (A.1)

!These gradients will be largest at the top or bottom of the beam.
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where A = 225 c¢m is the area of the detector and L = 16 cm [ is the
distance the 2.2 MeV gamma-ray would travel in the absence of steering.
These changes in the solid angle lead to the following asymmetry

AN AN
1-=2) —(1+2
(-7) (1)
For this asymmetry to be <

< 1079, then d < 1 A, and the field gradient
everywhere must be kept < 1 mG/cm. It is noted that if the fringing field of
the polarizer is symmetric vertically and if the beam and detector array are
perfectly aligned with the field, this effect only produces beam “breathing.”
The Stern—-Gerlach effect leads to a false asymmetry if some component of
the apparatus (e.g the magnetic shielding) is not perfectly aligned.

Figures A.1 and A.2 depict maps of the net displacement and Stern—
Gerlach asymmetry that the neutron would experience at different positions
on the XY-plane. The Stern—Gerlach steering was modeled using simulated
field values from [7]. The total field, including the guide coils and the fring-
ing field of the polarizer, was calculated in the region between the exit of
the RFSR and the expected center of the LpH, target. The XY -plane was
divided into an NxN grid and the field gradients were tabulated by linear
interpolation of the field values. The equations of motion for transverse dis-
placement of the neutron was integrated as the neutron moved downstream.
Figure A.3 shows the total Stern—Gerlach steering as calculated for a 9 cm di-
ameter beam. The center of the beam circle was displaced along the vertical
axis (Y) in 5 mm steps.

As is seen in figure A.3 the integrated asymmetry across the beam face is
about < 1% of the predicted gamma-ray asymmetry. The surface plots are
not symmetric along Y, due to the fact that the magnetic shielding is not
symmetric about the experiment. Note also that these calculations implicitly
assume that the neutron trajectory moves no more than 1 cm in the X or
Y directions. A more realistic neutron transport analysis, that takes into
account the large beam divergence exiting the polarizer, is required.

A

4Ad
ﬁ ~Y

(A.2)

2We have assumed that capture occurs at the top of the beam, 6cm above the the ZX
plane
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A.2 Depolarization in the RFSR

Depolarization of the neutron beam arises from magnetic field gradients in
the region of the RFSR. A reduction of beam polarization, P,, decreases the
sensitivity of the parity—violating gamma-ray asymmetry measurement by

oa o~ —L_
A T RN

where N is the number of gamma-rays detected. A small vertical gradient
changes the resonance field in the rotating frame as follows
B, s 0B;

Bess = TXT + aYYAYY. (A.3)

The components form a triangle such that

IN:D

B, = tanf ~ 4. (A.4)

The reversed polarization in the presence of such a gradient is scaled by
cos 260, for small angles then the depolarization (f) is

f~ 262

If B,y(A\) =0.2 G and ABj, = 10 mG, then there is a 2% loss of polarization
for neutrons of the “correct” wavelength.

Again, far from the polarizer, the magnetic yoke’s field approximates that
of a dipole. Looking at only variations in the vertical direction, we may write

By = B — xY?. (A.5)

Where Bj is the dipole field strength on axis. The total depolarization can
be found by

2[>(Y)dY 8
[ay B2 Yras

frot = / (By — xY?)*dy (A.6)

Solving this equation and minimizing with respect to the on—axis field strength
leads to the following expression for the depolarization:

32 (AB,\?
=2 (%) (A7)
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where ABj, = |B{(Y = 0) — B{(Y = Yinae)|.

Figures A.5 shows a map of the net depolarization that the neutron would
experience at different positions on the XY-plane. The depolarization was
modeled from field data by [7]. The total field, including the guide coils and
the fringing field of the polarizer, was calculated in the region the RFSR.
Once more the XY-plane was divided into an NxN grid and the depolariza-
tion was tabulated based on the above equations. Figure A.6 shows the total
depolarization as calculated for a 9 cm diameter beam. The center of the
beam circle was displaced along the vertical axis (Y') in 5 mm steps.

As is seen in figure A.6 the integrated depolarization across the beam face
is about < 1%. Again, these calculations implicitly assume that the neutron
trajectory moves no more than 1 ¢cm in the X or Y directions. The estimate
is conservative in that it is assumed the beam is depolarized over the entire
length of the RFSR. The surface map is not symmetric along Y, because the
magnetic shielding is not symmetric around the experiment. A more realistic
analysis must be done that solves the spin equations of motion for neutrons
traveling on realistic trajectories, and includes realistic fields from the RFSR.

The simulated field data (from [7]) and analysis codes can be found at
[45].
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Figure A.1: The net displacement a neutron experiences traveling from the
exit of the RFSR to the center of the target, across the XY plane.

Total 5G Asymrmetry Across the Beam Face
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Figure A.2: The asymmetry produced, given the net displacement the neu-
tron would experience, across the XY plane.
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Figure A.3: The integrated asymmetry due to Stern—Gerlach steering for a
9 cm diameter beam as a function of misalignment between the beam axis
and magnetic field axis, in the vertical direction.
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Figure A.4: Beam depolarization in the RFSR, across the XY plane.
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Figure A.5: Integrated depolarization of a 9 cm diameter beam as a function
of misalignment between the beam axis and magnetic field axis, in the vertical
direction.
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