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CHAPTER I

Introduction

This dissertation describes experimental studies with polarized neutrons. Polar-

ized neutrons are sought for a variety of applications like electron scattering, hadronic

parity violation and neutron β-decay experiments. In this dissertation the applica-

tions of polarized neutrons for hadronic parity violation and β-decay experiments,

neutron polarization with 3He spin filters and neutron beam polarization analysis

are discussed.

Parity violation experiments aim to understand the weak interactions between

nucleons. It is expected that weak interactions have the potential to provide new

information on quark-quark correlations in the strong interactions limit of quantum

chromodynamics (QCD). Weak interactions between nucleons are small as compared

to the strong interactions, and since weak interaction violates parity, the only way

to access weak interactions is by measuring the small parity-violating effects in ex-

periments. Hadronic parity-violation experiments measure these small parity-odd

interference effects amid the much larger effects of the strong interaction between the

nucleons with high sensitivity and aim to provide a better insight on the hadronic

weak interactions. On the other hand, the weak interactions in β-decay are well char-

acterized but the goal of this field is the precision measurements of the correlation

1



coefficients between the neutron and the outgoing particles of the polarized neutron

decay. It is believed that precision measurements of these correlation coefficients will

lead to probe physics beyond the Standard Model [24]. Both hadronic parity vio-

lation and β-decay experiments employ polarized neutrons and both sensitive and

precise measurements of observables need the knowledge of neutron polarization.

This dissertation describes our efforts in polarizing neutrons using 3He spin filter

and the analysis for neutron beam polarization measurements.

Section 1.1 provides a brief history of weak interactions and parity violation.

The section discusses the history of weak interactions and parity violation starting

with the discovery of radioactivity to the demonstration of weak interactions in

nucleon-nucleon interactions. Section 1.2 provides short discussions of the hadronic

interactions, the meson-exchange model proposed to explain the weak interactions

in nucleons and the NPDGamma experiment performed at Los Alamos Neutron

Science Center (LANSCE). In the NPDGamma experiment, 3He spin filters were

used to polarize neutrons [26]. 3He depolarization was observed in these spin filters

when exposed to the neutron beam [67]. This depolarization effect is discussed in

section 1.3. For precision measurements of the correlation coefficients in polarized

neutron β-decay precise knowledge of the neutron polarization at 0.1% is essential to

reduce the systematic effects. The experiment performed to reach this goal of 0.1%

precision in neutron polarization is discussed in section 1.4.

1.1 History of Parity Violation and Weak Interaction

The story of weak interactions started in 1896 with the discovery of radioactivity

by Becquerel. Chadwick in 1914 discovered that electrons in β-decay are emitted

with a continuous spectrum of energies which appears to violate energy and momen-



tum conservation. To explain the apparent non-conservation of energy and linear

momentum in the β-decay Pauli proposed the existence of the neutrino, a neutral

particle with very small rest mass energy. Soon after this proposal E. Fermi came up

with his theory of β-decay [33] based on the formulation created by Dirac and later

developed by Heisenberg and Pauli.

The β-decay Lagrangian proposed by Fermi was

Lβ = −GF√
2
ψ̄pγµψnψ̄eγ

µψνe . (1.1)

This equation used the Dirac wavefunctions for the neutron, proton, electron and the

neutrino. GF is the Fermi coupling constant and experimentally determined to be

GF = 1.03 × 10−5m2
p in units of ~ = c = 1. With the discovery of positron β-decays

in 1934 the β-decay Lagrangian was modified to

Lβ = −GF√
2
[ψ̄pγαψnψ̄eγ

αψνe + ψ̄nγαψpψ̄νeγ
αψe]. (1.2)

With the discovery of muons in 1930’s it was confirmed that there are other

reactions in nature apart from β decay that have the same coupling strength and

similar characteristics. The discovery of pions, hyperons and K-mesons led to the

concept of a universal charged weak interaction governing the slow decays of unstable

particles. Later, parity violation was discovered in these systems in which weak

interaction occurs. In quantum mechanics P is a parity operator acting on a state

ψ(~r) so that Pψ(~r) = ψ(−~r) [52].

Parity violation was discovered by T.D.Lee and C.N.Yang while solving the τ − θ

puzzle [49]. In their paper, they assumed that although θ+ and τ+ were closely

identical in critical masses and lifetimes, the parities are different. They proposed

that if parity is violated then τ and θ are the same particle with different parities, τ

has odd parity and θ has even parity. They proposed an experiment to measure the



parity violation in β-decay and their thoughts were made practical by C.S.Wu et.

al. in 1957 when they successfully measured parity violation in 60Co by measuring a

non-zero dot product between the beta particles momenta and the the spin of 60Co

[82]. Lee and Yang also suggested that parity violation is an intrinsic feature of weak

interactions.

After admitting parity violation in weak decays the β-decay Lagrangian is no

longer invariant under space inversion, therefore, corrections had to be made to it

and a new form of the Lagrangian emerged which had both even and odd couplings.

This new matrix element for allowed β decay is given by

M =
gF√

2

∑

nucleons

∑

j

∫

d3x[ψ̄pOjψn][ψ̄eOj(Cj − C ′jγ5)ψν̄e]. (1.3)

The coefficients Cj and C ′j had to be determined from the experiments and Cj = C ′j

for V-A couplings. Observation of the superallowed decays (0+ → 0+) in (10C+→
10B) and (14O+→ 14N) showed that CV = 1. Measurement of the lifetime of free

neutrons, where both axial and vector couplings enter, lead to

λ = CA/CV = 1.25. (1.4)

This departure from unity showed the manifestation of strong interaction effects.

Relative phases of CA and CV are determined by the observations of the β-decay

and neutrino asymmetries of polarized neutrons. The final result for the matrix

element of β decay is given by

M =
gF√

2

∫

d3xψ̄pγµ(1 − λγ5)ψnψ̄eγ
µ(1 − γ5))ψν̄e . (1.5)

Immediately after the discovery of β-decay Tanner reported the first search of

parity violation in the nucleon-nucleon interaction [71]. In 1958, Feynmann and Gell-

Mann [36] and Sudarshan and Marshak [69] independently proposed a generalization



of Fermi’s theory. According to this formulation, all charged weak processes: β-decay,

muon decay etc. and the interaction between nucleons are described by an effective

Lagrangian density in which a “universal” charged weak current Jλ is coupled to

itself or to its Hermitian conjugate at a single space-time point,

L = −1

2

GF√
2
(JλJ λ† + J λ†Jλ), (1.6)

where the weak current Jλ consists of leptonic and a hadronic portion given by

Jλ = jlλ + Jλ. (1.7)

The leptonic part, jlλ, is a generalization from β-decay. It describes the charged weak

transformations like νl → l−, l+ → ν̄l etc. The hadronic weak current term, Jλ, is

expressed in terms of the quark model. For example, the valence quark compositions

of neutron and protons are udd and uud, respectively. Neutron β decay therefore

occurs due to the quark transformation d → u and the hadronic charged weak

current contains a component proportional to D̄γλ(1− γ5)U where U and D are the

up and down-quark field operators, respectively. This theory thus predicted a parity

violating weak contribution to the interaction between nucleons (p-p, n-p interactions

etc.) and the verification of this theory proved to be an experimental challenge.

Many experiments have been designed to observe parity violation in nuclei e.g.

measurement of circular polarization in 18F [12, 6], proton-proton scattering [15],

anapole moment measurements [81] etc. The NPDGamma experiment is one of

the experiments designed to study the parity violation in the capture of neutrons

by protons, n + p → d + γ. The experiment measures parity-violating directional

gamma-ray asymmetry in the n-p system by the use of polarized neutrons on a

proton target. The observation of an asymmetry or absence, both have important

implications on the correctness of the theories proposed for the NN interaction.



1.2 Weak Interactions, Parity Violation and the NPDGamma Experi-

ment

When the parity-violating phenomenon was under investigation in nuclei, rapid

progress was made in experiments and theory studying weak interactions and de-

cays of particles. With the discovery of quarks, the electroweak theory was devel-

oped to explain the leptonic and semi-leptonic weak processes. Figure 1.1 shows

the common classification of the weak interaction. The leptonic, semi-leptonic and

∆S = 1 hadronic interactions are isolated as purely weak effects but nothing pre-

vents the flavor-conserving hadronic interactions ∆S = 0 such as np → np from

passing through a strong channel. Flavor-conserving nucleon-nucleon interactions

are modeled to have a strong Hamiltonian with a small perturbation from weak in-

teraction. Experimental studies of the flavor-conserving hadronic interactions are

therefore hindered by the smaller size of the weak couplings compared to the size of

the strong couplings. The weak couplings are several magnitudes smaller than the

strong couplings and therefore, the unique feature of the weak interactions: parity

violation, is used to study the weak interactions in hadronic interactions.

Like pure leptonic and semi-leptonic weak interactions, pure hadronic weak in-

teractions between nucleons can also be mediated by the exchange of W± and Z0

bosons. The hard core repulsion between the nucleons keeps them farther apart

from the range of weak gauge bosons, ≈0.02 fm. At momentum transfers typical

of nuclear interactions ≈300 MeV, the appropriate degrees of freedom are mesons

and nucleons. Therefore, the long range weak interaction is mediated by mesons

ρ, ω or π as shown in figure 1.1(d) and the interaction is defined in terms of meson

coupling constants. Several meson models have been proposed for weak interaction

among hadrons. The most adopted model at present is the DDH model which is



Figure 1.1: Illustration of various weak interactions: (a) Pure leptonic decay of muon (b) semilep-
tonic β decay of a neutron (c) strangeness-non conserving pure hadronic decay of a Λ
baryon (d) strangeness-conserving pure hadronic neutron-proton scattering

discussed in chapter II [30]. Many experiments have been performed and many more

are being proposed for the measurement of these meson couplings. There are several

parity-non-conserving observables for the NN system which are discussed in detail

in chapter II. In heavy nuclei, the parity violating effects are generally much larger

but difficult to interpret because of the structural uncertainties of the nuclei. The

NPDGamma experiment proposes to measure the coupling constant for the pion ex-

change, f 1
π , in the nucleon-nucleon interaction of the DDH model. The NPDGamma

experiment aims to measure the γ-ray directional asymmetry in the capture of neu-

trons by protons in ~n+p→ d+γ. As the asymmetry will be measured in a two-body

system, the results obtained will be free from the nuclear structure uncertainties and

therefore will provide a clean result.

In terms of the meson coupling constants the γ-ray directional asymmetry in the



n-p capture is [37]

Aγ = −0.107f 1
π − 0.001h1

ρ − 0.004h1
ω. (1.8)

The asymmetry is therefore to a very good approximation proportional to the pion-

nucleon coupling constant as the other terms are small. The goal of the NPDGamma

experiment is to measure the coupling constant f 1
π to 10% of the predicted value from

the DDH model. The DDH predicted value of this coupling is 4.56 × 10−7 and the

given “reasonable range” is (0-11.4)×10−7.

The NPDGamma experiment was performed at Flight Path 12 of Los Alamos

Neutron Science Center (LANSCE). The experiment measured the γ-ray directional

asymmetry, Aγ in the n-p capture. Chapter II gives the motivation behind the

NPDGamma experiment. Experimental details and some of the results from the

experiment are discussed in Chapter III. In the experiment, the γ-ray directional

asymmetry was measured with respect to the neutron spin and therefore a polarized

neutron beam was used. The neutrons were polarized using a 3He neutron spin

filter and both 3He and neutron polarization were monitored continuously during the

experiment. Details of the 3He spin filter and the polarization analysis done for the

NPDGamma experiment is presented in Chapter III. The NPDGamma experiment

finished its first phase at Los Alamos Neutron Science Center and has been moved

to Spallation Neutron Source (SNS) for the second run with higher neutron flux.

1.3 Depolarization in 3He Polarizer Cells

During the NPDGamma experiment we monitored 3He polarization continuously

for a period of almost three months. The polarization measurements were performed

by taking the ratio of the neutron transmission through a polarized 3He cell to trans-

mission through an unpolarized 3He cell. 3He polarization was also monitored over



time using Nuclear Magnetic Resonance (NMR). Both the methods showed us that

3He polarization decreased over time when the 3He polarizer cell was exposed to the

neutron beam. Two types of relaxation were observed in the cell when polarization

was monitored for a month in September 2006: (a) long term relaxation and (b)

short term relaxation.

In long term relaxation, the polarization decreases continuously with time when

the cell is exposed to the neutron beam and this decay is not reversible. Short term

relaxation is an effect observed on shorter time scales, 3He polarization decays when

the cell is exposed to the neutron beam and with the beam off, polarization recovers,

at least partially. This depolarization effect was observed in several different cells.

It is important to find the root cause of these decays and also to find out how

the decay scales with the neutron flux. If the decay scales with the neutron flux

then, it will not be possible to use the same kind of 3He cells in a facility with

higher neutron flux. In such a case an alternative to these cells will be required.

To understand this relaxation an experiment was performed at LANSCE in Summer

2007 followed by another experiment at Institut Laue-Langevin (ILL) in Grenoble in

France in November 2007. In the LANSCE experiment we measured the rubidium

polarization by Electron Spin Resonance (ESR) technique in a cell with varying

neutron flux. The ILL experiment measured the alkali metal polarization in Rb and

Rb-K hybrid cells using ESR by measuring the Faraday rotation [9]. Spin destruction

rate measurements, rate of electron spin-flips per alkali metal, were also performed

on pure Rb and Rb-K hybrid cells by using relaxation in the dark technique [35].

These experiments confirmed the polarization decay in polarizer cells when exposed

to neutron beam. Details of the experiment and results are presented in Chapter IV.



1.4 Importance of Polarized Neutrons and Precision Polarimetry Exper-

iment

The discovery of β-decay led to the discovery of weak interactions and since then

precision measurements in β-decay have played an important role in the development

and understanding of the Standard Model and in probing new physics. There are

three correlation coefficients in β-decay, A,B and C which measure asymmetries

between the outgoing particle and the neutron spin. Ameasures the beta asymmetry,

B measures the neutrino asymmetry and C measures the proton asymmetry.

The study of neutrons is important because the results can be related to the

physics of fundamental fermion interaction with a small and reliable correction. Neu-

tron decay is a four fermion interaction and can be used to understand fermion in-

teractions better. In the Standard Model the ratio of the axial to vector coupling

constants, λ = gA/gV , relates A,B and C. Thus the direct measurement of these

parameters probes the Standard Model and the possibility of additional parameter

which will lead to “new physics”. Several experiments have measured A and B be-

fore but measuring the proton asymmetry C to probe the Standard Model is a new

experiment. Precision measurement of C will provide new input into the analysis of

β-decay. Combining the coupling constant λ calculated from a C measurement and

Vud, up and down quark mixing matrix element in the Cabibo-Kobayashi-Maskawa

(CKM) matrix determined from super allowed neutron beta decays [63], will provide

an indirect measurement of the neutron lifetime. Neutron lifetime is currently under

extensive study due to the discrepancy of recent results [83, 66]. The only report of

a measurement of C in the literature is by the PERKEO collaboration [63], where

they reported a 1.5% measurement of kC, k is a kinematical factor which depends

on the range of the proton energy spectrum that is measured.



PANDA (Proton Asymmetry in Neutron Decay) is a proposed experiment which

aims to measure the proton asymmetry in β-decay, C, to 0.1%. In the V/A (Vec-

tor/Axial) theory a 0.1% measurement of the proton asymmetry can be interpreted

as 0.15% measurement of λ [24]. A 0.1% measurement requires neutron polarimetry,

background suppression and control of systematics effects at the 0.1% level. During

the NPDGamma experiment we saw that it is possible to reach 0.1% polarization

precision using polarized 3He and time-of-flight discrimination of neutron velocity

[26]. Precision polarimetry was therefore performed to understand the neutron po-

larization at 0.1% level using 3He polarizers.

There are two main techniques for absolute neutron beam polarization measure-

ment in the cold, thermal and epithermal neutron energy ranges [84],

• Relative intensity measurements of the spin components in a polarized beam

after spatial separation using a magnetic field gradient (Stern-Gerlach effect).

• Transmission measurements using a second polarizing device, called the ana-

lyzer, along with a spin-flipper before the analyzer.

Both methods have their own limitations. For experiments in which neutrons need

to travel in a uniform magnetic field, for a 0.1% measurement the first method

cannot be used as an inhomogeneous magnetic field may cause field gradients in

experimental set up and will lead to systematics in the experiment. Therefore, in

our experiment neutron polarization measurements were performed using the second

method by using a 3He analyzer.

Polarization measurements in the NPDGamma experiment showed us that back-

grounds play a major role in limiting the accuracy of the neutron polarization value.

To understand the limitations caused by the backgrounds and other factors “Preci-



sion Polarimetry Experiment Using 3He Spin Filters” was performed at LANSCE in

Summer 2007. In this experiment the polarized neutron beam was analyzed using a

3He analyzer. The polarized beam which comes out of the polarizer passes through

an analyzer after passing through a spin flipper. We developed a method to measure

the neutron polarization at two different positions in the experiment: after the po-

larizer and after the spin flipper. The details of the precision polarimetry experiment

and the analysis developed are discussed in Chapter V.



CHAPTER II

Motivation for the NPDGamma Experiment

2.1 Introduction

The weak interaction between nucleons was first observed in 1964 by Abov [2].

The experiment used polarized neutrons on a Cd target. The gamma rays emitted

due to neutron capture by Cd was analyzed for parity violation and a non-zero

value was obtained for the asymmetry. Since then parity violating phenomena have

been extensively studied experimentally. Circular γ-ray polarization [6], asymmetries

from polarized nuclei [32] were studied and have been measured with good precision.

Anapole moments of nuclear ground state measurements, another tool to probe the

weak interactions, have been observed recently [81].

After decades of studies the weak interaction between the nucleon-nucleon inter-

action is yet not well established. In a nucleon-nucleon system it is difficult to access

the weak interactions because of the much larger size of the strong interactions. Par-

ity violation is an unique feature of weak interactions which is therefore used to probe

the nucleonic system for weak interactions. Strong interactions do not violate parity,

so any parity-odd effects must come from the weak interactions in the system. The

study of nuclear parity have been, therefore, of interest for a long time in the hope

it would provide information on weak interaction between nucleons.
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It is important to understand the character of the weak interaction between nucle-

ons for many reasons. Study of weak interactions between nucleons will improve the

understanding of the strongly interacting limit of quantum chromodynamics (QCD).

The weak interaction between leptons and quarks is well understood at the funda-

mental level. The range of weak interaction between the nucleons is much smaller

than the size of the nucleon and also the strong repulsion of two nucleons does not

allow the nucleons to come closer than a certain distance. Therefore it is proposed

that the weak interaction between the nucleons must involve meson exchange. It is

believed that weak interaction will provide new information on quark-quark correla-

tions in QCD and will explain the meson exchange model of nucleon-nucleon (NN)

interaction. Also, the NN interaction is the only way to study quark-quark neutral

currents at low energy.

To understand the NN interaction, many models have been proposed in the last

few decades [18, 30, 50]. The most popular model presently is the one in which the

hadronic interaction is characterized by two vertices: a strong interaction vertex and

a weak interaction vertex. The two vertices interact by the exchange of mesons. The

hadronic interaction is dominated by the strong interaction with a small contribution

from the weak interaction [30]. Many experiments have been proposed and are cur-

rently under development to validate the meson-exchange theory. The NPDGamma

experiment is an experiment designed for achieving a better understanding of the

weak interactions in nucleon-nucleon(NN) interaction. The experiment measures the

asymmetry of the gamma-ray with respect to the neutron spin in the n-p capture,

n+ p→ d+ γ.



2.2 Hadronic Interactions and DDH Model

Weak interactions are responsible for the decay of massive quarks and leptons into

lighter quarks and leptons. The carrier particles of weak interaction are W± or Z

bosons. The NN interaction has both a strong interaction and weak interaction ver-

tex. A challenging problem of nuclear physics is to understand the weak interactions

in the hadronic system because of the relatively small size of the weak interaction

compared to the strong interactions. The Standard Model is successfully able to

predict the weak interaction of the leptons and quarks, but is not fully successful in

determining the weak interactions of composite hadrons.

After decades of study, knowledge of hadronic interactions is still limited because

of the size of strong interactions in hadrons as compared to the size of weak inter-

actions in them. Many theoretical frameworks for weak interactions using meson-

exchange potential have been developed after the discovery of pion in 1947/48 [50].

In 1951 Taketani, Nakamura and Sasaki (TNS) proposed the pion exchange model

for hadronic interactions for the first time [70]. Since then many meson-exchange

models have been proposed but the validity of this meson-exchange description has

not yet been established [50]. Experiments are in progress to establish the validity

of the description.

The benchmark paper in the field of parity violation was published in 1980 by

Desplanques, Donohogue and Holstein (DDH) [30]. They described the weak parity-

violating nucleon-nucleon interaction using a meson-exchange potential involving

seven weak meson-nucleon coupling constants. In this model, the parity non con-

serving NN interaction is written as a potential due to the meson(π, ρ, ω) exchange

where one meson-nucleon vertex is governed by weak interaction and the other by



Figure 2.1: Diagram showing the weak and the strong vertex in the nucleon nucleon interaction in
the DDH model.

Coefficient Equivalent “Best Value”(×10−6) “Reasonable Range”(×10−6)

Fπ gπNNfπ/
√

32 1.08 0:2.71
F0 −gρh

0
ρ/2 1.59 -1.59:4.29

F1 −gρh
1
ρ/2 0.027 0:0.053

F2 −gρh
2
ρ/2 1.33 -1.06:1.54

G0 −gωh0
ω/2 0.80 -2.39:4.29

G1 −gωh1
ω/2 0.48 0.32:0.80

H1 −gρh
′1
ρ /4 0.0

Table 2.1: Weak coupling constants for the Weinberg-Salam model using the “best value” and
“reasonable range” of results of DDH [4].

strong interaction. Figure 2.1 shows the diagram for the DDH model. In this figure,

one of the vertices is weak (W), parity non-conserving (PNC), and the other ver-

tex is strong (S), parity conserving (PC). The interaction between the two vertices

is mediated by mesons. This meson exchange between nucleons is represented by

nucleon nucleon meson exchange couplings in the DDH model.

DDH calculations of the Standard Model estimate of the parity non-conserving

nucleon-nucleon meson couplings for this model were based on the Weinberg-Salam

model, SU(6) symmetry and known hyperon decay amplitudes. The use of the quark

model and the symmetry techniques did not require the precise knowledge of the

nuclear wave functions and therefore, this technique overcame some of the challenges

that affected some earlier calculations.



DDH provided “reasonable range” values of all the coupling constants in the

exchange potential. The reasonable range was calculated taking into account the

uncertainties so that any future correction in the model leads to a value within the

range. They also provided an estimate of the most likely value from their model.

These values are tabulated in table 2.1. The coupling constant h′1ρ was not evaluated

by DDH and was later considered by Holstein and found to be small and therefore

not considered in the DDH values [44].

2.3 Parity Non-Conserving NN Potential

The parity non-conserving nuclear effects take place at the level of nucleon-nucleon

(NN) interaction. According to the DDH model as discussed before, there are two

types of potentials in the NN interaction: parity conserving (PC) and parity non-

conserving (PNC). The parity conserving part represents the strong interaction ver-

tex and the parity non conserving vertex represents the weak interaction. The strong

PC NN interaction has been successfully explained at low energies in terms of meson

exchange potentials. This description is modified to include the PNC interaction by

replacing one of the strong meson-nucleon couplings by a weak coupling. The range

of W± and Z0 is ≈0.02 fm [4], much shorter than the distance between nucleons.

The hard core repulsion in the NN interaction keeps the nucleons farther apart from

the range of weak gauge bosons. The long range weak force between the nucleons is

therefore mediated by the exchange of light mesons. Figure 2.2 shows that a weak

gauge boson is emitted by a quark from the weak vertex, it travels a short distance

and changes to a π, ρ or ω which then couples strongly to another nucleon at the

strong vertex. The coupling strengths of the meson exchanges between the vertices

are modified by strong interactions of the bound quarks.



The relative strength of the PNC and PC NN interactions is roughly given by

4πGFm
2
π/g

2
πNN ≈ 10−7 [4], indicating that the PNC effect is much smaller than the

PC effect. Therefore, it is valid to introduce the weak interaction as a perturbation to

the strong interaction and use the first order perturbation theory to the NN system.

The Hamiltonian for the NN system can therefore be split into two terms: a parity

conserving strong interaction term (HS) and a weak parity non conserving potential

(VPNC)

H = HS + VPNC . (2.1)

Here VPNC is the potential generated because of the π, ρ and ω mesons. VPNC is a

small perturbation to the system which mixes the parity conserving state ψ with the

parity non conserving φ,

ψ′ = ψ +
< φ|VPNC|ψ >

∆E
. (2.2)

The NN potential (VPNC) due to the exchange of π, ρ and ω mesons is given by

VPNC =
∑

µ=π,ρ,ω

∑

∆I=0,1,2

H∆I
µ V ∆I

µ , (2.3)

where VPNC is a linear combination of terms each involving the exchange of a π, ρ or ω

meson with a second index describing the isospin exchanged in the weak interaction.

For example, ∆I = 1 pion potential has the form

V 1
π =

i

m
[~τ1 × ~τ2]z(~σ1 + ~σ2).~uπ(~r),

where m is the nucleon mass and

~uπ(~r) =

[

~p,
e−mπ

4πr

]

,

where mπ is the pion mass, ~r = ~r1 −~r2 and ~p = ~p1 − ~p2. The Yukawa function in the

term ~uπ(~r) gives the dependence of V 1
π on the distance between the two interacting



nucleons. The exchange of light mesons, e.g. pion, determines the long-range part

of the force and therefore, the range of V 1
π is longer than that of the other weak

meson potentials. The exchange of heavy mesons (ρ, ω) generates the short range

part of the PNC NN force. The π exchange plays a dominant role in the ∆I = 1

NN interaction. Both ρ and ω exchanges contribute to the ∆I = 0 interaction and

∆I = 2 interaction arises due to ρ exchange [4].

The parity violating asymmetry in a measurement in terms of coupling constant

is given as

A = f 1
πV

1
π + h0

ρV
0
ρ + h1

ρV
1
ρ + h2

ρV
2
ρ + h0

ωV
0
ω + h1

ωV
1
ω , (2.4)

where the coefficients (V ∆I
µ ) are calculated from theory. In the last few decades a

significant amount of experimental work has been done to get the values of these

coupling constants. The following section discusses the experiments performed after

1980 (after the DDH model) to determine the coupling constants proposed in the

DDH theory.

2.4 History and Motivation for the NPDGamma Experiment

The search for parity forbidden transitions has become very active in the last few

decades after the benchmark paper of DDH. The weak interaction between nucleons

in a nucleus was first observed in 1964 by Abov [2] when a parity violating signal

was obtained due to γ-ray emission from a Cd target when it was hit by polarized

neutrons. Since then parity violation in NN interaction has become an extensive

field of research. Parity non conserving effects are usually studied by observing the

transitions which are forbidden by parity conservation or by measuring the correla-

tion between the spins and momenta. The relative strength of the PNC and PC NN

interactions is ≈10−7, indicating that the PNC signal will be very small in the exper-



Figure 2.2: The figure shows the interaction between two hadrons and their quark composition. A
weak boson is emitted from one nuclei which breaks up into quarks to produce a meson.

iments. Therefore, the important thing to consider in these experiments is to reduce

the uncertainties due to the statistical and systematic errors. This section discusses

some of the experiments performed in the past towards a better understanding of

the weak interaction in the NN system.

2.4.1 History

There are several methods to detect the small signal in the NN interactions.

Some of the experiments performed to understand the weak interactions in nucleonic

systems and their results are discussed in this section

1. Longitudinal asymmetry measurements: These kind of experiments observe the

scattering of a longitudinally polarized proton from an unpolarized target. If there

is no parity violation, the scattering cross-section of spin up protons must be equal

to the scattering cross sections of spin down protons. The asymmetry is defined as

AL =
σ↑ − σ↓
σ↑ + σ↓

. (2.5)

Here σ↑ is the cross section for scattering of spin up protons and σ↓ is the cross

section for scattering of spin down protons. A number of experiments in this cate-

gory, typically with polarized proton beam have been performed. This asymmetry



measures a linear combination of h0
ρ, h

1
ρ and h2

ρ,

AL = −0.028(h0
ρ + h1

ρ + h2
ρ/
√

6). (2.6)

For the E497 experiment at TRIUMF Az was measured to be (0.86 ± 0.35) × 10−7

[15, 72].

2. The second category of experiment involves a nucleus in an excited state

decaying via photon emission to its ground state. Without parity violation in such

a decay there will be equal number of right- and left-handed polarized photons.

Therefore a non-zero polarization represents parity violation and can be used as a

tool to understand hadronic interactions. In terms of coupling constants the circular

polarization of photons emitted in the transitions of excited 18F nuclei is,

Pγ = 4385f 1
π + 1.016 × 10−4. (2.7)

The quantity has been measured in different experiments [6, 12] with consistent values

of Pγ . From these experiments the value of Pγ is obtained to be Pγ = (1.2±3.9)×10−4.

3. Another technique examines the decay of polarized nuclei’s nuclear levels.

Parity conservation requires that an equal number of decay products be emitted

parallel and antiparallel to the direction of nuclear spin,

Decay Prob(k̂γ. ~J > 0) = Decay Prob(k̂γ. ~J < 0). (2.8)

Such measurements were performed on 19F, 180Hf in the past [5, 47]. A similar

experiment performed at Grenoble measured the asymmetry of the outgoing photon

in the n + p → d + γ reaction. The γ-ray asymmetry value obtained from this

experiment was [80]

Aγ = −(4.7 ± 4.7) × 10−8. (2.9)



4. Another experiment in the category of n-p experiment is the measurement

of the spin rotation, φPNC, of polarized cold neutrons when transmitted through a

medium. An experiment which will measure the spin rotation in 4He is in progress at

National Institute of Science and Technology (NIST) [14]. Polarized cold neutrons are

used for this experiment. These polarized neutrons will experience a parity violating

spin rotation when they travel through liquid helium due to the weak interactions

with an angle proportional to a linear combination of the weak meson exchange

amplitudes. In terms of the coupling constants the spin rotation is written as,

φPV (n, α) = −(0.97fπ + 0.32h0
ρ − 0.11h1

ρ + 0.22h0
ω − 0.22h1

ω)rad/m. (2.10)

5. Anapole moment measurements: Anapole moments are produced due to the

interaction of the nucleus with the electrons of the atom. Anapole moments of nuclear

ground states are observed using laser spectroscopy on atomic beams. The anapole

moment operator is a parity-odd rank one tensor given by

~a = −π
∫

r2 ~J(~r)d3r. (2.11)

where ~J(~r) is the electromagnetic current density operator. Nuclear anapole mo-

ments are parity-odd, time reversal-even E1 moments of the electromagnetic current

operator. In addition to the exploration of physics of the Standard Model, high pre-

cision atomic PNC measurements also provide a different approach for the study of

parity violation.

Existence of anapole moment was soon realized after the discovery of parity non

conservation in 1958 [86].Recently in 1998 a new level of precision was reached in the

atomic anapole by measuring the hyperfine dependence of atomic PNC in 133Cs [81].

For 133Cs, the anapole moment in terms of the coupling constants is written as [34]

κa = 2.0 × 105(28.2f 1
π − 7.8h0

ρ − 1.9h1
ρ + 0.5h2

ρ − 4.5(h0
ω + h1

ω). (2.12)



Figure 2.3: Plot showing the coupling constants determined from different experiments in the past
[58].

Before the 133Cs experiment anapole moment was performed on 205Tl [74], the rela-

tion for 205Tl anapole moment in terms of the coupling constants is [79]

κa = 1.12 × 106(f 1
π − 3.23h0

ρ). (2.13)

2.4.2 Motivation for the NPDGamma Experiment

The results obtained from the anapole moment of 133Cs is controversial for two

reasons. Firstly, the non-zero measurement of the 133Cs was analyzed by Flambaum

and Murray to extract a value of f 1
π [34]. Their result is two times larger than

the DDH value and a factor of seven larger than the limit set by 18F experiments.

Secondly, result from the 133Cs are inconsistent with the anapole moment result

obtained from an earlier experiment with 205Tl where the anapole moment for the

system was measured to be zero [74]. Assuming both the measurements are correct,

the results suggest that the nuclear structure effects that were not included in the



analysis may play an important role in interpreting the measurements assuming the

measurements are correct.

The nuclear structure affects make it difficult to measure the asymmetry in a large

nuclei. Because of this smaller nuclei, few-nucleon systems whose interpretation is

free from uncertainties in nuclear structure, are preferred and the coefficients can be

calculated directly with small uncertainties.

The NPDGamma experiment was proposed with the idea to resolve the issue of

the f 1
π coupling constant [17]. The experiment uses neutron-proton capture (n+p→

d+ γ) to measure an asymmetry with simple relation to the weak coupling constant

and therefore a clear interpretation of the result. Due to the parity non-conserving

part of nuclear forces in the system one expects a circular polarization and a forward-

backward asymmetry of the emitted photon for unpolarized and polarized neutrons,

respectively. In terms of the coupling constant the asymmetry is

Aγ = −0.107f 1
π − 0.001h1

ρ − 0.004h1
ω. (2.14)

The asymmetry in the n-p capture will therefore measure f 1
π as the contribution to

asymmetry due to the two other terms is small. The n-p capture is discussed in

detail in the next section. NPDGamma experiment finished its first phase at Los

Alamos Neutron Science Center (LANSCE) in fall 2006 and has been approved for

the (Spallation Neutron Source) SNS beamline.

2.5 The NPDGamma Reaction and Directional Gamma Asymmetry

The intrinsic interest in a clean measurement of f 1
π in the NN system together

with the considerations of experimental feasibility led to the development of the

NPDGamma experiment at the LANSCE. The experiment aims to measure the value

of Aγ with a goal of achieving ±10% of the DDH predicted value. The NPDGamma



Figure 2.4: Figure showing the capture of a polarized neutron by a proton producing a deuteron
and 2.2 MeV gamma-ray for both the spin states. The NPDGamma experiment plan
to measure the parity-violating asymmetry in the gamma with respect to the neutron
spin.

reaction is the thermal capture of spin polarized neutrons by the protons in a liquid

para-hydrogen target. As a result of the capture a deuteron is formed and a 2.2 MeV

photon is emitted,

~n + p→ d+ γ(2.2MeV ). (2.15)

The n + p→ d+ γ experiment was first performed at ILL in 1977 [20]. This is the

simplest internucleon system possible for the study of NN interactions. The study

becomes easier because of the absence of the nuclear structure complexities. The

goal of the NPDGamma experiment is to measure the parity-violating directional

gamma-ray asymmetry in this clean system. This asymmetry is measured in the

angular distribution of the 2.2 MeV γ-rays relative to the direction of the neutron

spin. Parity is violated if the cross section for photon emission for neutron spin up

is different than the emission for neutron spin down. This leads to an asymmetry in

the experiment, if any.



Let dσ/dΩ is the probability per unit solid angle Ω for emission of a γ and θ~sn,~kγ

is the angle between the direction of the neutron spin and the emitted photon. The

parity non-conserving asymmetry, Aγ, is the coefficient that determines the cosine

dependence of dσ/dΩ on θ~sn,~kγ
. The cross section for photon emission is given by

dσ

dΩ
=

1

4π
(1 + Aγ cos θ~sn,~kγ

) (2.16)

and

cos θ~sn,~kγ
=

~sn.~kγ

|~sn|.|~kγ|
. (2.17)

As dσ/dΩ is an observable scalar quantity and since cos θ~sn,~kγ
is reversed by parity

transformation, a non-zero Aγ implies the violation of parity. It is impractical to

produce a parity transformation of an entire experimental set up. Therefore to

perform the parity violating measurement in the NPDGamma experiment direction

of the neutron polarization was flipped using a spin flipper. As the proton target

is left-right symmetric the neutron spin reversal is equivalent to the interchange

of left and right of the incident beam and the target and is therefore equivalent

to parity transformation. Under parity transformation the correlation between the

neutron spin and the photon momentum is odd as ~sn does not change sign but ~kγ

does (figure 2.5). Therefore, non-zero Aγ will indicate the violation of parity in

the reaction. Figure 2.4 shows that the resulting gamma cross-section carries the

signature of parity violation if the gamma emission in the angular directions are

different for spin up and spin down. The difference in cross section or the measured

asymmetry is

Aγ =
dσ
dΩ

(~sn. ~kγ > 0) − dσ
dΩ

(~sn. ~kγ < 0)
dσ
dΩ

(~sn. ~kγ > 0) + dσ
dΩ

(~sn. ~kγ < 0)
. (2.18)



Figure 2.5: Parity violation between the neutron spin and gamma momentum is shown in this
figure. Looking at the mirror reflection, the neutron spin remains unchanged but the
direction of momentum changes, therefore parity is violated.

2.6 Origin of the Asymmetry in n-p Capture

The cross-section dσ/dΩ is obtained from the transition amplitude of the electro-

magnetic part of the Hamiltonian between initial and two nucleon states. In the n-p

system the unbound system can be expanded in terms of spherical harmonics and is

represented by an S wave. Figure 2.6 shows the level diagram for the n-p system.

Parity violation arises when the P states mix with the S states. P states that

conserve J mix with the S states of the unbound system. The isospin of each state

is determined by the rule that wavefunction of two-fermion system is antisymmetric

with respect to the particle exchange. For states of two-nucleon system, the sum

of the quantum numbers l + S + I must be an odd integer. Therefore, for the 3S1

state of the deuteron I = 0 whereas for the 3S0 state I = 1 [19]. The transitions

from an unbound n-p system to a bound deuteron occurs due to the electromagnetic

transitions between the energy levels. The allowed transitions for this system are

labeled in figure 2.6. These transitions obey the angular momentum and parity

selection rules. E1 transitions are between the states of opposite parity and the M1

transitions are between the states of same parity. All E1 and M1 transitions are

labeled in the figure. Also, ∆I = 0 transitions are not allowed for a self conjugate



Figure 2.6: Spin and isospin assignments for the bound and low energy continuum levels of the n-p
system and the electromagnetic transitions linking the levels. Parity violation in this
system is caused by the interference of the E1 and M1 transitions shown. Aγ is caused
by the E(1)M(0) interference.

nucleus and therefore those transitions are not taken into consideration. As M1

transitions are between the states of same parity, it is considered to be of positive

parity and E1 transitions are considered to be of negative parity as they are between

the states of opposite parity. The interference of these two opposite parity transitions

or M1-E1 interference leads to the parity violating asymmetry in the n-p system.

The parity violating parameters for this system can be obtained by using these

transitions. For a neutron beam polarized along the z-axis the differential cross

section in terms of E1 and M1 is given by

dσ

dΩ
∝ 1

4π

(

1 − 2
√

2
< E1 >

< M1 >
cos θ~sn,~kγ

)

, (2.19)

where θ~sn,~kγ
is the angle between the neutron polarization and momentum of the

outgoing photon and

Aγ = −2
√

2
< E1 >

< M1 >
. (2.20)

The relation between Aγ and the coupling constant f∆I=1
π was calculated by several



groups and is given to be [37, 62],

Aγ ≈ −0.107f∆I=1
π . (2.21)

In the NPDGamma experiment Aγ was measured by measuring the cross section for

each spin direction of the neutrons (equation 2.18). This measured value is used to

calculate the value of the coupling constant f∆I=1
π using equation 2.21.

As mentioned before, only one experiment was performed before the NPDGamma

experiment to measure f∆I=1
π using the n-p system where the gamma asymmetry was

obtained to be Aγ = (6± 21)× 10−8. NPDGamma experiment is the second experi-

ment which aims to measure f∆I=1
π using the n-p system. As the signal obtained is

very small because of the dominant strong interaction the experiment needs a very

high statistics and also the systematics have to be reduced. The NPDGamma ex-

periment finished its first run at Los Alamos National Laboratory in Fall 2006 and

the analysis is in progress. The experiment has been moved to Spallation Neutron

Source at Oak Ridge National Laboratory where it plans to take advantage of the

higher neutron flux.



CHAPTER III

The NPDGamma Experiment

The NPDGamma, ~n+ p→ d+ γ, experiment at the LANSCE aimed to measure

the parity-violating directional asymmetry in the ~n + p → d + γ reaction to 0.1

level of Aγ. It was performed on Flight Path 12 (FP12) at the Manuel Lujan Jr.

Neutron Scattering Center (Lujan center) of the Los Alamos Neutron Science Center

(LANSCE). FP12 at Lujan center is the only currently operating neutron beamline

in the US dedicated to fundamental neutron physics where neutrons are produced

from a 20 Hz pulsed neutron source. To reach the proposed sensitivity it is important

to have the high counting rate provided by the high flux neutron beam.

Figure 3.1 shows a schematic of the experimental set up of the NPDGamma

experiment. The experiment was enclosed in a 10 Gauss magnetic field. Magnetic

field was required for the polarization and transportation of the neutrons downstream

of the polarizer. The unpolarized neutrons from the source pass through the 3He

polarizer and become transversely polarized. A radio frequency spin flipper (RFSF)

which can flip the neutron spin on a pulse to pulse basis was also installed in the

neutron beam path . After the spin flipper, the neutrons enter a 16 L liquid H2 target

where neutrons were captured by the H2 target due to the n-p capture, ~n+d→ d+γ.

The 2.2 MeV γ-rays from this capture reaction were detected by an array of 48

30



Figure 3.1: Experimental set up for the NPDGamma experiment. Proton beam hit the spallation
target producing neutrons. Neutrons were transported to the experiment using a su-
permirror neutron guide. A chopper was installed in the flight path to select the correct
wavelength neutrons. Outer box in the figure is the experimental cave. The experiment
was enclosed in a magnetic field of 10 Gauss. The position of the monitors, polarizer,
spin flipper, LH2 target and the detectors are shown in the figure.

CsI detectors. There were three neutron detectors (also called monitors) placed at

different positions along the beamline as shown in figure 3.1. These monitors were

used to monitor the incident neutron beam intensity, neutron polarization, the spin

flipper efficiency and the ortho-para ratio of the liquid hydrogen target.

This chapter gives a description of the components of the NPDGamma experi-

ment. As the dissertation is more focused on neutron polarization, the chapter will

have a detailed discussion of 3He polarizers and the polarization analysis for the

NPDGamma experiment.

The NPDGamma experiment took its final set of data with LH2 at LANSCE in

the Fall of 2006 and has been moved to Spallation Neutron Source (SNS) at Oak

Ridge National Laboratory (ORNL) for another set of runs with higher sensitivity

at the higher neutron flux at SNS.



3.1 The Flight Path and the Frame Overlap Chopper

The pulsed neutron beam at FP12 is produced by spallation when 800 MeV

protons from a proton storage ring are incident on a Tungsten target at 20 Hz. The

protons are first accelerated using the linear accelerator and then they enter the

storage ring to be compressed in time to hit the tungsten target. The neutron flux

incident on the experiment depends on the proton current and the energy delivered to

the target. The neutrons are then thermalized in a 12 x 12 cm2 hydrogen moderator

kept at a temperature of 20 K. The neutrons are transported to the experiment using

a supermirror neutron guide [64].

A neutron guide uses the concept of total internal reflection for a range of angles

up to the critical angle. In a neutron guide the neutrons are reflected about twice or

thrice until they reach the experiment. The maximum glancing angle, or the critical

angle, at which total internal reflection occurs is

θc = mθc(
58Ni), (3.1)

where θc(
58Ni) is the critical angle of the natural nickel and m is the ratio of the

effective critical angle of the supermirror to that of natural nickel [31]. The FP12

neutron guide is made of several layers of 58Ni and 47Ti with m=3 and 9.5 × 9.5 cm2

in cross section.

A picture of the flight path is shown in figure 3.2. The length of the flight path

was calculated to be 21.123 ± 0.032 m using the Bragg edge technique [29]. The

pulsed neutron beam was transmitted through a beryllium block and the time of

flight spectrum was recorded. For Be the Bragg edges are at 3.483 Å, 3.957 Å and

3.98 Å. The length of the flight path was calculated by comparing the known Be

Bragg edges with the time of flight spectrum. As the neutron beam was pulsed, we



Figure 3.2: An overview of the flight path 12. The figure shows the location of the chopper in the
flight path. The area indicated as “Cave” is the area where the experiment was carried
out [37].

were able to measure the time of flight of the neutrons accurately and thus we knew

the velocity of the neutrons we were working with. Velocity range for the neutrons

was selected using a chopper installed in the flight path before the neutrons enter

the experimental area (seen in figure 3.2).

Frame overlap chopper is a device which selects a desired wavelength or the veloc-

ity range in the neutron time of flight (tof) spectrum for an experiment. It prevents

the overlap of slow neutrons of a previous pulse with fast neutrons of the next pulse.

Neutrons with energy less than 1 meV are stopped by the chopper located between

the moderator and the experiment.

The chopper had two blades which were able to rotate independently up to 1200

rpm and was located at a distance of 9.38m from the surface of the H2 moderator[37].

When either one or both blades covered the neutron beam opening, the slow neutrons

at the tail end of the neutron spectrum were blocked, thus stopping the overlap of



Figure 3.3: Diagram explaining the functioning of a chopper. The dashed lines indicate the point
where the neutrons are needed. Y axis is the length of the flight path and X axis is time
of flight. When there is no chopper, neutrons from two different pulses can interfere
(a) but when the chopper is on it cuts off the slow neutrons from the pulse and prevent
them from reaching the next pulse (b).

fast neutrons from the penultimate pulse with the slow neutrons in the previous

pulse. The functioning of a chopper is shown in figure 3.3. When the chopper is not

present, neutrons with all wavelengths pass through and thus are confused with the

neutrons from the previous pulse (figure 3.3(a)). But when the chopper is on, these

undesired neutrons from each pulse are blocked (figure 3.3(b)). Difference between

the neutron time of flight spectrum when the chopper is working and when it is not

is shown in figure 3.4. As can be seen from the figure, the tail of neutrons is removed

by the use of chopper which otherwise interfere with the next pulse.

3.2 Monitors

The experiment used three neutron detectors (also called monitors) at different

positions in the beamline for monitoring the neutron transmission through various



Figure 3.4: M1 spectrum of two pulses for chopper on and chopper off state. The red curve is for
chopper off and black curve is for chopper on. When the chopper is functioning it chops
off the tail neutrons and prevent them from interfering with the next pulse.

components of the experiment. The position of the three monitors can be seen in

figure 3.1. Monitors used in the NPDGamma experiment were parallel plate ion

chamber with an active area of 12 x 12 cm2. Each monitor had three 0.5 mm thick

Aluminium electrodes. The two outer electrodes were provided with -5 kV and the

neutron current signal was obtained from the central electrode. The schematic of

the monitor is shown in figure 3.5.

The monitors were held at a pressure of 1 atm and are filled with 50% He, both

3He and 4He, and 50% N2. The thickness of a monitor depends on the ratio of 3He to

4He. The first two monitors, which were thin, contained mostly 4He with a very small

fraction of 3He, less than 3% and therefore absorbing about 3% of the neutron beam

at 10 meV The 3He thickness was measured to be (1.01±0.07)×1018 cm−2 for M1 and

(0.99±0.07)×1018 cm−2 for M2 [39]. The thick monitor, the third monitor, contained

50% of 3He and absorbed almost 40% of the neutron beam at 10 meV. When neutrons

are captured by 3He in the monitors due to the capture reaction n+3He→1H+3H+764

keV, 764 keV energy is also released. This energy causes ionization of N2 inside the



Figure 3.5: Schematics of a monitor is shown in the figure. 3He, 4He and N2 gases are enclosed in
a Al housing. The neutron causes ionization of N2 inside the monitor due to the energy
emitted in the capture reaction n+3He→1H+3H+764 keV and these ions are collected
by the central electrode which is converted to voltage.

monitor. These ions are collected by the central electrode and the current signal is

obtained. Therefore, the current signal is proportional to the incident neutron flux

and hence also an indirect measurement of the varying neutron flux. A photograph

of the monitor used in the experiment is shown in figure 3.6.

3.3 The Polarizer

There are two types of neutron polarizers: supermirror polarizers and 3He polar-

izers. Both the types are discussed in this section. For the NPDGamma experiment,

we used the 3He polarizers, therefore they will be discussed in more detail.

3.3.1 Supermirrors

A supermirror polarizer is made of ferromagnetic material and is based on the

reflection of neutrons from a ferromagnetic surface. For a ferromagnetic material the

refractive index is

n± = 1 − λ2N(bcoh ± p)

2π
, (3.2)



Figure 3.6: A photograph of one of the monitors used for the experiment.

where n+ and n− is the refractive index for neutrons whose moments are aligned

parallel and antiparallel to the magnetic field, respectively, bcoh is the mean coherent

scattering length, and p is the magnetic scattering length

p =
2µ(B −H)mπ

h2N
, (3.3)

where m is the neutron mass, µ is the magnetic moment and B is the magnetic

induction in an applied field H . Thus, the refractive index of the material is different

for spin up neutrons and spin down neutrons giving rise to two critical angles of total

reflection γ+ and γ−. Reflections at an angle between these two critical angles will

produce a polarized beam [31].

A new technique in using the supermirrors for neutron polarization is the crossed

supermirror polarizer. The crossed supermirror polarizer was recently developed in

ILL to overcome the limitations of single supermirror polarizer[48]. Neutron polar-

ization obtained by the use of single polarizer is limited by angular and wavelength

dependence of polarization across the beam phase space. With a set of crossed su-

permirrors, polarization was measured up to 99.7% over the range of 3-7 Å using

3He spin filter as analyzer.



3.3.2 3He Polarizer

The use of polarized 3He gas targets as neutron polarizers provide a promising

technique for absolute neutron beam polarization measurement first demonstrated

by Coulter et al.[28]. Polarized 3He can be used as a nearly perfect neutron spin

filter as it has a very large spin dependent cross section for neutron capture. There

are both elastic and inelastic scattering channels available for the neutrons on 3He.

The two available inelastic channels where neutrons interact with 3He are:

n +3 He→3 H + p (3.4)

n +3 He→4 He+ γ. (3.5)

The absorption cross sections for both the reactions obey the 1/v law which means:

σ = σ0
v0

v
= σ0

λ

λ0
, (3.6)

where σ0 is the absorbtion cross section for neutrons at wavelength λ0. For equation

3.5, the reaction cross section is 54 barns at 1.8 Å. But, equation 3.4 has a high

cross section of 5333 ± 7 barns at 1.8 Å [7], due to the presence of a broad Jπ = 0+

excited state of the 4He compound nucleus and as this resonance is open only in

the 0+ channel, the cross section is very spin dependent and is dominated by the

absorption of neutrons with spin anti-parallel to the 3He polarization. Therefore, an

unpolarized beam of neutrons incident on a target of polarized 3He emerges parallel

to the target polarization.

To understand the spin dependence of equation 3.4, lets consider the low energy

regime where only l = 0 partial waves contribute . For a spin 1
2

target we have singlet

and triplet states. Let σs and σt be the cross section for these two states. If I is the



spin of the target, the spin independent cross section, σRe, for the target is [60]

σRe =
I + 1

2I + 1
σt +

I

2I + 1
σs. (3.7)

For a particular spin state the cross section, σP , is given by,

σP =
I

2I + 1
(σs − σt) (3.8)

and if PT is the target polarization the experimental cross sections for neutrons and

target spins parallel(+) or antiparallel(-) is,

σ± = σRe ∓ PTσP . (3.9)

If the target polarization is 100%, for I=1/2,

σRe =
3

4
σt +

1

4
σs

σP =
1

4
(σs − σt). (3.10)

For the case of 3He, σP

σRe
= 1.010 ± 0.032 [55], and therefore

σ+ = 0, σ− = 2σRe. (3.11)

Thus, if the 3He target is 100% polarized, all the neutrons which have the same

spin as the target will pass through and the neutrons with spin antiparallel to the

target will get absorbed with an absorption cross section of σ−. Thus, 3He targets

with 100% polarization are ideal neutron polarizers, but 100% is practically not

achievable because of experimental limitations.

The transmission of unpolarized neutrons through a 3He spin filter cell with neu-

tron spins parallel and anti-parallel to the 3He spins is

t± = exp(−nlσa(1 ∓ PHe)), (3.12)



where t+ is the transmission of neutron spins aligned parallel to the 3He spins and

t− is the transmission of neutron spins aligned anti-parallel to the 3He spins, PHe is

the 3He polarization, l is the target length, n is the number density of 3He, and σa =

σ0λ
λ0

is the wavelength dependent absorption cross section. Therefore, the neutron

transmission through an unpolarized cell (PHe=0)is

T0 = exp(−nlσa). (3.13)

The neutron transmission through a polarized 3He spin filter (PHe 6=0) is

TP =
t+ + t−

2
= exp(−nlσa) cosh(nlσaPHe) = T0 cosh(nlσaPHe) (3.14)

and neutron polarization of the transmitted beam, Pn, is

Pn =
t+ − t−
t+ + t−

= tanh(nlσaPHe) =

√

1 − T 2
0

T 2
P

. (3.15)

For the NPDGamma experiment 3He spin filter was chosen over supermirror neu-

tron polarizers because of the following reasons:

• Spin of 3He can be quickly reversed with respect to the static magnetic field

which is of great value in reducing the systematic errors associated with the

experiment. But, in supermirrors as it is a magnetic device the static magnetic

field has to be reversed to reverse the neutron polarization.

• A supermirror requires an analyzer to measure the polarization but for 3He

polarizers polarization can be measured using the transmission ratio method

described above.

3.4 Optical pumping and 3He Polarization

There are two techniques to produce polarized 3He: spin exchange optical pump-

ing (SEOP) and metastablity-exchange optical pumping (MEOP). MEOP was first



observed in 1962 when Colgrove et al. demonstrated optical pumping of metastable

1S0 helium in a discharge and thus the possibility of polarizing 3He gas via metastablity

exchange between a polarized metastable 3He and a ground state 3He [78]. MEOP

polarizes pure 3He at low pressure typically 1 mbar, at rates of about 1 std-liter/hour

with 3He polarizations of 70% or more [56]. MEOP polarizer stations compress the

3He into cells and are transported to the point of use where the 3He polarization

decays very slowly, with a time constant that can be a week or longer. In SEOP, the

3He cell is polarized by the hyperfine interaction during collisions of the 3He nuclei

with polarized valence electrons of optically pumped alkali-metals. For applications

that require several days or weeks of stable polarization operation, such as targets

for electron scattering, neutron scattering experiments and long running fundamental

neutron physics experiment (e.g. NPDGamma Experiment), it is practical to have a

SEOP system pumping continuously with stable polarization for weeks or months.

For the NPDGamma experiment 3He was polarized by spin exchange with laser

polarized rubidium. Spin-exchange from optically pumped Rb vapor was discovered

by Bouchiat et al. in 1960 [16]. The spin exchange is mediated by the hyperfine

interaction of the Rb outer shell electron with the 3He nucleus during the binary

collisions time, order of 10−12 seconds [25]. The rate equation which governs the

evolution of 3He polarization is

[

Γ

2
+ γSEρA

(

+
1

2

)]

ρ

(

−1

2

)

−
[

Γ

2
+ γSEρA

(

−1

2

)]

ρ

(

+
1

2

)

=
d

dt
ρ

(

+
1

2

)

,

(3.16)

where ρ
(

±1
2

)

are the occupation probabilities for mS = ±1
2

states in 3He and Γ is

the relaxation rate for 3He in the absence of Rb due to the dipole-dipole relaxation,

wall relaxation, relaxation from diffusion through magnetic field gradients and other

mechanisms. For the 3He polarization rate to be much higher than the wall relaxation



rates target-cell wall material has to be chosen carefully, and high density of Rb is

needed. A small amount of nitrogen buffer gas is added to the cells to suppress

radiation trapping [22] The time evolution of 3He polarization is

PHe(t) = ρ

(

+
1

2

)

− ρ

(

−1

2

)

=
γSEPRb

γSE + Γ
(1 − e−(γSE+Γ)t). (3.17)

Here PRb is the Rubidium polarization and γSE = kSEnRb is the spin exchange

rate per atom of 3He, kSE =< σSEv > is the velocity averaged rate constant and

nRb is the Rubidium number density. Γ is the intrinsic cell relaxation rate due to

the combined contributions of dipole-dipole relaxation [54], wall relaxation [61] and

other mechanisms [11]. Cell temperature is a complicated variable which affects wall

relaxation, diffusion, Rb-Rb collisions [77] and absorption of laser light [87]. And,

Rb polarization PRb is

PRb(~r) =

∫

cell

γ(~r)

γopt(~r) + ΓSD(~r)
d3r, (3.18)

γopt(~r)is the position dependent convolution of the laser intensity and photon ab-

sorption cross section and ΓSD is the spin-destruction rate per rubidium atom, it

is dominated by the Rb-Rb collisions with contributions from Rb-3He and Rb-N2

collisions. The spin destruction is stronger near the walls of the cell due to diffusion

[76].

The principal of optical pumping for Rb is illustrated in figure 3.7. For Rb in

ground state j = 1
2
, the two states are S1/2 and P1/2 each with two magnetic substates

mS = ±1
2
. Circularly polarized light with magnetic projection +1(σ+) is incident on

the system and is only absorbed by S1/2 with mS = −1
2

state and it populates P1/2

state with mS = +1
2

which can decay to either sublevel of the ground state. The

Clebsch Gordon coefficient for the two transitions P1/2, mS = 1/2 → S1/2, mS = −1/2



Figure 3.7: Illustration of optical pumping in Rb levels with the nuclear spin neglected. The wavy
lines are the radiative decay without the buffer gas and the lines correspond to the
presence of buffer gas.

and P1/2, mS = 1/2 → S1/2, mS = 1/2 are 2/3 and 1/3, respectively. The buffer gas,

(N2) collisions randomize the P states changing the relative decay rates to each

sublevel of the ground state to 1/2. Thus all the electrons move to one state and Rb

gets polarized. The polarized Rb interacts with 3He nucleus via hyperfine interaction

and transfers its spin to 3He making 3He polarized.

3.5 Experimental Set Up for the Polarizer

3.5.1 3He Polarizer Cells

The cells used in the NPDGamma experiment were made at National Institute of

Standards and Technology (NIST), Maryland. These cells had an inside diameter of

about 10 cm or greater and length of about 5 cm. Boron free alumino-silicate GE180

was used to make these cells as 10B has a very high absorption cross section for

neutrons, σ = 38376 barns at 1.8 Å [53] and natural boron has 19.9% of 10B. GE180

was used to make these cells because of its high neutron transmission. The neutron
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Figure 3.8: Transmission of neutrons through a 3.5 mm thick piece of GE180 glass.

transmission through a 3.5 mm thick piece of GE180 glass over the wavelength range

important for the NPDGamma experiment is shown in figure 3.8. The wavelength

dependence of the neutron transmission through GE180 is relatively flat. The average

transmission through the cell is ≈94%. These cells were blown from glass melted from

15 mm stock tubing [59]. A cell is attached to the glass manifold and a Rb ampoule

is placed in the side arm. The cell was baked for at least 48 hours at 400 0C to

a base vacuum below 10−7 mbar. Then it was filled with 67 mbar of N2 followed

by about 800 mbar of 3He and then sealed at a pull off with a torch. Table 3.1

shows a list of cells made for the NPDGamma experiment. The table also indicates

the diameter, volume, thickness, lifetime and maximum polarization attained for the

respective cells. A broadband laser system was used to produce the polarization

values shown in the table and were measured by transmission measurements on the

NG6M monochromatic beam line at the NIST.

3.5.2 Cell Heating and Temperature Control

The 3He cell used in the NPDGamma experiment was mounted in a box made of

heat stabilized nylon (MC901 from GE Polymer Shapes) which acted as the oven for



cell name diameter volume thickness lifetime MaximumP3 (±5%)
(cm) (cm3) (1020cm−2) (hours) (%)

Astro 11.3 640 1.4 730 58
Pebbles 11.1 508 1.1 350 61
Dino 10.6 452 1.2 700 61

BooBoo 12.6 587 1.4 520 55
Kirk 10.5 624 1.5 600

Rocky 13.4 773 1.2 100
Elroy 11.0 430 1.0 100

Table 3.1: Cells made at NIST for the n + p → d + γ experiment. Maximum 3He polarization
improves with longer lifetimes. The 3He polarization values were measured using a
monochromatic neutron beam at NIST [26].
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Figure 3.9: Neutron transmission through four silicon wafers. Silicon wafers were used upstream
and downtream of the polarizer because of its high neutron transmission.

the system. The box was 33 cm wide × 30 cm deep × 26 cm high and had the ability

to maintain the cell at 140-165 0C . For maximum neutron transmission through the

oven, silicon wafers were used upstream and downstream of the oven. The neutron

beam passes through pairs of 0.2 mm thick and 15 cm in diameter single crystal

silicon wafers both upstream and downstream of the polarizer cell. Si wafers have

a good transmission for neutrons, shown in figure 3.9. The average transmission

through four pieces of silicon wafers in our wavelength range is ≈0.99%.

To heat the oven to the desired temperature hot air hoses were provided. This air

used to flow through two 750 W in-line air heater in series. One of the air heaters



was located inside the shielded cave and it used to provide a constant power. The

second heater was located outside the cave, controlled with a proportional-integral-

derivative controller (PID controller). The temperature required for the cell was

selected in this PID controller and was modulated here to maintain the selected

process temperature within a few degrees, ±5 0C. This controlled air heater was

placed outside the cave, the experimental area, to minimize any noise or pick-up of

control signals by the detector or the data acquisition system. The temperature in

the cells was monitored using a thermocouple temperature sensor. The sensor was

mounted on the cell to get the actual temperature on the cell surface.

The initial design of the oven is shown in figure 3.10, where the cell was held

from the sides with teflon screws, and the cell center was aligned with the neutron

beam center. During the commissioning period of the NPDGamma experiment it

was observed that the cell was drooping down with time and therefore leading to the

misalignment of the cell with respect to rest of the experiment. To overcome this

problem a new oven was designed. A picture of the new oven is shown in figure 3.11.

In this new design, the polarizer cell was held from both top and bottom inside a

0.7 mm thick glass cylinder, making the position of the cell very rigid. This design

proved helpful in solving the problem of cell misalignment.

3.5.3 Lasers and Optics

Coherent FAP (Fiber Array Package) systems were used to provide the laser

light to the neutron spin-filter system. FAP systems were selected because they are

considered to be stable robust light sources that could run for months without major

adjustments. The FAP systems provide light from a fiber-optic bundle coupled to a

system of lenses to provide a roughly rectangular “spot” on the cell. The unpolarized

light from the fiber passes through a polarizing beam splitter producing two linearly



Figure 3.10: Old oven which was used during the commissioning period of the experiment. As there
was no support from the bottom, the cell was drooping down with time.

Figure 3.11: The new oven which was built to solve the drooping problem in the oven in figure 3.10.
This oven holds the cell rigidly from top and bottom preventing the cell from moving.
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Figure 3.12: Transmission spectrum of 795 nm laser light passing through polarizer cell. The dip
at 795 nm is due to Rb absorption.

polarized beams. Each of these two beams then passes through a λ/4 plate producing

two circularly polarized beams polarized in the same direction. They then overlap

at the cell, about 1 m away from the cell. The direction of the 3He polarization,

either in the direction of the magnetic field or opposite, depends on the orientation

of the λ/4 plates. To change the direction of 3He polarization in the experiment the

orientation of these λ/4 plates were changed.

Laser light needed to polarize Rb and therefore to polarize 3He was initially pro-

vided by two fiber coupled 30 W Coherent FAP systems tuned at 795 nm (D1 wave-

length of Rb), when the experiment was run with the test targets. The laser light

used to pass through the cell from the top and bottom of the cell. One laser beam

pair was incident from above and one was incident from below the cell. Before start-

ing the experiment with the LH2 target, one more laser was added to the experiment

to reach higher polarization. The laser light from the first two lasers were coupled

and they used to be incident on the cell from above and the light from the third laser

used to be incident on the cell from the bottom. The laser power and wavelength

for these lasers were monitored using a power meter and a spectrometer respectively.



Figure 3.12 shows the laser light transmission through an optically pumped 3He cell.

The plot shows the dip at 795 nm confirming Rb was absorbing the light at the right

wavelength.

3.6 Polarization monitoring

3.6.1 Using Monitors

Monitors were placed at different positions in the experiment to monitor the neu-

tron flux, neutron transmission through the various components of the experiment,

neutron polarization etc. with time. Signals obtained from the first two monitors in

the experiment, one upstream (M1) and one downstream (M2) of the polarizer were

used for the polarization analysis. M1 sees the neutron beam directly coming from

the neutron source and is a good measure of the incident neutron flux. The data

from M1 is therefore used to normalize the data recorded at M2 (after the polarizer)

for every run. From equation 3.15, the neutron polarization determination depends

on the transmission through the spin filter when it is polarized and when it is unpo-

larized. Thus, with these two measurements neutron polarization in the experiment

can be monitored with time. Details of the analysis are presented in section 3.9.

In the NPDGamma experiment we were taking data from these monitors in real

time and therefore, were able to monitor the neutron polarization in the experiment

continuously.

3.6.2 NMR Monitoring

The polarizer was instrumented with pulsed and adiabatic fast passage (AFP)

NMR for diagnostics, monitoring of 3He polarization with time and to reverse the

3He spin. For pulsed NMR, a small 2.5 cm diameter pick-up coil was used which

probed only a small fraction of the cell volume. This coil was mounted on the small
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Figure 3.13: NMR signal is picked up by the pick up coil placed on the cell. The amplitude of the
signal is an indirect measure of 3He polarization in the cells.

protrusion coming out of the side of the cell. The pulsed NMR circuitry switched the

coil from the excitation pulse to the read out electronics. Pulse angles of a few degrees

were sufficient to monitor the polarization. This technique was used to check whether

we had the polarization in the cells without the use of neutrons. Figure 3.13 shows

a typical signal from the pulsed NMR. The amplitude of the signal is proportional

to the 3He polarization in the cell and if calibrated with neutron polarization is an

indirect method to determine the value of 3He polarization. Details of the pulsed

NMR systems are discussed in appendix A.

The advantage of using 3He spin filter cells for the polarization of the neutrons

is that the direction of neutron polarization can be reversed very easily without

flipping the direction of magnetic field. This is done by flipping the direction of 3He

polarization in the spin-filter using AFP with respect to the vertical magnetic field.

A set of 30 cm diameter Helmholtz coil provided the oscillating field in the direction

of the neutron beam propagation. The oscillation frequency was ramped from far

below to far above resonance and thus flipping the direction of the 3He polarization.

The losses in AFP reversal depend on many factors like uniformity of the static and



oscillating field, sweep rate and the strength of the oscillating field. If the sweep rate

and the strength of the field is tuned properly so as to satisfy the conditions of AFP,

losses of much less than 1% can be achieved.

3.7 The Neutron Spin Flipper

In an asymmetry measurement experiment, false asymmetries should be taken

care of if one wants to measure the asymmetry to the desired level of accuracy. If

the asymmetry measurement is done by simply measuring the signal in one detector

with a certain neutron spin direction at one time and then measuring the signal

in the same detector after flipping the neutron spin in the opposite direction at a

later time, the accuracy cannot be achieved because of the pulse to pulse variations

due to the fluctuations in the beam current, drift in the detector efficiency, gain

non-uniformities with time etc. and will lead to false asymmetries affecting the final

result. We therefore need to minimize these falsely generated asymmetries. This is

achieved by fast reversal of neutron spin. Using this method, the asymmetries in the

detectors can be measured closer in time before the drifts in the detector efficiency,

beam current or the detector gains. A Radio Frequency Spin Flipper (RFSF) is used

for this fast neutron spin reversal. An RFSF is a resonant based device in which the

spin direction of neutron pulses propagating through a set of orthogonal magnetic

fields is rotated by 1800 with respect to B by performing NMR.

The polarized neutrons come out of the 3He polarizer with its spin parallel or anti-

parallel to the direction of the 10 G magnetic field. The RFSF was used at 20Hz

to flip the spin of the neutrons coming out of the polarizer [65]. The spin sequence

used for the experiment is ↑↓↓↑↓↑↑↓,where ↑ means neutron pulse spin is not flipped

(RFSF off) and ↓ means pulse spin is flipped (RFSF on). These neutrons then enter



the para-LH2 target where they were captured by the protons producing gamma.

The RFSF used for the experiment was a 30 cm long solenoid with a diameter

of 30 cm enclosed in an aluminium housing. Aluminium was selected for the spin

flipper because of its non-magnetic properties. To switch off the RFSF, the current

drawn by the coil was switched to a resistor circuit, called the dummy load, for which

the impedance was equal to the coil. Because of this, the load on the main power

circuit remains constant and therefore, reducing the effect of the SF on-off in all

other circuits in the experiment as the RF is always on.

3.7.1 Theory of the Spin Flipper

An RFSF is based on the principles of NMR [3], described in appendix A. The two

main types of spin flippers are: adiabatic spin flippers and resonant spin flippers.

Spin flippers make use of two types of magnetic field - static magnetic field B0

perpendicular to the direction of beam propagation and a perpendicular RF magnetic

field. In an adiabatic spin flipper, the static magnetic field changes the magnitude

along the length of the beam and the RF field magnitude varies with a maximum in

the middle. In resonant spin flippers, the static field is constant and the RF frequency

is chosen to match the Larmor precession frequency in some region of space. The

field gradient in adiabatic spin flipper will effect the magnetic field outside the spin

flipper and therefore the path of the neutrons. This will cause spin correlated spatial

shift in the neutron distribution inside the liquid hydrogen target leading to false

asymmetry in the detectors as the solid angle seen by the detectors will change. As

the NPDGamma experiment aimed to measure the asymmetry to very high accuracy

resonant spin flipper was chosen for the experiment.

Before entering the RFSF, the polarized neutrons precess in the static magnetic

field of 10G. After entering the spin flipper where both static and time dependent



Figure 3.14: Amplitude of the B field applied to the solenoid. The dependence of the B field on
time of flight can be seen in this figure. Each neutron pulse is 50 ms long but we were
recording data for only 40 ms.

fields are present the neutrons precess with the angular frequency ω1 = µnB1

~
about

the effective magnetic field, Beff = (B0 − ω
µn

~)ŷ + B1ẑ, where µn is the magnetic

moment of the neutron. To perform a spin flip of π radians on the neutrons passing

through the spin flipper, the neutrons will have to stay inside the flipper for a time

t = L
v

= kπ~

µnB1

where k=1,3,5,...and L is the length of the spin flipper. The velocity

of the neutrons is given by v = d/ttof where d is the distance of the flipper from the

moderator and ttof is the time of flight. Therefore, to achieve high spin-flip efficiency

for each neutron velocity, the RF field amplitude should be

B1(ttof ) =
nπ~

µn

d

L

1

ttof

, (3.19)

which implies that the field B1 has to be varied during each neutron pulse as 1
ttof

.

Figure 3.14 shows dependence of B1 on time of flight ttof .

3.8 The Liquid Hydrogen Target

NPDGamma experiment used a liquid hydrogen target as the proton target for

neutron capture. 16 liters of liquid hydrogen was stored in a 30 cm long and 30



cm diameter target vessel made of aluminium. The target was designed to capture

about 60% of the incident neutrons. Dimensions of the target were decided using a

Monte Carlo calculation taking into account the double differential scattering cross

sections for the scattering of cold neutrons in liquid para-hydrogen target [17].

The target vessel was surrounded by a vacuum chamber. Both target vessel

and vacuum chamber were made up of Al. Because of its non-magnetic properties

polarized neutrons were efficiently transported into the target without depolarizing

the neutrons. Upstream and downstream windows of the vacuum chamber and the

target vessel were very thin for the maximum transmission of neutrons. The upstream

window of the target vessel was ≈3.2 mm and ≈6 mm respectively. The downstream

window of the vessel was ≈3.8 mm thick [37].

The detector array of the NPDGamma experiment had 48 detectors, four rings

with 12 CsI(Tl) detectors in each ring around the cylindrical 16 L hydrogen target

[38]. Alignment of the detectors in one ring is shown in figure 3.15. Current mode

gamma detectors were used for the experiment. Detection was performed by con-

verting the scintillation light from the CsI detectors to current signals using vacuum

photo diodes (VPD). This photocurrent was converted to voltage and amplified by

low-noise solid-state electronics.

The signal at each of the detectors is a function of neutron polarization Pn, spin

flip efficiency ǫ, geometry factor gd(θ, φ), neutron depolarization S, capture locus

h(z, En) and number of neutrons in the beam times gain factor Vd = κdN↑,↓ and

gamma energy deposition fd(~x, θ, φ). In terms of all these parameters, a detector

signal is given by [37]

Yd =
Vd

4π
[1 + AγPn(En)ǫ(En)S(En)gd(θ, φ)]h(z, En)fd(~x, θ, φ). (3.20)



Figure 3.15: The figure shows one of the four rings in the detector assembly. There are 12 CsI
detectors in each ring with four rings in total. For a given γ-ray source point and
direction (red), the cosine of the angle γ-ray makes with the x-axis is given by the
standard spherical coordinate direction cosine (green)

Using these signals from detector pairs the asymmetry is given by,

Araq,p(ti) =
YAp,↑(ti) − YBp,↑(ti) − YAp,↓(ti) + YBp,↓(ti)

YAp,↑(ti) + YBp,↑(ti) + YAp,↓(ti) + YBp,↓(ti)
. (3.21)

Thus asymmetry was calculated using signals from different detector pairs for all the

4 rings of detectors.

3.8.1 Neutron Scattering by Ortho and Para Hydrogen

For an asymmetry experiment which aims to measure the asymmetry to 10−8

level, it is important to preserve the neutron polarization in the LH2 target. At

room temperature 75% of the hydrogen is in the ortho-H2 state and 25% is in the

para-H2 state. The capture of cold neutrons has a smaller cross section than the scat-

tering cross section for both ortho-H2 and para-H2 leading to scattering of polarized

neutrons, at least once before being captured. Interaction of neutrons with ortho-H2

lead to coherent or incoherent scattering. For ortho-H2 the incoherent scattering

cross section is larger than the coherent scattering which can cause depolarization



Figure 3.16: Plot showing the capture and scattering cross section of ortho and para hydrogen.
Scattering cross section is higher for ortho-hydrogen than the cross section for para-
hydrogen for cold neutrons [17].

of neutrons. For ortho-H2, σcoh = 0.439 ± 0.003 b and σincoh = 20.052 ± 0.014 b

for neutrons at v = 2200m/s [53]. But, in the ground state of the hydrogen mole-

cule, para-H2 capture and coherent scattering are the only allowed processes in the

interaction of cold neutrons. Therefore, to preserve the neutron polarization inside

the target it is required to keep the concentration of ortho-H2 in the target as low

as possible. Figure 3.16 shows the scattering and capture cross section for hydrogen

[51].

To avoid neutron spin depolarization inside the target due to incoherent scattering

it is required to convert ortho-H2 to para-H2. The energy difference between the

ground state (para-H2) and the excited state (ortho H2) is 14.3 meV [13]. To convert

the ortho-H2 to para-H2, the hydrogen and the heat radiation shield (located around

the vessel) were cooled using two cryogenic refrigerators. In this cooling process,

hydrogen which is mostly in the ortho-H2 state at room temperature gets converted

to para-H2 state. The conversion from ortho to para hydrogen depends on the natural

ortho-to-para conversion rate, Kn = 12.7 × 10−3h−1[73]. If fi is the initial fraction



of ortho-H2 in the target, fo is the fraction of ortho-H2 at any time t and fe is the

equilibrium fraction, then the time constant for the conversion of ortho-H2 to para-H2

is given by [45]

t =
1 − fe

Knfe
ln

[

fi(fo − fe)

fo(fi − fe)

]

. (3.22)

For liquid hydrogen at 17K, if at the beginning we have fi = 0.75 and we want

to reach fo = 0.0004 with the natural conversion rate, the time constant for this

conversion is ≈ 30 years. Therefore, we need to catalyze the process so as to reach

the required concentration in a shorter time period.

The conversion process is catalyzed by the interaction of hydrogen with para-

magnetic surfaces introducing inhomogeneous magnetic field that flips the spin of

the atoms adsorbed on the surface of the paramagnetic material and therefore cat-

alyzing the conversion. The NPDGamma experiment used two FeO2 ortho-to-para

converters for the conversion to reduce the time to reach the equilibrium. With the

use of these converters the conversion time constant was reduced to 2-4 days. The lo-

cation of these two converters in the target is shown in fig.3.17. For the NPDGamma

experiment we were able to attain the equilibrium fractions of 99.98% and 99.99% for

the August-September and November-December runs respectively[13]. Figure 3.17

shows the location of the ortho-to-para converters in the hydrogen target.

3.9 Polarization Calculations and Results

Neutrons were polarized in the experiment using a 3He polarizer. The neutron

beam polarization was analyzed using the data from monitors M1 and M2. Neutrons

coming from the source have a Boltzmann distribution as seen in M1 signal (figure

3.18). The signal obtained at the first monitor (M1) depends on the neutron flux and

therefore was used for the normalization of the signals recorded at other monitors (M2



Figure 3.17: A schematic diagram showing the locations of the ortho to para converters (OPC) in
the LH2 target. The upper OPC is located in the filling line and was operated at about
30K. The second OPC is located in the recirculation loop, where the final conversion
occurs.
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to the Bragg edges from aluminium windows.

and M3). The normalization was done to take care of the fluctuations in neutron flux

due to change in proton current, moderator temperature fluctuation etc. This section

discusses the analysis done for the measurement of 3He and neutron polarization.

3.9.1 Interpolation

Positions of M1 and M2 are different in the experiment, one before the polarizer

and one after the polarizer (figure 3.1). Therefore, the time required by the neutrons

to reach different monitors is different and a given time of flight corresponds to a

different wavelength/velocity at different monitors. Therefore, we interpolate the

data from one monitor with respect to the other monitor to obtain the data at the

same wavelength. Data from M2 was linearly interpolated to the data obtained at

M1.

Time of flight was converted to wavelength for both M1 and M2 using the de

Broglie wavelength equation, and then M2 was interpolated to the wavelength at M1

λ =
h

mv
=

ht

md
, (3.23)



where h is the Planck’s constant, m is the mass of the neutron, v is the velocity of

the neutron, t is the time of flight and d is the distance of each monitor from the

source. The interpolation was done using

M2int
i =

M2[i + 1] −M2[i]

λ2[i+ 1] − λ2[i]
(λ1[i] − λ2[i]) +M2[i], (3.24)

where λ1 and λ2 are the wavelengths at monitor 1 and 2, respectively, given by,

λ1 =
h

mL1

t1, λ2 =
h

mL2

t2 (3.25)

and L1 and L2 are the distances of M1 and M2 from the moderator. The analysis

was done with M1=21.123 m.

3.9.2 Pedestal Correction

Figure 3.18 shows typical raw time-of-flight data, averaged over 10,000 pulses,

for M1 and M2 with the 3He spin filter in place. Electronic offsets, beam-off back-

ground, including that due to long-lived activation are periodically monitored with

beam-off runs, measured for 40ms data acquisition window triggered by the proton

pulse. These beam-off runs were called the pedestal runs and were used to do the

background subtraction from the raw data. Figure 3.19 shows several beam-off runs

for the two monitors, M1 and M2. It can be seen from these plots that the pedestals

are typically less than 1% of the beam-on signal. The pedestal is also not constant

over the 40 ms acquisition window with fluctuations on the order of 10−3 V and some

small oscillations. The data for each beam-on run for the M1 and M2 were separately

corrected by assuming a constant offset,Moffset, determined from two beam-off runs

one before and one after the beam-on run. For example, M1 signal was corrected

using

M1corrected = M1raw −M1offset. (3.26)



Figure 3.19: Beam-off (pedestal) data for M1 and M2. Each trace is the average of 1000 pulses.
The four pedestals are taken at different times. Although the pedestal signal is small
corrections are made to the analysis by subtracting the pedestals.



Time of flight dependent background also include beam related neutrons and short

lived activities. Neutrons incident on the monitors during the 40 ms window are

predominantly the moderated neutrons from the proton pulse but may also include

“wrap around” slow neutrons from earlier pulses (see figure 3.3). These neutrons

may also include beta-delayed neutrons from fission products in the tungsten target

and also scattered neutrons. The activation also produces gamma-rays and will be

incident on M1 and M2 with different intensities, but will taken care of in the ratio

M2/M1 if the gamma background remains constant.

3.9.3 Cell Thickness Determination

First task in the determination of 3He or neutron polarization is to determine the

thickness, nl, of the polarizer cell. Thickness is defined as the number of 3He atoms

per unit length. For thickness determination, runs with four different configurations

were taken: 1.With unpolarized 3He polarizer between M1 and M2, 2.With the oven

intact with the Silicon wafers but the polarizer cell removed from the oven, 3. A

piece of GE180 glass between the monitors and 4.Pedestal runs, with the neutron

beam off.

The neutron transmission through the oven with unpolarized polarizer cell, TUP

is

TUP = [Tgl(λ)]d/5TSiTHe, (3.27)

and the transmission through empty oven i.e. silicon wafers only, Toven is

Toven = TSi, (3.28)

where Tgl is the transmission through the GE180 glass (figure 3.8), TSi is the neutron

transmission through the silicon wafers on the oven and THe is the transmission



Figure 3.20: Transmission through unpolarized polarizer cell. Cell thickness was calculated from
this plot by doing an exponential fit.

through the 3He inside the cell. Therefore, dividing equation 3.27 by equation 3.28,

THe =
TUP

Toven
= [Tgl(λ)]d/5exp(−nlσ0

λ0
λ)

= Aexp(−αλ). (3.29)

Here d is the thickness of the glass on the cell walls, front and back combined. Value

of d was determined by the best fit of the data in figure 3.20. Transmission through

an empty oven is shown in figure 3.9. Thus, if we take the transmission ratios of the

transmission through the unpolarized cell and empty oven, thickness of the polarizer

cell can be determined. The T ’s are M2
M1

ratios and are extracted from background

corrected M1 and M2 data.

If we plot the quantity defined in equation 3.29 vs wavelength and do an exponen-

tial fit, the “average thickness” of the cell can be determined from the fit parameters

as shown in figure 3.20. The average thickness for a cell is the thickness integrated

over the entire cell volume considering all possible neutron trajectories inside the cell.

One important thing about the cell thickness is that it varies with the size of the

neutron beam used to do the measurements. The thickness variation as a function
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Figure 3.21: Cell thickness as a function of neutron beam size or collimator size.

of collimator size is shown in figure 3.21. The polarizer cells have a curved surfaced

making it thicker at the center than the edges. Because of this neutrons are attenu-

ated more at the center than the edges. Also, when the beam size is big there is more

divergence in the neutron beam and therefore less attenuation. Because of the excess

attenuation at the center than the edges, cells are thicker when the collimation is

small. Because of the thickness dependence on the size of the neutron beam, it is

important to use the correct thickness value based on the beam size to determine

neutron polarization precisely.

3.9.4 3He and Neutron Polarization

Once the thickness of the cell is known 3He and neutron polarization can be

measured using the transmission ratios through polarized and unpolarized cell. We

did the analysis for the data taken in February 2006, during the commissioning of the

NPDGamma experiment. The cell used in the commissioning run was “Boo Boo”.

From equations 3.14 and 3.15 it is seen that the ratio of the polarized transmission

to the unpolarized transmission through a 3He cell obeys the cosh(nlσ0

λ0

(λ1 − λoff ))

relation (figure 3.22) and the neutron transmission obeys tanh(nlσ0

λ0

(λ1−λoff )) (figure



Figure 3.22: Transmission through a polarized cell. 3He polarization was determined from this
graph using the value of cell thickness obtained from figure 3.20.

Figure 3.23: Neutron polarization versus wavelength

3.23), respectively. Therefore, the quantity TP

T0

as a function of wavelength (at M1),

can be fitted to the following functional forms:

TP

T0
= cosh(β(λ1 − λoff ) (3.30)

and

Pn(λ) =

√

1 − (
T0

TP
)2 = tanh(γ(λ1 − λoff )). (3.31)

TP is the transmission through a polarized 3He cell, Pn(λ) is the polarization of

the neurons emerging from the polarized 3He and λoff accounts for an offset in the



timing (wavelength) with respect to the proton pulse signal. The free parameters in

equations 3.29, 3.30 and 3.31 are A, d, α and β, where α, β and γ are given by,

α =
nlσ0

λ0
, (3.32)

β = αPHe, (3.33)

and

γ = αPHe, (3.34)

where PHe is the 3He polarization in the neutron spin filter. Figures 3.20, 3.22 and

3.23 show that the data fit well with the analysis. Residuals are shown in the figures.

The residual indicates wavelength dependent systematics of a few tenths of 1% which

is much greater than the statistical error. With this analysis the cell thickness, nl was

calculated to be 4.71 ± 0.02 amagat cm and 3He polarization, PHe = 0.578 ± 0.012.

The uncertainty in the polarization values are discussed in next section.

3.9.5 Backgrounds

There are several sources of wavelength dependent backgrounds in both M1 and

M2. In addition to the wrap around neutrons, short lived activation and scattered

neutrons also have a significant contribution. The sizes of these effects were not

directly measured, but a significant effort was made to understand the effects. This

will be discussed chapter V. The main sources of uncertainty in the polarization

analysis are: wavelength calibration, thickness determination, wrap around neutrons,

time dependent backgrounds etc. We therefore need to take care of these factors in

the analysis.

While doing the analysis for the NPDGamma experiment, we did some simulations

to understand the background effects. We did two kind of simulations: 1. Simula-

tion of the M2 signal based on a model of the spin filter and windows with added



backgrounds and 2. Simulated corrections to M1 and M2 with a generic background

linear in time of flight.

The simulated M2 signal, M2′(λ1), was generated using monitor 2 signal, M1(λ1),

taking into account the transmission through the polarized cell. M2′(λ1) was calcu-

lated using

M2′(λ1) = αTemp(λ1)M1(λ1) exp

(

−σ0t3λ

λ0

)

cosh

(

σ0t3PHeλ

λ0

)

,+(Aλ+B) (3.35)

where α is the wavelength dependent attenuation, A and B are coefficients that

represent a linear wavelength dependent background difference for M1 and M2 and

t3 = nl is the thickness of the cell. This model approximates any of the backgrounds

mentioned before (scattered neutrons, “wrap-around” neutrons, activation effects

etc.). The simulated data are then analyzed in the same way as explained before.

Results for A = 0.002V/Å and B=-0.01 V are shown in figure 3.24. For the simulated

data with 3-5% background added to M1 or M2, the change in residuals of the fit

to neutron polarization at 5 Å is ≈ 0.1% and the change in 3He polarization is 1%.

This provides a reasonable estimate of the uncertainty on the 3He polarization for

these low-background data. It also emphasizes the importance of understanding the

backgrounds better for attaining precision neutron polarimetry.

Another source of uncertainty in the polarization determination is the curved

surface of the polarizer cells. Due to the nature of the blown glass, it is difficult

to make the surface of the polarizer cells perfectly flat or parallel leading to non-

uniform cell thickness. With non-uniform 3He thickness the neutron polarization

also becomes non-uniform over the beam size leading to systematic effects.



Figure 3.24: Results for simulated data with background added to the signal from M1. M2 was
simulated using M1 signal for both polarized and unpolarized transmissions.



3.10 Neutron Polarization in the NPDGamma Experiment

The NPDGamma experiment was done in two phases: commissioning period and

the production period. The analysis shown above is with the data which were taken

during the commissioning period when there was no H2 target and therefore low

background conditions. The results discussed below are from the second phase of

the NPDGamma experiment when the 16 L hydrogen target was in the beamline.

The hydrogen target data were taken in two stages - August-September 2006 and

November-December 2006. For the August-September run, a cell named “Pebbles”

was used and for the November-December run “Dino” was used. 3He polarization was

calculated using the same method described in the previous section. 3He polarization

for Pebbles and Dino are shown in figures 3.25 and 3.26.

Figure 3.25 shows the 3He polarization for “Pebbles” for August and September

2006. From this figure it is seen that there is a sudden change in 3He polarization on

1st September 2006. The analysis was done as before with an offset in the wavelength

i.e. λoff is a free parameter in cosh(α(λ−λoff )). But if we make λoff = 0, the sudden

change in polarization disappears. It was important to understand the polarization

behavior for these runs as incorrect values of polarization would lead to incorrect

value of asymmetry in the n-p capture.

In an effort to understand this jump in the polarization, we addressed two issues:

1. Background effects because of the 16L hydrogen target, a H2 target can cause

scattering because of the presence of some amount of ortho hydrogen in it and 2.

Change in neutron time-of-flight spectrum around September 01 2006.

The main factor responsible for the change in 3He polarization was thought to

be the background due to the neutron back-scattering from the hydrogen target.
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Fig.3.28 shows λoff , obtained when cosh(α(λ−λoff )) was used to fit the transmission

ratios for a polarized cell for the August-September runs plotted versus run numbers.

If λoff is a measure of backgrounds in the monitor ratios we should have seen a

gradual decrease in its value but this plot also shows a jump in λoff around the same

time. The background due to the hydrogen target was a significant contributor to

the backgrounds in the analysis. But, this possibility was ruled out for the sudden

change in polarization because if the back-scattering was responsible for the high

values of λoff one would expect it to decrease gradually with time rather than a

sudden jump, as back-scattering would decrease with increasing para-H2:ortho-H2

ratio. This possibility of back-scattering with ortho-H2 was therefore ruled out.

We therefore decided to look at the monitor spectrum before and after 1st Sep-

tember 2006 to see if there was any change in neutron time-of-flight spectrum around

that time. Figure 3.27 shows the M2
M1

ratio for some runs before and after 1st Sep-

tember 2006. From this figure, it is seen that the ratios are different before and after

1st September indicating something changed in the M1 spectrum around that time.

With this problem, it was decided to eliminate the λoff from the fit equations 3.30
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and 3.31 and continue the analysis with,

TP

T0

= cosh(βλ1) (3.36)

and

Pn(λ) =

√

1 − (
T0

TP

)2 = tanh(γλ1), (3.37)

as without λoff in the equations we were getting reasonable values of 3He polarization

as seen from figures 3.25 and 3.26.

Because of the unclear background issues it was difficult to assign values for 3He

polarization and neutron polarization for every run with known uncertainty. There-

fore, it was decided to make histogram for the 3He polarization values and take the

mean and the second moment as the 3He polarization and uncertainty respectively.

This method of obtaining the 3He polarization by mean and error bars by taking the

second moment worked for the NPDGamma experiment because the NPDGamma

aimed to measure the f 1
π coupling constant to 10% of the DDH value and this method

introduced an error of less than 3% in the 3He polarization.

3He polarization histogram for “Pebbles” and “Dino” are shown in figures 3.29

and 3.30. With this method, the 3He polarization values for “Pebbles” was 0.524
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± 0.021 and “Dino” was 0.572 ± 0.012. Once 3He polarization is known neutron

polarization Pn can be calculated using equation 3.37 and the polarization values can

be used in equation 3.20 to calculate the asymmetry value given all other parameters

in the equation are known. The errors on the polarization values are higher than the

values we measured for the runs taken during the commissioning period. The higher

error bars on these values have been attributed to the background effects due to the

hydrogen target.



3.11 Conclusions

All the components of the NPDGamma experiment were described in detail in

this chapter. 3He polarizer cells were used to polarize neutrons. The theory and

functioning of the polarizer cell were provided in the first part of the chapter. Polar-

ization analysis method was discussed using the runs taken during the commissioning

period of NPDGamma experiment in February 2006. The data shows that given low

background conditions it is possible to measure 3He polarization to ±1%. If the

backgrounds are understood properly it is even possible to go below 1%.

Measurement of neutron polarization is important as it is a required parameter

in the asymmetry determination as shown in equation 3.20. The NPDGamma ex-

periment aimed to measure the value of pion-nucleon coupling constant f 1
π to 10%

of the DDH proposed value by measuring the directional asymmetry in the gamma

emitted in n-p capture with respect to the neutron spin. For a 10% measurement of

f 1
π it is required to measure neutron polarization up to an accuracy of ≈5%. The

above analysis shows that we have measured the 3He polarization values to ±3%.

But, we are still limited by the unknown backgrounds in the analysis.

After solving the problem of the sudden change in 3He polarization, the asymmetry

analysis moved forward. The spin flip efficiency was reported to be (0.98±0.8)%,

ortho-H2 to para-H2 ratio in both the phases of the NPDGamma experiment was

reported to be (99.98±0.02)% and the spin flip scattering was calculated to be 2%.

With all these values current asymmetry value from the analysis is Aγ = (−1.1 ±

2.1) × 10−7. The analysis is still under progress. NPDGamma experiment finished

the experiment at LANSCE in fall 2006 and has been moved to SNS.

Also, there are some notable features in figure 3.25 and figure 3.26. The steady



state 3He polarization appears to be slowly but steadily decreasing throughout the

run. There are several possible sources of this decrease in maximum attainable 3He

polarization: cell degradation, changing magnetic field environment, laser drift and

magnetic alignment changes. This degradation in 3He polarization in the presence

of neutron beam became a major concern and experiments were performed to un-

derstand this decay behavior. The degradation of 3He polarization and the effort for

its understanding is discussed in the next chapter.



CHAPTER IV

Depolarization in 3He Spin Filters

4.1 Introduction

In chapter III we saw depolarization in 3He polarization in spin filter cells when

exposed to the neutron beam. This depolarization was observed for the first time

in the cell named “Boo Boo”. “Boo Boo” was used in the commissioning run of

the NPDGamma experiment. The depolarization effect was observed again a dif-

ferent cell “Pebbles” used during the production run of the experiment, confirming

that neutron beam is responsible for the depolarization in the 3He polarizers. Two

types of depolarization were seen when the spin filter cells were exposed to the neu-

tron beam for a long time: short term depolarization and long term depolarization.

This depolarization behavior limited the maximum attainable polarization in these

polarizer cells.

We considered several possible sources of this decrease in maximum attainable

polarization: cell degradation, drifts in magnetic field environment, laser drift and

optical alignment changes. Cell degradation could affect the 3He polarization relax-

ation time, the density and/or polarization of the rubidium at a given temperature,

and the coupling or transmission of laser light into the cell. The 3He relaxation

depends on the 3He density, the cell walls, contaminants, magnetic field gradients,

76



Rb density and temperature. At the end of the run 3He relaxation time was mea-

sured using NMR and found to be ≈100 hrs which was consistent with the previous

measurements.

In the experiments with 3He spin filters performed before the NPDGamma exper-

iment 3He polarization was stable provided the laser properties and cell temperature

were stable but there was no prior experience then with GE-180 cells pumped at

high-temperatures for 1.5 years. This was the first time a polarizer cell was exposed

to the neutron beam for such a long time. To understand this depolarization in the

3He cells we performed an experiment at the Los Alamos Neutron Science Center in

Summer 2007 followed by another experiment at Institut Laue-Langevin at Greno-

ble, France. The details of the experiments, idea behind the experiment and our

approach towards the better understanding of this depolarization effect in the 3He

polarizer cells are discussed in this chapter.

4.2 Polarization Decay in the 3He Cells and Implications

During the course of the NPDGamma experiment two types of relaxations were

observed: (1) Long term relaxation (figure 4.1) and (2) Short term relaxation (figure

4.2). In the long term relaxation, polarization decreases continuously with time when

the cell is exposed to the neutron beam and this decay is not recoverable. Short term

relaxation is an effect which is observed in shorter time scale, 3He polarization decays

when the cell is exposed to the neutron beam and with the beam off, polarization

recovers, at least partially. These two types of relaxation are seen in figure 4.1 and

4.2, respectively.

Figure 4.1 shows the 3He polarization for September 2006 for the polarizer cell

(“Pebbles”) used in the NPDGamma experiment. “Pebbles” was exposed to the
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neutron beam for more than two months. 3He polarization values were calculated

using the neutron transmission ratio method explained in chapter III. Though the 3He

polarization appears relatively constant over the long term there is a slow downward

drift. Beginning in September 2007 the equilibrium 3He polarization was 56.8%,

which over a period of a month decreased to 50.6%. The long term depolarization

in the 3He polarizer cells can be seen in figure 4.1.

The long time constant decay of the polarization appears to be due to the milky

white coating that builds up on the cell walls with time and therefore, reduces the

transmission of laser light into the cell. The build up is probably due to the formation

of Rb compounds on the inner walls of the cell possibly due to reaction with hydrogen

(1H and 3H) produced by neutron absorption on 3He. For the LANSCE experiment

about 1015 hydrogen atoms are produced per month, and several micrograms of

RbH would be produced. A similar effect was observed for a pure Rb cell at 170

0C placed in the full flux PF1B beam at ILL for one hour, however a potassium-

rubidium hybrid cell was exposed to the neutron beam for over 10 hours at the

normal operating temperature of 2100C, but no visible coating was produced. One

hour exposure at PF1B is equivalent to about 2 days exposure at LANSCE FP12

[67].

Figure 4.2 shows the 3He polarization for the same cell (“Pebbles”) on shorter time

scales, for ≈130 hrs. When the neutron beam is on, the 3He polarization decays,

and with the neutron beam off, the polarization recovers. The amount of recovery

depends on the time for which the neutron beam is off as seen from the plot. The

polarization recovery was greater when the beam was off for 4.5 hrs than when the

beam was off for 1.5 hrs.

3He polarization is governed by an exponential time dependence with rate con-



stant, Γ = (1 +Xcell)γSE + ΓR and the equilibrium polarization given by

P eq
3 = PRb

γSE

Γ
(4.1)

where γSE =< σSEv > [Rb] is the velocity averaged spin-exchange constant which is

typically 1
10
h−1 − 1

15
h−1 (Figure 4.3). ΓR is the intrinsic 3He relaxation rate which is

a sum of all the relaxation rates responsible for depolarizing 3He in the cells: cell wall

interactions, impurities, 3He dipole-dipole relaxation and magnetic field gradients.

The rate ΓR is generally 10-50 times smaller than γSE, thus Γ ≈ (1 + Xcell)γSE.

PRb is the volume averaged rubidium electron polarization and Xcell accounts for an

observed reduction in 3He polarization that varies from cell-to-cell [11].

Figure 4.2 shows that the neutron beam causes the 3He polarization to go below

the equilibrium value, Peq at a rate of approximately (1/12 h), which is consistent

with Γ. It was not possible to measure the 3He polarization with neutron beam off

as PHe values are calculated using the neutron transmission ratio method. However,

the increase of 3He polarization is consistent with a similar rate constant as Γ. From

this figure Γ=(1/13.5) h−1. Figure 4.3 shows that the building up of 3He polarization

in “Pebbles” has a similar time constant. Since Γ does not change appreciably, the

most likely cause is the drop of rubidium polarization, PRb. This led us to the study

of the effect of neutron beam on Rb polarization.

The short term decay in the polarizer cells was also confirmed with NMR data.

After observing the effect of neutrons on the cell “Pebbles”, we started taking NMR

data for the second cell “Dino”, used in the second phase of the NPDGamma run.

Figure 4.4 shows the comparison of the NMR values for 3He polarization simulta-

neously with the measurement of 3He polarization using the neutron transmission

method discussed in chapter III. The left axis of the plot shows the amplitude of the

NMR signal and the right axis is the 3He polarization. It is seen from this plot that
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NMR is following 3He polarization confirming that the short term decay in polariza-

tion was real. Both, NMR and transmission method showed a drop of approximately

≈2.4%.

Ionization effects on rubidium optical pumping were observed for the first time in

work with 180 particle-nA beam of 18 MeV alpha-particles [27]. It was seen there

that the depolarization rate depends on the total pressure of the target, the presence

of the N2 impurities and on the magnetic field. But, for use in neutron beams this

effect was considered to be negligible as the ionization energy loss is 100 to 10,000

times less. We therefore decided to measure the effects of the neutron beam on the

alkali-metal polarization in high-flux neutron beams.

4.3 Scaling of the Depolarization with Neutron Flux

Neutron sources also produce gammas along with neutrons. After seeing 3He

depolarization in polarizer cells when exposed to neutron beam, the major concern

was to know if the depolarization was caused by neutrons or by gammas. If the

depolarization was due to neutrons and proportional to the neutron flux then the
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Figure 4.4: 3He polarization and NMR data. Left axis is the NMR data for the cells and right
axis is the 3He polarization measured using transmission ratio method. From both the
measurements polarization drop was ≈2.4%.

effect would be worse at the SNS where the neutron flux will be higher. But if

the effect is due to the gammas the cells will not see any depolarization at SNS as

the flight path at SNS is curved and the gammas will not reach the experiment.

Therefore it became important to understand the effect of neutron flux, theoretically

and experimentally. This section shows the depolarization estimation for the SNS

beamline, where the SNS neutron flux is scaled to LANSCE neutron flux.

The 3He polarization is given by [11]

PHe = PRb
kSE[Rb]

kSE[Rb](1 +X) + Γr

, (4.2)

where PRb is the volume averaged Rb polarization. For Pebbles, γSE = kSE[Rb] =

(1/12)h−1 and Γ = (1/240)h−1 and therefore the maximum achievable polarization

for Pebbles is 95.2%, which is considered to be the X factor limited polarization if

rubidium polarization is 100%. X factor limited polarization is defined such that

1/(1 +X) limits the maximum attainable polarization when Rb is 100% polarized.

For the runs shown in figure 4.1 the maximum polarization that we achieved for

“Pebbles” was approximately 54.0% which decayed to approximately 50.6% when



the beam was on for 13 hours (figures 4.1 and 4.2).

As we believed that it was the Rb polarization which was affected because of the

neutron flux, we started with the effect of neutron beam on Rb polarization and

therefore on 3He polarization. The rubidium polarization in a polarizer cell in the

absence of neutron beam is given by [11],

PRb =
γopt

γopt + ΓSD

(4.3)

where γopt is the photon scattering rate per alkali-metal atom for an unpolarized

vapor, ΓSD is the alkali-metal polarization relaxation rate. But in the presence of

beam 3He polarization starts to decrease with a time constant of approximately

(1/13) hrs. We can therefore add a term, Γbeam, to the denominator of equation 4.3.

Γbeam is responsible for the relaxation of the alkali-metal polarization in the presence

of neutron beam. Thus, PRb is given by,

PRb =
1

1 + ΓSD

γopt
+ Γbeam

γopt

(4.4)

where ΓSD

γopt
is the ratio between the alkali-metal polarization relaxation rate to the

photon scattering rate per alkali-metal atom for an unpolarized vapor and Γbeam

γopt
is the

ratio between the alkali-metal polarization relaxation rate to the photon scattering

rate per alkali-metal atom for an unpolarized vapor in the presence of neutron beam.

For LANSCE conditions when the Rb polarization dropped to 50.6%, equation 4.4

in terms of the value of ΓSD

γopt
and Γbeam

γopt
is

0.506 =
1

1 + 0.759 + 0.118
, (4.5)

where ΓSD

γopt
= 0.118. With increasing neutron flux if this factor scales up the de-

polarization in the cells will be more at SNS than LANSCE. Therefore, it became

important to understand the effect of neutrons in the 3He polarizer cells.



Figure 4.5: Methods to measure Rb polarization: fluorescence monitoring and transmssion moni-
toring.

4.4 Rb Polarimetry Experiment at LANSCE

Rubidium spin polarization can be monitored using optical methods in which we

measure the photon scattering rate which gives information about the degree of spin

polarization of the Rb atoms. The measured signal is a combination of two terms:

the mean photon scattering rate, R and a second term which is polarization depen-

dent, −2R < Sz >. There are two ways to detect this scattering rate: florescence

monitoring and transmission monitoring [41]. In florescence monitoring, the amount

of florescence scattered light from the optically pumped atoms and in transmission

monitoring the attenuation of the pumping light after it has passed through the cell

is measured. The two methods are illustrated in figure 4.5. Fluorescence signal is

measured in a direction perpendicular to the direction of propagation of the laser

light and the transmission signal is measured in the same direction as the direction

of propagation of the laser light.

The cells used for the NPDGamma experiments were large and the florescence

signal was small due to the size and the presence of the quenching gas, N2. Nitrogen

is present in spin filter cells to eliminate radiation trapping and collisional mixing

of the levels. Therefore, it was not practical to do the florescence monitoring on



Figure 4.6: A block diagram of the experimental set up used at LANSCE for Rb polarization
measurement. Transmitted laser light from the cell during a magnetic field sweep was
recorded by a photodetector.

these cells and we decided to do the transmission monitoring to determine the Rb

polarization.

4.4.1 Experimental Set Up for the Measurement of Rb Polarization

Figure 4.6 shows the experimental set up for the measurement of Rb polarization

in the presence of neutron beam. The experiment was performed at FP12 at the

LANSCE in Summer 2007. The cell was placed in an uniform magnetic field, B0,

of about 30 Gauss. One set of coils, which was designed during the NPDGamma

experiment, was providing a very homogenous magnetic field of 10 Gauss. Additional

20 Gauss was provided by an extra pair of hand-wound rectangular coils wound

around the polarizer oven. A photograph of the pair of hand-wound coils is shown

in figure 4.7. The dimensions of the coils were 35.5 cm × 53.5 cm separated by a

distance of 18 cm and each of the coils had 51 turns. A Kepco power supply was

used to provide power to the smaller coils to control them externally for the magnetic

field sweep. National Instruments Data Acquisition device was used to control the



Figure 4.7: The red coils are the hand wound magnetic field coils used to produce 20 Gauss of
magnetic field for the Rb polarimetry experiment. Dimensions of the coils were 14 in
× 21 in separated by 18 cm and N=51 turns.

magnetic field sweep for the transitions. The RF field, B1 was provided by a separate

set of coils driven by a function generator. The frequency of the amplitude of this

signal was also modulated using the function generator. Laser light at 795 nm and

30 Watts was incident on the cell. Laser light transmission through the cell during

the sweep was recorded using a photodetector, amplified by a pre-amplifier and then

recorded using the DAQ device. The part of the experiment in the shaded region in

figure 4.6 was inside the shielded cave and the rest of the experiment was outside

the cave.

4.4.2 Theory

Rubidium has two isotopes 85Rb and 87Rb with nuclear spin I = 5/2 and I = 3/2,

respectively. In its natural form, the isotopic fractions of Rb are 72% 85Rb and 28%

87Rb. In the experiment, we measured the signal from 85Rb using Electron Spin

Resonance (ESR). ESR signal is obtained due to the coupling of atom’s magnetic

moment with a magnetic field.



The Hamiltonian for an alkali-metal in a transverse sinusoidal magnetic field of

amplitude Bx is [9]

H =
∑

m

Em|m >< m| + gsµBSxBx cos(ωt). (4.6)

Using the density of matrix approach the equation of motion for the coherence be-

tween states |m > and |m− 1 >, ρm,m−1, is given by

i
dρm,m−1

dt
= (Em −Em−1)ρm.m−1 − iγρm.m−1 + Vm,m−1(ρm − ρm−1) (4.7)

where ρm and ρm−1 are the probabilities to be in state |m > and |m − 1 > with

energy Em and Em−1 respectively and γ is the decay rate. Assuming the coherence

form to be ρm,m−1 = σe−iωt and V = gSµBSxBx, equation 4.7 can be solved for σ

steady state. In steady state,

σ =
< m|V |m− 1 >

2(∆ + iγ)
(ρm−1 − ρm) (4.8)

where ∆ = (ω−Em +Em−1). The behavior of the density of the sublevels |m > and

|m− 1 > are defined by the equations,

i~
dρm

dt
=
< m|V |m− 1 > σ∗− < m− 1|V |m > σ

2
, (4.9)

i~
dρm−1

dt
=
< m− 1|V |m > σ− < m|V |m− 1 > σ∗

2
. (4.10)

If only one resonance is driven at a time by the RF field, the difference in the

population density of the two states |m > and |m− 1 > is

d(ρm − ρm−1)

dt
=

γ

∆2 + γ2/4

(

gsµBBx

2I + 1

)2

(F (F + 1)−m(m− 1))
ρm−1 − ρm

4
. (4.11)

Thus, the signal observed for any transition is proportional to (F (F + 1) −m(m −

1))(ρm−1 − ρm). Equation 4.11 gives the area of the peak for one transition. If we



have more than one transition, the ratio of the area under two successive peaks can

be written as

A =
F (F + 1) −m(m− 1)

F (F + 1) − (m− 1)(m− 2)

ρm−1 − ρm

ρm−2 − ρm−1

. (4.12)

Equation 4.12 can be simplified using the definition of spin temperature. The spin

sublevels |F,m > of total spin angular momentum F = I±1/2 and azimuthal quan-

tum number m are populated with a probability very close to the spin temperature

limit:

ρ(F,m) =
eβm

Z (4.13)

where Z is called the partition function, Z =
∑

F,m e
βm [85]. The parameter β is

called the spin-temperature and is defined as β = 2 tanh−1 PRb. Spin temperature

is defined as the temperature at which the observed ratio of parallel to antiparallel

spins will be the same ratio as if the gas is in thermal equilibrium. The importance

of spin temperature was first discussed by Anderson et al. [8]. Using this definition

of spin temperature equation 4.12 is

A =
F (F + 1) −m(m− 1)

F (F + 1) − (m− 1)(m− 2)
eβ. (4.14)

In terms of spin temperature, electron spin polarization is [42]

P = 2 < Sz >= tanh(β/2) =
eβ/2 − e−β/2

eβ/2 + e−β/2
=
eβ − 1

eβ + 1
. (4.15)

Electron spin resonance (ESR) is due to the coupling of the atom’s magnetic

moment with a magnetic field, intrinsic or applied. It involves the coupling of the

energy from the applied field to the atomic spin system with a natural frequency due

to the Zeeman splitting. The energy shift, E for a resonance with given F and m at

field B0 is [57],

E(F,m) = − hδνhfs

2(2I + 1)
− gIµBB0m± hδνhfs

2

√

1 +
4m

2I + 1
x+ x2 (4.16)



Figure 4.8: Hyperfine splittings of 85Rb

where F is the total spin quantum number, m is the projection of F along the

quantization axis and x is,

x =
(gJ + g′I)µBB0

hδνhfs

(4.17)

where hδνhfs = ∆E is the energy of the hyperfine splitting of the particular alkali-

metal isotope and (gJ + g′I) ≈ gS for ground state alkali-metal atoms (gI << gS).

The magnetic resonance transitions correspond to ∆F = 0 and ∆m = ±1. Using

equation 4.16, an approximation of the splitting between adjacent transitions can be

written as,

νF,m←m−1 − νF,m−1←m−2 =
2µ2

0

δνhfs(2I + 1)2
(4.18)

where νhfs is the hyperfine splitting of the particular alkali-metal isotope. The hy-

perfine splitting, νhfs, is 3.036 Hz for 85Rb and 6.835 Hz for 87Rb. Figure 4.8 shows

the energy level diagram and the hyperfine splittings for 85Rb. Because of the high

value of hyperfine splitting for 87Rb, the ESR lines for this isotope are not resolved.

Its easier to resolve the lines for 85Rb and therefore our analysis has been done with

data taken with 85Rb.

Figure 4.9 shows the possible ESR spectrum of Rb if all the transitions are properly



Figure 4.9: A diagram showing the transitions in Rb during a magnetic field sweep. The figure
shows resolved and unresolved transitions.

resolved. All the transitions in the diagram are labeled. The area enclosed by the

transition F = 3, m = 3 → m = 2 is given by A1 = a. A2 is the area enclosed by

the two peaks b and b′ where b is the transition due to F = 3, m = 2 → m = 1

and b′ is due to the transition F = 2, m = 2 → m = 1. Similarly, A3 is the area

enclosed by the combined transition of the two peaks c and c′ where they are the

m = 1 → m = 0 transitions for both F = 3 and F = 2. The ratio of the area under

two successive peaks is calculated using equation 4.14. The ratio of the area between

a and b is calculated to be,

a

b
=

3

5
eβ. (4.19)

Similarly, the ratio of the areas for other transitions are

b

c
=

5

6
eβ , (4.20)

b′

c′
=

2

3
eβ. (4.21)

To calculate the ratios b′/a and c′/c we used the relations for Rb polarization when

the peaks are resolved and when they are not resolved. When all the Rb peaks are



resolved i.e. when a and b are properly resolved Rb polarization for 85Rb is given as,

P =
5A− 3

5A+ 3
(4.22)

where A = a/b and when the peaks are not resolved Rb polarization for 85Rb is given

as,

P =
7A′ − 3

7A′ + 3
(4.23)

where A′ = a/(b + b′). As the polarization remains constant whether the peaks are

resolved or not, we equate equations 4.22 and 4.23 and calculate

a

b′
=

3

2
eβ. (4.24)

Similarly,

b

c′
=

5

3
eβ. (4.25)

We used these ratios in our analysis for obtaining the value of Rb polarization in the

cell.

4.5 Analysis and Results

The relationships of the areas of two successive peaks for the Rb absorption spec-

trum were shown in the previous section. These relationships were used to calculate

the rubidium polarization of the data we collected. For our case, the peaks were not

resolved properly because of the inhomogeneity of the magnetic field in which the

cell was placed and therefore the transitions m = 2 → m = 1 and m = 0 → m = 0

for F=2,3 are unresolved.

Figure 4.11 shows the data used to measure the Rb polarization. Here we mea-

sured the laser light transmission through the polarizer cell during the magnetic field

sweep with varying neutron flux. The blue curve shows the neutron beam off data



Figure 4.10: “Swiss cheese collimator” used for reducing the neutron flux. With this coliimator the
neutron flux was reduced to 19% of the maximum.

i.e. no neutrons were incident on the cell. The green curve shows the data taken

when the full neutron flux coming from the source was incident on the cell and the

red curve is the data for reduced neutron flux. We used Cd collimators upstream of

the polarizer to reduce the neutron flux. Cd collimators were used for two reasons:

(1) they are good neutron absorbers (2) they do not absorb the gammas from the

neutron source and they produce gammas themselves. So, these collimators were

helpful in determining whether the decay was caused by the gammas or the neu-

trons. Figure 4.10 shows the Cd collimator we used. This collimator was passing

only 19% of the neutron beam. If the depolarization was caused by the neutrons it

was expected that Rb polarization would go down with increasing neutron flux.

We used a Lorentzian function with three peaks to obtain the value of Rb polar-

ization from the data. Using the Lorentzian function, the area under a peak is given

by,

AP =

∫ ∞

∞

D
Γ/2π

(ω − ω0)2 + (Γ
2
)2

= DΓπ (4.26)

where Γ is the width of the peak. In our case we had three peaks in the data and



therefore we used a function with three Lorentzian terms. The area of the peaks are

different for the three peaks given by A1, A2 and A3 (figure 4.9). We calculated both

A2 = b + b′ and A3 = c + c′ in terms of A1 and an additional parameter Z = eβ. If

the area occupied by the first peak is,

A1 = a (4.27)

then the ratio of the area occupied by the second unresolved peak which is the

combination of b′ and b to the first peak is

A2

A1
=

b′ + b

a

=
7

3

1

Z
. (4.28)

Similarly, the ratio of the area occupied by the third unresolved peak to the first

peak is

A3

A1
=

c′ + c

a

=
3

Z2
. (4.29)

Equations 4.27, 4.28 and 4.29 were used to replace the coefficients in the Lorentzian

fit equation. The model used for the fitting is

F (Bi) = y0 +
∑

i

Ai
(Γ/2π)2

(Bi − B0)2 − (Γ/2)2
, (4.30)

where y0 is the offset and Ai is the area of each peak, B0 is the field at resonance

frequency and Γ is the width of the peaks. The fits were done with a single Γ. Thus

Z was determined from the fits and Rb polarization was calculated using

PRb =
Z − 1

Z + 1
. (4.31)

Figure 4.11 shows the laser transmission measurement during the magnetic field

sweep for different neutron flux incident on the cell. The laser transmission through
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Figure 4.11: ESR spectra of 85Rb for full flux (green), 19% of full flux (red) and no beam (blue) at
LANSCE.

the cell was maximum when the beam was off and minimum when neutron flux was

the maximum. The values of Rb polarization for varying neutron flux are tabulated

in table 4.1.

Neutron Intensity Rb polarization Error
0 0.658 0.001

0.19 0.597 0.002
1 0.575 0.001

Table 4.1: Variation of Rb polarization with neutron flux. 0 in the first column beam means no beam
on the cell, 0.19 is 19% of the maximum neutron flux is on the cell and 1 is maximum
neutron flux on the cell. The third column gives the error on the Rb polarization



4.6 Calibration

If an oscillating field is applied with RF frequency almost equal to the resonance

frequency, ωRF ≈ ω0, there is an effective additional relaxation and Γ changes to,

Γ = Γ0 + ΓRF (4.32)

where Γ0 is the intrinsic combination of wall relaxation and other mechanisms, but

does not include the spin exchange, which conserves the Rb polarization. The rate of

RF induced transitions, ΓRF depends on the frequency and magnitude of the applied

RF field (VRF ). The relation between ΓRF and V 2
RF is given by [3],

ΓRF ∝ V 2
RF . (4.33)

Any change in Γ leads to a change of Rb polarization with exponential time depen-

dence. Therefore, we need to calibrate the polarizer cell to obtain the Rb polarization

P0 in the absence of the RF field i.e. when VRF = 0.

In the presence of the RF field, alkali metal polarization can be written as

1

PRb
= 1 +

ΓSD

γopt
+

ΓRF

γopt
. (4.34)

Therefore, from equations 4.33 and 4.34

1

PRb

∝ V 2
RF . (4.35)

For measurement of PRb vs V 2
RF , the LANSCE set up was used again in Michigan

after the run. Again, we used two coils to produce 30 Gauss magnetic field. The

rectangular coils shown in figure 4.7 were used to produce approximately 20 Gauss

of magnetic field and additional 10 Gauss was provided by a pair of Helmholtz coil.

The LANSCE data was taken at VRF = 4V at a cell temperature of 1650C. Because
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of the inability to reproduce the experimental set up exactly we decided to take

the laser light transmission data through the cell as a function of VRF at different

temperatures and extrapolate the data to zero for all the temperatures to get P T
0

(Polarization at a temperature T when VRF = 0). P0 at VRF = 0 was calculated

by taking the average of all the P T
0 ’s. The LANSCE data was calibrated using this

value of P0. Figure 4.12 shows the plot for 1/PRb vs V 2
RF for different temperatures.

4.7 Observations from the ILL Run

The LANSCE run was followed by a different set of runs at ILL. In the ILL runs

ESR measurements were performed at 10 Gauss with a hybrid Rb-K cells constructed

at NIST. The Zeeman splitting of potassium is much larger than that of Rb and

allows each of the ESR resonances of 39K to be fully resolved at 10 Gauss as shown

in figure 4.13. The signals from 87Rb and 41K can also be resolved [10]. The rapid

spin exchange between the Rb and K allows the ESR of potassium to measure the

concentration-averaged electron polarization of all the alkali-metal species [8]. The

cell was illuminated with light from two 100 Watt narrowed diode-laser-array-bars



Figure 4.13: ESR spectra of 39,41K and 87Rb ESR for full flux (green) and 8.5% of full flux (red)
and 0.9% (blue) at ILL.

[21]. A linearly polarized probe laser tuned near the Rb D2 resonance and directed

along the magnetic field was used to measure the Faraday rotation signal, which is

proportional to the alkali metal polarization [75]. The RF field was swept over a

range of approximately 600 kHz around 7 MHz and the data extrapolated to zero

power. For I=3/2, PRb = (2R− 1)/(2R+ 1), where R is the area under the peak.

Figure 4.14 shows the change ∆(1/PA) relative to no beam as a function of neutron

capture-flux density φn for both the LANSCE and ILL data. The ILL experiment

used ten-fold-higher power, narrowed lasers, therefore the neutron-beam effects were

significantly reduced at a given neutron flux density compared to the LANSCE data.

This confirmed that the Rb polarization decays with the neutron flux which explains

the depolarization in the 3He cells. It is also confirmed now that the neutrons and

not the gammas are responsible for the depolarization. This set of measurements

confirmed the decay of the alkali metal polarization when exposed to the neutron

beam.

The alkali-metal polarization, which varies with position inside the cell and is
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written as,

1

PA(~r)
= 1 +

ΓSD

γopt(~r)
(4.36)

where γopt(~r) is the convolution of the laser spectral profile and the optical absorption

cross section at the position ~r. The spin destruction rate, ΓSD, is the rate of electron

spin-flips per alkali-metal atom. Equation 4.36 shows that the primary effect of the

neutron beam must be an increase of ΓSD, therefore electron spin destruction rates

were directly measured at ILL using the relaxation in the dark technique [35]. The

relaxation in the dark technique makes use of a low power (<0.1 W/cm2) optical

pumping beam to produce a small alkali-metal polarization. The optical pumping

light was chopped at 1 Hz, and PA was measured by Faraday rotation. With the

optical pumping beam chopped off, the polarization decays with a time constant

that is slower than ΓSD. The slowing factor S ≥ 1 accounts for the angular mo-

mentum stored in the nuclear spins, which couple to the electron spin through the

hyperfine interaction [77]. Due to electron spin-exchange, the factor S is an average

over isotopes and alkali-metal species in each cell and depends on the alkali-metal

polarization. For low polarization, S=10.8 for natural rubidium and S=6 for potas-
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Figure 4.15: ILL results for ∆ΓSD for two cells, a pure Rb (open circles) and a K-Rb hybrid cell

(closed circles). The solid line is given by φ
1/2
n , provided to guide the eye.

sium. The results for a pure rubidium cell and for the hybrid cell are shown in figure

4.15. The relaxation as a function of the neutron flux showed the form ∆ΓA ∝
√
φn,

which is consistent with relaxation due to a recombination-limited equilibrium ion

concentration.

4.7.1 Cause of the Depolarization

The reaction which is happening inside the cell when neutrons are incident on a

cell is n+3He→ p+3H. The reaction also releases 764 keV of energy for every capture.

This energy can cause the ionization of the species present inside the cell and can

form metastable 3He atoms, molecular ions and radicals of helium and nitrogen. The

observed depolarization behavior may be due to one or more of these species. Let

the decrease in the relaxation rate be given by ∆ΓA = kene +
∑

j kjnj , where kj is

the relaxation rate constant for the j species, ne is the density of neutrons produced

due to ionization in the cell and nj is the density of an ion species. The production

of the ion species depends on the electron density and therefore, nj = fsne where fs

is a fraction of the electron density and fs = 1 if there is only one ion species.



The rate equation for the change in the electron density is

dne

dt
=
∑

i

γiφn − ne

∑

i

αjnj . (4.37)

The first term is the production of electrons due to the ionization caused by the

neutrons. The rate of production of electrons due to the ionization of different

atoms or molecules is γi and φn is the neutron flux. The second term is responsible

for the consumption of the electrons by the different ionized species present inside

the cell, αj is the recombination coefficient for each species. Assuming there is one

dominant species present inside the cell equation 4.37 becomes

dne

dt
=
∑

i

γiφn − neαdnd, (4.38)

where nd is the dominant species and nd = fdne. The steady state solution of the

equation is

ne =

√

∑

i γiφn

αdfd
, (4.39)

where αd and fd are the recombination coefficient and fraction of the electron density

for the dominant species. And as ∆ΓA ∝ ne

∆ΓA ∝
√

φn. (4.40)

Ddependence of alkali-metal polarization on neutron flux, φn, was observed from

both the LANSCE and ILL data. Electron spin destruction measurements from ILL

showed the square root dependence of relaxation on neutron flux. Therefore, it is

believed that the decay in the relaxation rate is affected by one dominant species

which is produced due to the ionization inside the cell.

4.8 Conclusions

3He polarization measurement in the NPDGamma experiment showed us the de-

polarization behavior in the spin filter cells exposed to neutron beam. To understand



Figure 4.16: A double cell, “Tweety”. In double cells pumping is done at one part and this part is
not exposed to neutron beam to avoid the depolarization due to ionization.

the effect of the neutron beam on the polarizer cells we performed an experiment to

measure the electron polarization of Rb at LANSCE. This measurement was followed

by another experiment at ILL which used hybrid Rb-K cells. In both the runs we

observed a decrease in the Rb polarization with increasing neutron flux.

Also, the relaxation rate was measured for the alkali-metal polarization at ILL

and this study showed that the electron spin destruction has a square root depen-

dence on the neutron flux. In summary, both the LANSCE and ILL measurements

showed that the incident neutron beam increases the alkali metal relaxation rate

which decreases the alkali-metal polarization and therefore the 3He polarization de-

creases. The decrease in Rb polarization explained the 3He depolarization we saw in

the polarizer cells during the NPDGamma experiment.

A possible solution to the Rb depolarization is to eliminate the effect of ionization

on the Rb optical pumping with the use a double cell [23]. Figure 4.16 shows a

photograph of one of the double cells built. A double cell is a target with two

chambers. In one of the chamber optical pumping of Rb takes place and the second

chamber can be exposed to the neutron beam. Thus, the ionization inside the cells

due to exposure of Rb to neutrons can be eliminated. Use of double cells in neutron



experiments could provide a possible solution in future.

These cells can still be used as polarizer with higher laser power. From the ILL

data it was concluded that if high intensity narrowed lasers are used the depolar-

ization is less. But for experiments where stable polarization for a longer period is

required these cells cannot be used as polarizer. But, they can definitely be used as

analyzers in experiments as an analyzer does not require high and stable polarization.

3He spin filter cell was used as an analyzer for the precision polarimetry experiment

conducted at LANSCE in Summer 2007. This experiment is discussed in detail in

the next chapter.



CHAPTER V

Precision Polarimetry

Since the discovery of the weak interaction, precision measurements in polarized

neutron decay have played an important role in the development and understanding

of the Standard Model and in probing new physics. Neutron β-decay provides highly

sensitive test of the electroweak interaction. Information about the electroweak in-

teractions is contained in the β-decay correlation coefficients. Observables in β-decay

are angular correlation between the spins and momenta of the particles involved in

β-decay. Within the Standard Model, measurement of these correlation coefficients

permits the most precise determination of the relative axial-vector coupling constant

λ of the weak coupling constants. Observables in these experiments depend linearly

on the product of the neutron polarization and therefore the precision measurement

of these coefficients is limited by the precision of the neutron beam polarization mea-

surement. So it becomes important to understand the uncertainties in the neutron

polarization. We performed the precision polarimetry experiment with the aim of

measuring the neutron polarization to a high precision. Neutron β-decay, its im-

portance and the motivation for the precision polarimetry experiment is discussed

in this chapter. The chapter also presents a discussion of the experiment and the

analysis carried out for the precision polarimetry.
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5.1 Neutron β-Decay

In β-decay, a neutron decays to a proton and an electron along with an antineu-

trino

n→ p+ e− + ν̄e,

where a down quark converts to an up quark emitting a W− boson which then

decays to an electron and an antineutrino. If J is the vector angular momentum

of the neutron and me is the mass of the electron, the distribution in electron and

neutrino directions and electron energy for an allowed transition from an oriented

nucleus is given by[46]

dΓ

dEedΩedΩν
∝ G2

F |Vud|2F (Ee)

[

1 + a
~pe.~pν

EeEν
+ b

me

Ee
+
~J

J
.

(

A
~pe

Ee
+B

~pν

Eν
+D

~pe × ~pν

EeEν

)

]

.(5.1)

Here ~pe and ~pν are the momenta of the electron and the neutrino, respectively,

Ee and Eν are the energies of the electron and the neutrino, respectively, and GF

is the Fermi coupling constant, Vud is the up and down quark mixing element in

the Cabibbo-Kobayashi-Maskawa (CKM) matrix. In equation 5.1, a determines the

electron-neutrino correlation, A the beta asymmetry, B the neutrino asymmetry and

D is a T-odd term. Within the Standard Model these coefficients are given as

a =
1 − |λ|2
1 + 3|λ|2 ,

b = 0,

A = 2
Re(λ) − |λ|2

1 + 3|λ|2 ,

B = 2
Re(λ) + |λ|2

1 + 3|λ|2 ,

D = 2
Im(λ)

1 + 3|λ|2 ,

where λ is the ratio of axial-vector to vector coupling constants, λ = gA/gV . The

coefficient b is zero in the Standard Model, but would be non-zero if scalar interactions



exist. The initial and final hadronic state in the β-decay are spin 1/2, thus the allowed

decay has both ∆J = 0 and ∆J = 1. ∆J = 0 part is a pure vector and the strength

is proportional to,

gV = GFVud, (5.2)

where GF is the Fermi coupling constant measured in muon decays, Vud is an element

in the CKM matrix. ∆J = 1 part is axial vector and is proportional to gV ,

gA = λgV . (5.3)

The Standard Model predictions have been tested precisely in the weak decays

of light quarks. The CKM matrix in the Standard Model relates the quarks in the

weak interaction basis (dW , sW , bW ) to the quarks in the strong interaction eigenstate

basis (d, s, b). This quark mixing matrix is given by,















dW

sW

bW





























Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb















=















d

s

b















(5.4)

where Vud is the u and d quark mixing matrix element. The matrix elements of

the CKM matrix are determined from the weak decays of the relevant quarks. From

equation 5.1, neutron decay rate is proportional to the CKM matrix element squared,

|Vud|2. Vud is measured from superallowed nuclear beta decays [43]. The Standard

Model gives a constraint on the matrix elements by the unitarity condition. The

unitarity condition for the CKM matrix elements is

|Vud|2 + |Vus|2 + |Vub|2 = 1 − ∆. (5.5)

In the standard model, ∆ is zero. But, since 1995 the unitarity test has been found

not to hold true for so far unknown reasons, and ∆ 6= 0 is suggested [1]. The



contribution of |Vub|2 in equation 5.5 is of 2× 10 −5 level and can be ignored [1].

Therefore, the significant contributors to the equation are |Vus|2 and |Vud|2. |Vus|

has been measured from a variety of kaon-decay experiments and it is suggested

that the unitarity is solved if the currently accepted value of |Vus| is shifted by 2σ

[1]. Because of the large magnitude of |Vud|, a precise determination of this matrix

element therefore becomes important. With more accurate value of Vud, the unitarity

problem of the CKM matrix could possibly be resolved.

|Vud| can be derived from neutron β-decay without significant nuclear structure

effects. Although there are different ways to determine this factor, e.g. Superallowed

Fermi transitions in nuclear β-decay, through πβ decay etc., determining |Vud| using

neutron beta decay has an advantage as the determination of |Vud| solely depends on

two experimental inputs, the neutron lifetime τn and λ calculated from the measure-

ment of angular correlation coefficients in the β-decay. Accurate measurements of

the neutron lifetime and the angular coefficients will provide a value for the hadronic

vector weak interactions constant. In terms of τn and λ, |Vud| is given as

|Vud|2 =
K

G2
F τn(1 + 3λ2)f(1 +RC)

=
(4908 ± 1.9)s

τn(1 + 3λ2)
, (5.6)

where f is the phase space factor and K is a constant and (1+RC) is the electroweak

radiative corrections to the neutron decay rate. Thus Vud can be calculated by

knowing λ and neutron lifetime τn and the CKM unitarity can be tested.

Many experiments have been designed to measure these correlation coefficients in

the β-decay. Some of these experiments are abBA, Nab, aCORN, UCNA etc. abBA

is an experiment proposed for the SNS FnPB and aims to measure the a, b, B and

A in the neutron β-decay. The aCORN experiment plans to measure the angular

correlation between the beta electron and antineutrino in the nuclear beta decay, a.

Nab is another experiment proposed for the SNS where it plans to measure a and b



in the β-decay. If one wants to measure A and B to a high precision it is important

to know the neutron polarization accurately as the observables in these experiments

depend on the neutron polarization.

Apart from the coefficients expressed in equation 5.1, there is another parameter

which can be measured in the neutron beta decay: the proton asymmetry (C),

which is the correlation between the neutron spin and proton momentum in the beta

decay. The scientific community has also expressed interest in this parameter and a

significant amount of theoretical as well as experimental work has been done for the

measurement of this quantity [24, 40, 63]. PERKEO is an experiment which finished

data collection for the proton asymmetry and the analysis is in progress [63]. Another

experiment which aims to measure the C parameter is the Proton Asymmetry in

Neutron Decay Apparatus (PANDA). The importance of the experiment and why it

makes the neutron polarization accuracy important is discussed in the next section.

5.2 The PANDA Experiment

Examples of angular correlation coefficients are the electron asymmetry parameter

A, the neutrino asymmetry parameter B etc. from where λ can be derived in the

Standard Model. They have been measured several times with increasing precision

and are still in focus. But, the correlation between the neutron spin and proton

momentum in the β-decay has never been measured until 2001. In 2001 the first

measurement of the C coefficient was carried out using the PERKEO II electron

spectrometer at ILL[63].

The correlation of the recoil proton momentum with the spin of a decaying neutron



in a polarized neutron beta decay can be expressed as

d3Γ

dEpdΩP

= G(Ep)[1 + κ(EP ,ΩP )C]σ̂.p̂p, (5.7)

where σ̂ =
~J
J

and C is the coefficient of the parity violating correlation and κ is a

kinematic factor. From the Standard Model C can be calculated using the correlation

parameters A and B,

C = −k(A +B)

= 4k
Re(λ)

1 + 3|λ|2 ≈ 0.866, (5.8)

where k is a kinematical factor which depends on β-energy and proton energy range.

Thus C is a new input parameter for the study of neutron decay and “possible” new

physics. Precise measurement of C will also lead to a better understanding of the

recoil-order terms with the hadronic currents. In the proton asymmetry experiment,

the asymmetry can be determined using,

AP =
N+ −N−
N+ +N−

= kCA(1 − f)Pn. (5.9)

Here N+ and N− are respectively, the number of protons emitted with σ̂.p̂p > 0 and

σ̂.p̂p < 0 integrated over all proton energies, Pn is the averaged neutron polarization,

A is the analyzing power of the proton detector and f is the fraction of protons due

to the background.

Figure 5.1 shows the summary of the status of neutron β-decay. It shows Vud

versus λ from different experiments, including PERKEO II, neutron lifetime mea-

surements and Particle Data Group (PDG). Neutron lifetime results from PDG and

the most recent precise measurement is shown in the plot. The figure also shows the

precision which will be obtained if 0.1% of C measurement is performed successfully.



Figure 5.1: Beta decay results and the Vud value obtained from the recent superallowed decays
and from |Vus|+CKM Unitarity. The band labeled PANDA indicates the value of Vud

obtained from a 0.1% measurement of the proton asymmetry [24].

λ -1.2695±0.0029 SM(lowest order) |dλ/dx| |σλ

λ |/|σx

x |
a -0.103±0.004 1−|λ|2

1+3|λ|2 3.227 0.2618

A -0.1173±0.0013 −2Re(λ)+|λ|2

1+3|λ|2 2.661 0.2459

B +.983±0.004 −2Re(λ)−|λ|2

1+3|λ|2 13.66 10.58

C -0.865±0.013 4 Re(λ)
1+3|λ|2 2.193 1.494

D -0.0004±0.0006 Im(λ)
1+3|λ|2

φ 180.06±0.0029

Table 5.1: Standard Model formulae for neutron beta decay correlation coefficients and accepted λ
values [83].



The figure also includes the result from the superallowed 0+ → 0+ decays, recent

results based on CKM unitarity and |Vus| from a variety of kaon decay experiments.

The value of λ = gA/gV can be calculated using different correlation coefficients

of the neutron decay. Table 5.1 shows the currently accepted value of λ and the

correlation coefficients. The values of λ from these correlation coefficients and there-

fore Vud from different experiments with proper corrections becomes a test of the

Standard Model as if the value of λ is inconsistent it has to be explained with some

new physics. Possibility of a right-handed boson with different couplings and greater

mass than the Standard Model W will lead to the modification of β-decay correlation

coefficients. These right handed currents will introduce more parameters in the V/A

theory and therefore new physics.

The proton asymmetry coefficient, C, is sensitive to the right handed currents.

A 0.1% measurement of C would significantly improve the current limits. Table 5.1

shows that λ is less sensitive to C than a or A and at the same time C is almost

a magnitude larger than a and A. Therefore, measurement of C is subjected to

different and less complicated systematic errors. A 0.1% measurement of C with

calculated corrections is therefore feasible and will have a significant impact in the

determination of λ and therefore gA and Vud.

5.3 Importance of Neutron Polarization

The proton asymmetry equation 5.9 shows the dependence of AP on the neu-

tron polarization and indicates that a 0.1% precise measurement of C requires 0.1%

determination of the neutron polarization for both spin states (parallel and anti-

parallel to the guide field). It also shows that the significant systematic errors in this

measurement arise from neutron polarimetry, backgrounds and detector analyzing



power.

The dependence of the uncertainty of C on the neutron polarization is

σC ∝ σPn

P 2
n

(5.10)

. Therefore, it becomes important to understand the uncertainties on the neutron

polarization to attain our goal of 0.1% measurement of C. Because of the depen-

dence of C on Pn we decided to do the neutron polarization measurement with high

precision in the experiment called “The Precision Polarimetry Experiment Using 3He

Spin Filters”. With 3He spin filters, we can attain high neutron polarization for slow

neutrons, low gamma-ray backgrounds and also the extra advantage of using AFP

with which we can flip the polarization direction of the neutrons with respect to the

magnetic field and thus independently can determine the spin-flipper efficiency.

While performing the NPDGamma experiment we observed that background plays

an important role in the determination of neutron polarization. Backgrounds can be

due to the wrap around neutrons from the penultimate pulse, scattering from the

target, back-scattering from the spin flipper and other equipments in the beamline.

These background issues need to be understood properly and proper corrections

should be made in order to determine the neutron polarization to a precision of 0.1%.

“The Precision Polarimetry Experiment Using 3He Spin Filters” was performed at

LANSCE FP12 to understand these issues.

5.4 Precision Polarimetry using 3He Spin Filters

During the NPDGamma experiment, 3He and neutron polarizations were mon-

itored for a long period of time and it was discovered that backgrounds play an

important role in limiting the accuracy of the polarization analysis. The oscillations

in some of the beam off runs in figure 3.19 are of the order of few ×10−4. For 10,000



pulses and a few percent monitor efficiency , the relative statistical error should also

be less than 10−4 for a 500 second run. The uncertainties are therefore dominated

by systematic effects [26]. A large class of effects are removed in the analysis by

taking the transmission ratios however, this assumes the accurate subtraction of the

background. But, in addition to the backgrounds there are other sources which may

give rise to systematic effects like rate dependence on the monitors and electronics,

non linearities etc. In section 3.9.5 we showed that a significant amount of correc-

tion was made to the systematics by adding backgrounds to the monitor data. This

emphasizes the importance of low and well understood backgrounds for attaining

precision neutron polarimetry.

Classical method for the polarization analysis uses a supermirror polarizer as

the analyzer [88]. This method uses a polarizer, spin flipper and an analyzer. The

limitations of this method are that the spin flipper efficiency and the analyzing power

of the analyzer (defined as the polarization which an initially unpolarized beam would

have acquired after passing through the analyzer) need to be known for the analysis.

One needs to determine the analyzing power of the analyzer which involves the use

of three supermirror polarizers and several spin flippers. It is difficult to characterize

supermirrors with well defined analyzing power. Also, determining the spin flipper

efficiency using a supermirror polarizer is not easy and requires two spin flippers

between the beam polarizer and the analyzer.

To overcome the problems of the classical polarization analysis scheme Zimmer

proposed a new method of measuring neutron polarization using 3He spin filter as

analyzer [88]. 3He analyzers overcame the limitations of the supermirror analyzers.

The analyzing power A of a spin filter is

A = tanh(nlσPHe), (5.11)



Figure 5.2: Schematics of the experimental set up of the precision polarimetry experiment. The
whole experiment was placed in a magnetic field of 10 Gauss. The neutrons pass through
different neutron detectors (monitors) placed at different stages of the experiments to
measure the transmission of the neutrons.

where σ is the neutron absorption cross section, PHe is the 3He polarization, n is the

density and l is the thickness of the medium. The quantity x = nlσPHe is called

the “opacity” of the spin filter. The freedom to choose opacity offers the possibility

to reduce the uncertainty in A to the desired level of accuracy by making x large

and thus the uncertainty on the value of neutron polarization due to the inaccurate

knowledge of the analyzing power is reduced. Another important advantage of 3He

spin filter is that they can be polarized either parallel or anti-parallel to the magnetic

field. Also, AFP can be performed on the polarizer cells to flip the 3He polarization

and the spin flipper efficiency can be determined in a straightforward way (discussed

in section 5.8). Neutron polarimetry with 3He spin filters was first demonstrated by

Zimmer et al. in 1999 [89].

The experimental set up for the precision polarimetry experiment is shown in

figure 5.2. Three monitors were used to measure the neutron transmission at different

stages of the experiment. The experiment also used a polarizer, a spin flipper and

an analyzer. Placing an analyzer after the spin flipper was a significant addition

to this experimental set up. The analyzer was used to analyze the polarization of

the neutron beam coming out of the spin flipper. Details of the experiment and the

analysis are presented in the following sections.



5.5 The Experiment

Precision polarimetry was set up to run in Summer 2007 at the flight path 12

of the Los Alamos Neutron Science Center (LANSCE) and data was collected in

July 2007. During the analysis, it was discovered that M2 data was affected by some

unexpected oscillations, which affected the quality of the data we collected and hence

the precision polarimetry analysis was affected.

The experiment used the basic experimental set up from the NPDGamma exper-

iment with some modifications. The whole experiment was placed inside a 10 Gauss

magnetic field, to polarize the neutrons and to transport the neutrons through the

experiment downstream of the polarizer. Unpolarized neutrons from the source pass

through the polarizer placed after the monitor, M1. The polarizer makes the neu-

tron transversely polarized along the direction of the B field. Neutron transmission

through the polarizer was monitored using a second monitor M2. The polarized

neutrons then pass through the spin flipper and finally through the analyzer. The

transmission through the analyzer was recorded using monitor M3 placed after the

analyzer. A picture of the experimental set up is shown in figure 5.3.

A detailed discussion of the experimental set up for the polarizer was provided

in chapter III. For this experiment we used the same kind of set up for both polar-

izer and analyzer except for that both the systems were running on one laser each.

The laser light to the polarizer and analyzer was provided using Coherent FAP laser.

Each laser was providing about 30 watts of laser power. The system was running at a

temperature of (150 ± 5) 0C . The details of the 3He spin filter polarization were pro-

vided in chapter III. The analyzer was also polarized the same way as the polarizer.

“Dino” and “Pebbles” were used as the polarizer and the analyzer, respectively.



Figure 5.3: Photograph of the experimental set up of precision polarimetry experiment at FP12 at
the Los Alamos Neutron Science Center

For the precision polarimetry experiment it was required to define the beam size

with proper collimation to reduce the neutron beam divergence. We used a beam

of one inch diameter for our studies. The beam was collimated using Cadmium

collimators on the monitors. Cd collimators were used for collimation because Cd

has a high absorption cross section for neutrons and therefore it absorbs all the

unwanted neutrons. There was a 1” collimator after M1 and a second collimator was

placed on M2 so that M2 sees the same size beam as the polarizer.

5.6 Neutron Polarization

Experiments have been done in the past by others to measure the neutron polar-

ization precisely [89]. Precision neutron polarimetry was developed with the aim to

determine the neutron polarization to 0.1%. The idea of the experiment was to mea-

sure the neutron polarization (after the neutrons come out of the 3He polarizer) at

two different points: (a) at monitor 2 and (b) after the spin flipper, and to compare

these values to see the accuracy.



There are two different ways to determine the neutron polarization using the

data recorded by the three monitors. In the first method, we determine the neutron

polarization at M2 using the data taken by monitors 1 and 2. In the second method,

we determine the neutron polarization after the spin flipper using the data taken by

monitors 2 and 3. The two methods are discussed in detail in sections 5.6.1 and 5.6.2

respectively.

To do the polarization measurements we need to determine the thicknesses, (nl)x,

of the cells used as the polarizer and the analyzer. These values are obtained using

the data taken for the unpolarized 3He cell runs and empty oven runs. Once the

thicknesses of the cells are determined, they can be used for the polarization mea-

surement. The thickness measurement for the cells used will be discussed in section

5.9.1.

5.6.1 Neutron Polarization Using M1 and M2

This method uses the same transmission method which was used for the NPDGamma

experiment. The data recorded by monitors 1 and 2 were used to determine the neu-

tron polarization at M2, immediately after the polarizer. Unpolarized neutrons from

the source after passing through M1 were incident on the 3He polarizer. The neutron

transmission of spin up(+) and spin down(-) neutrons through a 3He polarizer is

N± =
N0

2
e(−σxP (1∓PP )), (5.12)

where N0 is the number of incident neutrons, xP = (nl)P is the thickness of the

polarizer cell, PP is the polarization of the 3He polarizer and σ is the absorption

cross section which has a wavelength dependence, σ = (σ0/λ0)λ, where σ0 is the

absorption cross section for neutrons at wavelength λ0. Therefore, when the cell is



unpolarized (PP =0) the neutron transmission through the polarizer cell, T0 is,

T0 =
N+ +N−

2
=
N0

2
e−(σxP ) (5.13)

and the neutron transmission through a polarized cell, TP , is

TP =
N+ −N−

2
=
N0

2
e−(σxP (1−PP )) = T0 cosh(σxPPP ). (5.14)

The neutron polarization, Pn, at any wavelength λ is defined as the ratio of the

difference in the spin up and down neutrons to the total number of neutrons and is

given by,

Pn(λ) =
N+(λ) −N−(λ)

N+(λ) +N−(λ)
= tanh(σxPPP ) =

√

1 − 1

cosh2(σxPPP )
. (5.15)

Because of this known transmission behavior of the neutrons through the polar-

ized and unpolarized 3He cell, we can use the data recorded at M1 and M2 for the

polarization analysis of the neutrons coming out of the polarizer. The signal recorded

at M1 gives an indirect measure of the neutron flux incident on the experiment. M1

signal is directly proportional to the neutron flux and therefore, used to normalize

the signals at M2 and M3. In terms of M1 and M2, the transmission equations are

given as

T0 =

(

M2

M1

)

UP

= e−(σxP ), (5.16)

TP =

(

M2

M1

)

P

= T0 cosh(σxPPP ), (5.17)

Pn =

√

1 −
(

T0

TP

)2

=

√

√

√

√1 −
(
(

M2
M1

)

UP
(

M2
M1

)

P

)2

. (5.18)

Thus, M1 and M2 data can be used to determine the neutron polarization at the

second monitor M2.



5.6.2 Neutron Polarization Using M2 and M3

The second method used to determine the neutron polarization is to measure the

polarization using the data recorded by M2 and M3. Neutrons coming out of the

polarizer were recorded at M2. These neutrons then pass through the spin flipper and

the analyzer to reach the third monitor, M3. The signal recorded at M2 and M3 is

proportional to the polarization of the polarizer and the analyzer. If the polarization

is high the signal will be big and vice versa. Signal recorded at M3 also depends on

the spin flipper efficiency. Details of the spin flipper efficiency calculation is discussed

in section 5.8. A spin flipper flips the spin of a neutron pulse when the spin flipper is

on and when the flipper is off the neutron pulse passes through the flipper unaffected.

A detailed discussion of the functioning of the RFSF was presented in Chapter III.

We used the same spin flipper from the NPDGamma experiment for this experiment.

An analyzer is another 3He polarizer cell placed after the spin flipper. It is used

to analyze the polarization of the neutron beam coming out of the polarizer. The

transmission through an analyzer is the same as the transmission through a polarizer.

The transmission for spin up and down neutrons through a polarizer which has a

polarization PA and thickness xA = (nl)A is

TA
± = e(−σxA(1∓PA)). (5.19)

The transmission through the analyzer when the spin flipper is off, just depends on

the polarization of the analyzer and is given by

T SFOff
A,P

TA,0
= cosh(xAPA) + sinh(xAPA) tanh(xPPP ). (5.20)

The transmission through the analyzer when the neutron pulses get flipped by the

spin flipper depends on the spin flipper efficiency and the analyzer polarization.



Therefore, it becomes important to determine the spin flipper efficiency accurately.

The transmission through the analyzer with spin flipper on is

T SFOn
A,P

TA,0
= cosh(xAPA) + (1 − 2ǫ) sinh(xAPA) tanh(xPPP ). (5.21)

In equations 5.20 and 5.21, TA,0 is the transmission through the analyzer when its

unpolarized and ǫ is the spin flipper efficiency. A detailed discussion of these deriva-

tions is provided in appendix B. To determine the polarization using M2 and M3

data, first we need to determine the polarization of the analyzer which is required to

determine the neutron polarization after the spin flipper. Analyzer polarization can

be obtained by adding equations 5.20 and 5.21

1

2ǫ

[

(2ǫ− 1)

(

T SFOff
A,P

TA,0

)

+

(

T SFOn
A,P

TA,0

)]

= cosh(xAPA). (5.22)

The value of analyzer polarization can be extracted by doing a hyperbolic cos fit to

the quantity in equation 5.22. Neutron polarization after the spin flipper, P ′n, can

be obtained by subtracting equation 5.21 from 5.20,

1

2ǫ

[(

T SFOff
APol

TA,0

)

−
(

T SFOn
APol

TA,O

)

]

= sinh(xAPA) tanh(xPPP )

= P ′n(λ) sinh(xAPA). (5.23)

Using the value of PA calculated from equation 5.22, neutron polarization as a func-

tion of wavelength is written as,

P ′n(λ) =
1

2ǫTA,0

T SFOff
A + T SFOn

A
√

cosh2(xAPA) − 1
. (5.24)

Thus neutron polarization for the neutrons coming out of the spin flipper can be

calculated using the data collected by the monitors M2 and M3.



5.7 Analyzer

The goal of the precision polarimetry experiment is to analyze the polarized neu-

tron beam coming out of the spin flipper for its polarization. This was achieved

using a second 3He polarizer after the spin flipper which we called the analyzer. The

position of the analyzer is shown in figure 5.2. Analyzer was used to analyze the

neutron polarization in both the states of the neutron spin flipper (on and off) by

measuring the transmission of neutrons through it.

The heating system for the analyzer was the same as discussed in section 3.5.2.

The analyzer was polarized using 30 watts of laser light from a Coherent FAP laser.

The oven had the ability to maintain the cell at (145-155)0C to polarize the Rb

inside the cell which in turn polarizes 3He present in the cell. The experimental set

up employed a spin flipper between the polarizer and the analyzer. A guide field

was applied between the polarizer and the analyzer in order to avoid non-adiabatic

transitions of the neutron-spin. The analyzer cell was used for two purposes in the

experiment: (a)tuning of the spin flipper for the best value of magnetic field and RF

amplitude and (b) analysis of the neutron beam for the polarization.

Analyzers are characterized by the quantity analyzing power given in equation

5.11. The uncertainty in A is

δA = xsechx

√

(

δn

n

)2

+

(

δl

l

)2

+

(

δP

P

)2

. (5.25)

Thus the uncertainty in the analyzing power to the desired level of accuracy can be

achieved by increasing the opacity, x, of the spin filter and thereby approaching an

ideal analyzer [88]. For x = 3.8 which implies nl = 19.09 amagat cm the analyzing

power of the cell is A ≥ 99.9%. For the cell we used in our experiment the thickness

was measured to be nl = 3.60 ± 0.02 amagat cm and therefore the analyzing power



of the cell was A ≥ 61.5%. We were limited by the cells we had available.

5.8 Spin Flipper Efficiency

Precision polarimetry experiment used the same spin flipper that was used in the

NPDGamma experiment. The details of this spin flipper were discussed in chapter

III. In section 5.6.2, we noticed that the measured neutron polarization depends

on the spin flipper efficiency and analyzer polarization. Dependence of neutron

polarization on the spin flipper efficiency is given by

σPn ∝ Pn

(σǫ

ǫ

)

. (5.26)

Therefore, to do a 0.1% measurement of neutron polarization it becomes important

to determine the spin flipper efficiency precisely. The spin flipper and the method

used to obtain the spin flipper efficiency is described in this section.

A spin flipper rotates the neutron spin by an angle θ that depends on the neutron

velocity or wavelength so that the neutron polarization changes from P+
n to P−n

and are related as P−n = −P+
n . A spin flipper can be accurately characterized by

averaging θ(λ), ǫ =< cos θ(λ) >, where ǫ [65] is the spin flip efficiency. The effect of

the spin flip efficiency on the polarization in terms of the θ is written as

P−n = (1 + 2 < cos(θ(λ)) > P+
n , (5.27)

where P+
n is the spin state of the neutrons before the flip and P−n is the spin state after

the flip. For a perfect spin flipper < cos(θ(λ)) >= −1, i.e. θ = π, so that the spin

reversal is perfect. But, as we are limited by the experimental conditions there is some

deviation from the perfect reversal, so θ = π−δ so that P−n = (1−2 < cos(δ(λ) >)P+
n .

Thus for an imperfect spin flipper the efficiency is less than one.

For the experiments which will measure the correlation coefficients precisely, we

aim to measure the δ2 to a precision of 10−4 or less. The spin flip efficiency can



be calculated using the crossed polarizer technique. The schematics of the crossed

polarized method is shown in figure 5.4. In the crossed polarizer technique, 3He

polarization direction in the polarizer is flipped using Adiabatic Fast Passage (AFP).

By flipping 3He polarization in the polarizer using the AFP technique a nearly-perfect

reversal of neutron beam polarization can be performed. AFP flipped beam can be

compared with the spin flipper flipped beam to determine the beam polarization

reversal efficiency of the spin flipper.

The crossed polarizer technique needs four sets of measurements: (a) both po-

larizer and analyzer polarized in same direction and spin flipper off, (TSFOff), (b)

polarizer and analyzer polarized in same direction and spin flipper on, (TSFOn), (c)

polarizer and analyzer polarized in opposite directions and spin flipper off, (TAFP
SFOff)

and (d) polarizer and analyzer polarized in opposite directions and spin flipper on,

(TAFP
SFOn). From figure 5.4 it is seen that the signal at M3 is almost similar for case

(a) and (d) and similar for (c) and (d). These four sets of measurements are used to

determine the spin flipper efficiency.

Flipping the direction of 3He spins in the polarizer using AFP changes the di-

rection of 3He polarization, and therefore the transmission of neutrons through the

polarized cell changes to

N±AFP =
N0

2
T±P =

N0

2
e−xP (1∓PP ). (5.28)

These neutrons then transmit through the spin flipper and the analyzer. The total

transmission of the AFP flipped neutrons recorded by M3 is

TAFP,SFoff
A,P =

T+,AFP
P T+

A + T−,AFP
P T−A

T+
P + T−P

= TA,0 cosh(xAPA) − sinh(xAPA) tanh(xPPP ). (5.29)

Here TAFP,SFoff
A,P is the transmission through the polarized analyzer after performing



Figure 5.4: Figure showing the crossed polarizer configuration for determining the spin flipper effi-
ciency. Figure (a) depicts the configuration when polarizer and analyzer are polarized
in the same direction. Fig (b) is the configuration for polarizer and analyzer polarized
in opposite direction. AFP is performed on the polarizer to change the direction of 3He
polarization. In both cases, transmission is observed for both spin flipper on and off.

AFP on the polarizer cell and spin flipper off, T+,AFP
P T+

A is the transmission of the

spin up neutrons through the analyzer and T−,AFP
P T−A is the transmission of the spin

down neutrons through the analyzer. Thus, if we have the data with spin flipper

on and off in normal polarization direction and the AFP data for both spin flipper

on and off configuration the spin flipper efficiency can be calculated using these

transmission signals. There are two ways to determine the spin flipper efficiency.

First method is to determine the spin flipper efficiency, ǫ, using the AFP data when

the spin flipper is off with the normal polarization data

ǫ =
T SFOff

A,P − T SFOn
A,P

T SFOff
A,P − TAFP,SFOff

A,P

.

Second method to determine the spin flipper efficiency of the spin flipper is to use the

AFP data with spin flipper on. Neutron transmissions are different with spin flipper

on and spin flipper off as can be seen from figure 5.4. When AFP is performed on



the polarizer and the spin flipper is on, the neutron transmission is given by

T SFOn
A,P =

T+,SFOn
AFP T+

A + T−,SFOn
AFP T−A

T+
AFP + T−AFP

=
(1 − ǫ)T+

AFP + ǫT−AFP

T+
AFP + T−AFP

T+
A +

ǫT+
AFP + (1 − ǫ)T−AFP

T+
AFP + T−AFP

T−A

= TA,0[cosh(xAPA) + (1 − 2ǫ) sinh(xAPA) tanh(xPPP )]. (5.30)

Here TA,0 is the neutron transmission through unpolarized analyzer, T+
A and T−A

are the transmissions of spin up and down neutrons through polarized analyzer,

respectively and T+
AFP and T−AFP are the transmissions of spin up and down neutrons

through the polarizer after AFP, respectively . Therefore the spin flipper efficiency

can be calculated using

TSFOff − TSFOn

TSFOff − TAFP
SFOn

=
ǫ

1 − 2ǫ
.

Solving,

ǫ =
TSFOff − TSFOn

3TSFOff − 2TSFOn − TAFP
SFOn

. (5.31)

Thus we have two methods to determine the efficiency of a spin flipper. The

efficiency can be calculated using both the methods and can be compared. All the

T ’s in this analysis section are M3/M2 i.e. the signal recorded at M3 was normalized

using the signal at M2. Once the spin flipper efficiency is calculated, one can calculate

the neutron polarization.

Spin flipper efficiency was calculated using both the methods discussed above.

Figure 5.5 shows the spin flipper efficiency calculated by averaging the values ob-

tained using the two methods versus wavelength. This figure has few interesting

things to be noted. For a perfect spin flipper, ǫ = 1 and for non-perfect spin flippers

ǫ < 1. But this plot showed that at certain wavelengths spin flipper efficiency was

greater than 1. This was due to the oscillations in M2 and M3 mentioned before.
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Figure 5.5: Spin flipper efficiency vs wavelength of the spin flipper used for the experiment. The
oscillations from M2 and M3 affected the quality of the data which is seen in this plot
between 2 Å to 3 Å. In particular, spin flipper efficiency cannot exceed unity.

These oscillations affected the quality of data M2 and M3 recorded and therefore the

inappropriate behavior of the spin flipper.

5.9 Analysis and Results

The data for the experiment was collected using an analog to digital converter

(ADC). A small fraction of the incident neutron beam was captured by the monitors

and a signal was produced. This signal passes through the pre-amplifier to the ADC

interfaced with the computer. The schematics of the data acquisition (DAQ) is shown

in figure 5.6. The ADC values from the monitors were converted to voltage using

Vi =
(ADC)i − ai

bi
, (5.32)

where Vi is the voltage recorded at the ith monitor, (ADC)i is the value recorded

for the ith ADC, ai is the offset in the ADC’s and bi is the number of ADC counts

equivalent to 1 volt. The DAQ was storing 112 samples in every 50 ms with an offset

of 3 samples. Figure 5.6 shows the schematics of the data acquisition used for the

experiment.



Figure 5.6: Schematics of the data acquisition system used for the experiment. The signal recorded
by the monitor was amplified by the pre-amplifier and goes to the ADC which was
interfaced with the computer.

5.9.1 Cell Thickness Determination

For neutron polarization analysis the first thing we need to determine are the

thicknesses of both the cells. For this we took runs for the unpolarized polarizer,

analyzer cell (unpolarized at the same time) and empty oven. The thicknesses were

calculated using

T0

TE
= e

−(nl)x
σ0

λ0
λ
. (5.33)

The analysis method used to determine the thickness values for the cells was discussed

in detail in section 3.9. The polarizer thickness was determined using M1 and M2

data were used and for the analyzer M2 and M3 data were used. Figure 5.7 and

figure,, 5.8 show the plots for the unpolarized to empty transmission ratios for the

polarizer and the analyzer. The thickness values for these two cells were determined

using an exponential fit to these plots. For the polarizer the thickness value was

(3.84±0.02) amagat cm and the analyzer thickness was (3.60±0.02) amagat cm.

Figure 5.9 gives the transmission through the entire experimental set up and therefore

measures the thickness of the entire set up, which is almost equal to the sum of

thicknesses of the polarizer and the analyzer. This transmission ratio was calculated

using M1 and M3 data. The thickness value obtained for the entire set up was

(7.5±0.03) amagat cm. The residuals, difference between the experimental value
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Figure 5.7: Ratio of the neutron transmission through the unpolarized polarizer (“Dino”) to the
transmission through empty polarizer oven. The red points are the values obtained
from the experimental data and the blue line is the fit curve. The residual curve shows
the difference between the experimentally observed values and the fit values which is of
the order of 1%.

and the fit value, for figures 5.7, 5.8 and 5.9 are of the order of 1%.

5.9.2 Neutron Polarization Analysis

After the thickness and spin flip efficiency measurements the next thing to do

is the polarization measurement using the two methods discussed before in sections

5.6.1 and 5.6.2. The polarization analysis using the first method (using the data

stored at M1 and M2) is the same as the method we used for the NPDGamma

experiment. 3He polarization and neutron polarization values were obtained using

equation 5.18 and 5.18, respectively. Figure 5.10 shows the plot for TP/T0 using

which 3He polarization was calculated for a single run and figure 5.17 shows the plot

for neutron polarization Pn for the same run.

To calculate the polarization using M2 and M3, the first challenge was to separate

the data with spin flipper on from the spin flipper off data for a single run. Unlike

NPDGamma the spin flipper sequence which we used for this experiment was a two

pulse sequence given as ↑↓↑↓↑↓↑↓. For this sequence, ↑ means the spin flipper is off
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Figure 5.8: Ratio of the neutron transmission through the unpolarized analyzer (“Pebbles”) to the
transmission through the empty analyzer oven. Residuals are of the order of 1%.
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Figure 5.9: Ratio of the combined neutron transmission through unpolarized polarizer and analyzer
to the transmission through the empty ovens. This gave the combined thickness value
for the polarizer and analyzer.
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Figure 5.10: Plot shows the ratio of the neutron transmission through the polarized cell to the

unpolarized cell versus wavelength (using M1 and M2)

Figure 5.11: The figure shows the two pulse spin sequence for the spin flipper. ↑ means the spin
is unflipped and ↓ implies the spin is flipped. For the analysis we separated the
transmissions of flipped and unflipped pulses.

and the spin is unflipped and ↓ implies that the spin flipper is on and the spin is

flipped for the neutron pulse. For the analysis we needed the transmissions for both

spin flipper on and off as seen from equations 5.22, 5.23 and 5.24. These transmissions

we had to obtain from the same run by separating the alternate neutron pulses as

shown in fig 5.11.

The data separation was done using the fact that if polarizer and analyzer are

polarized in the same direction, the bigger signal is for spin flipper off and the smaller

signal is for flipper on. But if the two systems are polarized in opposite directions

(by performing AFP on one of the systems) bigger signal corresponds to SF on and

smaller to SF off. Figure 5.12 shows the variation in the signal size for spin flipper



Figure 5.12: Schematics of the method used for separating neutron transmission through the ana-
lyzer for spin flipper ON and OFF state. When polarizer and analyzer are polarized
in the same direction transmission is bigger for spin flipper on than spin flipper off.
And when the polarizer and analyzer are polarized in opposite directions transmission
is bigger for spin flipper off than spin flipper on.
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Figure 5.13: Plot shows the transmission through the spin flipper the polarizer and analyzer polar-
ized in the same direction for the ON and OFF states of the spin flipper.

on and off and polarizer and analyzer polarized in the same direction and for spin

flipper on and off but polarizer and analyzer polarized in opposite directions. When

polarizer and analyzer were polarized in the same direction spin off transmission was

bigger than the spin on transmission (figure 5.13) as seen from the data.

After separating the data for TSFoff and TSFon, polarization analysis was per-

formed using equations 5.22 and 5.23. Equation 5.22 was used to determine the

value of analyzer polarization, plot is shown in fig 5.14. This value of analyzer po-
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Figure 5.14: Plot shows the quantity 1
2ǫ

[

(2ǫ − 1)

(

T SF Off

A,P

TA,0

)

+

(

T SF On
A,P

TA,0

)]

versus wavelength and

is fitted to cosh(xAPA) to obtain the value of analyzer polarization.

larization combined with equation 5.23 gives the value of 3He polarization in the

polarizer. Figure. 5.15 shows the plot for equation 5.23 vs wavelength.

Thus, 3He polarization was calculated for a couple of runs using the two methods

described in sections 5.6.1 and 5.6.2. It was observed that for all the runs calculated

3He polarization values using the two methods agree well with each other. Figure 5.16

shows a plot of 3He polarization obtained from the two methods for all the analyzed

runs. 3He polarization obtained using the two methods agrees to a percent, but the

point to point variation in the data is bigger than a percent due of the presence of

the systematics.

It is possible to measure the neutron polarization as a function of wavelength if

3He polarization is known by using Pn(λ) = tanh(xPPP ). We also compared the

values of neutron polarization obtained from the monitors data using the two analy-

sis methods. Figure 5.17 shows the neutron polarization obtained using equation

5.18 and 5.24. From this plot a big disagreement was seen between the neutron

polarization values obtained using the two methods. The disagreement in the values
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Figure 5.15: The plot shows 1
2ǫ

[(

T SF Off

AP ol

TAunpol

)

−
(

T SF On
APol

T O
A

)]

versus wavelength, fitted to

sinh(xAPA) tanh(xP PP ) to get the value of 3He polarization using the value of
analyzer polarization obtained from figure 5.14

0.40

0.35

0.30

0.25

0.20

3
H

e
 P

o
la

ri
za

tio
n

15801575157015651560
Run Numbers

-4
0
4

x1
0

-3
 

 Using M2/M1
 Using M3/M2
 Difference between two methods

Figure 5.16: Plot showing 3He polarization for a series of runs taken during the Summer 2007 run
at LANSCE. Solid circles are from the method using M1 and M2 and squares are from
the method using M2 and M3. The triangles at the top show the difference between
the two methods.
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Figure 5.17: Comparison of neutron polarization calculated using the two methods, using M1 and
M2 and M2 and M3. The red points show the neutron polarization with M1 and M2.
Blue points are the values of neutron polarization with M2 and M3. Green points
show the difference of values between the two methods.

obtained from the methods was due to the oscillations in M2 and M3 which affected

the quality of the data and therefore affected the analysis. These oscillations are

discussed in detail in the next section. The precision polarimetry analysis was thus

limited by the data quality. We thus developed an experiment for the precision po-

larimetry but the verification of the analysis was limited by the quality of the data.

5.9.3 Systematics

It was seen from neutron polarization plot (figure 5.17) and spin flipper efficiency

plot (figure 5.5) that there were some systematic effects between 2 Å to 3 Å. The spin

flipper efficiency was greater than 1 in this range, which is unusual as the maximum

spin flipper efficiency is 1. Also, between 2 Å to 3 Å, the neutron polarization

deviated a lot from the standard tanh(xPPP ) behavior. Figure 5.17 shows that same

type of deviation from the standard neutron polarization behavior were observed for

the two methods, using M1 and M2 and using M2 and M3. This gave an indication

of the possibility that something was wrong with monitor 2 as the only common
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Figure 5.18: Plot showing the comparison of some pedestal runs with the neutron beam on signal
at M1. The dotted line shows the neutron beam signal and the solid lines are the
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Figure 5.19: Plot showing the comparison of some pedestal runs with the neutron beam on signal
at M2. The dotted line shows the neutron beam signal and the solid lines are the
pedestal signals. Pedestal signal is about 6% of the actual signal
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Figure 5.20: Plot showing the comparison of some pedestal runs with the neutron beam on signal
at M3. The dotted line shows the neutron beam signal and the solid lines are the
pedestal signals. Pedestal signal is about 3% of the actual signal

thing between the two methods was the second monitor. Therefore, we decided to

look at the pedestals of all the monitors to compare the behavior of M2 with M1 and

M3.

Figure 5.18, 5.19 and 5.20 show the pedestals recorded by the three monitors

in comparison with the neutron beam-on signal for the respective monitors. The

pedestal level in M1 was 0.25% of the monitor signal, for M3 it was ≈3% but for

M2 pedestal signal was ≈6% of the signal which indicates that there was a big

source of systematics in the second monitor. From figure 5.19, it was also seen that

M2 saw some oscillations at a repetition rate of 120 Hz which is unusual. After

investigation it was found that these oscillations were coming from the power source

which was connected to the monitors M2 and M3. This affected the quality of the

data and therefore analysis was affected. Our data was dominated by the systematics

of monitor 2.



5.10 Conclusions

We discussed the importance of the precision neutron polarization measurement

in this chapter. There are many experiments which aim at measuring the polarized

beta decay correlation coefficients A,B and C. PANDA aims to measure the proton

asymmetry C in β-decay to 0.1%. A 0.1% measurement of the proton asymmetry

factor, C, is limited by the neutron polarization measurements. Precision polarimetry

experiment at LANSCE was designed to measure the neutron polarization precisely

keeping in mind the experimental needs of PANDA and abBA.

We performed the “Precision Polarimetry Experiment using 3He Spin Filters”

at LANSCE in Summer 2007. Experimental details and the analysis method were

presented in this chapter. We successfully demonstrated the working experiment and

developed a method to analyze the data. We were able to measure the cell thickness,

spin flipper efficiency, 3He polarization and neutron polarization using two different

methods.

Although we succeeded in designing and performing the experiment, while analysing

we saw the limitations of our data because of the electronic equipments we used in the

experiment. Nevertheless, we were able to measure 3He polarization to an accuracy

of ≈1% which allows us to determine the neutron polarization, but the wavelength

dependence of neutron polarization was not directly measured to high precision due

to the poor performance of M2.

We also determined the spin flipper efficiency using the data recorded by the

monitors and observed that for certain wavelength range the efficiency was going

above unity and we were not able to determine the efficiency correctly. Previously,

for the same spin flipper efficiency was calculated to be 98.0 ± 0.8% and had no



dependence on the wavelength [65] but in our analysis we saw a strong dependence

on the wavelength which affected the analysis. To eliminate this limitation in the

future, in addition to performing AFP on the polarizer, we can also do the AFP

on the analyzer. Equation 5.20 gives the ratio of the neutron transmission through

a polarized analyzer to the transmission through unpolarized analyzer when the

spin flipper is off. Now, if we do the AFP on the analyzer, we can effectively let

PA → −PA, and the polarimetry asymmetry can be given as,

(

TA,P

TA,O

)+

+

(

TA,P

TA,O

)−

= 2 cosh(σxAPA), (5.34)

(

TA,P

TA,O

)+

−
(

TA,P

TA,O

)−

= 2Pn(λ) sinh(σxAPA), (5.35)

[TA,P/TA,O]+ − [TA,P/TA,O]−

[TA,P/TA,O]+ + [TA,P/TA,O]−
= Pn(λ) tanh(σxAPA). (5.36)

Thus neutron polarization can be calculated using the analyzer without spin flipper

and the spin flipper efficiency can be separately determined. Instead of using the

second method which we used for our analysis we can use equations 5.34, 5.35, 5.36

to calculate the 3He and neutron polarization using M2 and M3.



CHAPTER VI

Summary

The discussions and results in this dissertation provide insights into three exper-

iments namely, NPDGamma experiment, depolarization in 3He cells and precision

polarimetry experiment. We have discussed the motivation behind the NPDGamma

experiment and the experimental set up to realize the goal. The discussion includes

the depolarization effect which was observed in the 3He cells during the NPDGamma

experiment and the experiment performed to understand the depolarization in the

cells. Also the need for the determination of accurate neutron polarization and the

experiment performed to do the precision polarimetry measurement has been ad-

dressed.

Based on the benchmark paper of Desplanques, Donohogue and Holstein (DDH)

published in 1980, nucleon-nucleon interaction is described by a strong vertex and a

weak vertex [30]. Weak parity violating nucleon nucleon potential is described by the

exchange of mesons, namely ρ, π and ω. The meson exchange potential is given by a

linear combination of seven meson-nucleon coupling constants. The weak interaction

is treated as a perturbation in the Hamiltonian of the system and is responsible for the

parity-violating mixing of the states. DDH gave a range of expected values of all the

coupling constants for their model in their celebrated paper. Several experiments
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have been designed in the last few decades to measure these coupling constants

and the NPDGamma experiment is one of them. The NPDGamma experiment

measured the directional-asymmetry Aγ in the γ-ray emitted in the n-p capture.

With this measurement of Aγ the long range pion-nucleon coupling f 1
π is calculated

using Aγ ≈ −0.11f 1
π . The f 1

π value calculated from this method is highly significant

as recently two different experiments came up with two different values of f 1
π . The

value obtained from the NPDGamma experiment will be important as the n-p system

is free of any nuclear structural complications.

The NPDGamma experiment was performed at FP12 at the LANSCE spallation

source because of the high neutron flux provided by the source. Another advantage

from this source was the time of flight spectrum which provided control of systematic

effects. Polarized neutrons required for the experiment were produced using 3He

neutron spin filter. The cell was maintained within the temperature range 145-

1550C and 60 Watts of laser light was provided for the optical pumping of the cell.

3He polarizer was first installed in the FP12 flight path during the commissioning

period of the experiment. Some of the data presented in this thesis is from the

commissioning period, February 2005. The analysis done with this data showed that

we were able to reach a polarization of 57±1%.

For the NPDGamma production period, 90 Watts of laser light (using three lasers)

was provided to the polarizer cells. 3He polarization in the cell and the neutron beam

polarization were monitored over time using the data recorded by the monitors used

in the experiment. In the production period, we were able to reach a polarization of

0.572 ± 0.021 with “Pebbles” for the first set of runs of the NPDGamma experiment.

For the second set of data using “Dino” as the polarizer we reached a polarization

of 0.572 ± 0.012. The data collected for the monitors were affected due to the



backgrounds and it was realized that background plays an important role in the

polarization analysis.

For the NPDGamma experiment, backgrounds were large due to the possible back-

scattering of neutrons from the liquid H2 target. At room temperature most of the

H2 is in ortho state and has a bigger cross section for neutron scattering. Therefore

ortho-hydrogen was converted to para-hydrogen using ortho-to-para converters to

reduce neutron scattering inside the target and therefore preventing the neutrons

from depolarization before the n-p capture. For our liquid H2 target we were able

to attain 99.98% of para-hydrogen. Presently, the asymmetry value obtained from

the NPDGamma analysis is (-1.1±2.1)× 10−7. The asymmetry analysis is still under

progress. The NPDGamma experiment finished data collection at the Los Alamos

Neutron Science Center in Fall 2006 and has been moved to Spallation Neutron

Source where it plans to measure the asymmetry Aγ to a level of 10−8 with the

higher neutron flux.

While monitoring 3He polarization in the NPDGamma experiment we observed

3He depolarization in the cells when exposed to the neutron beam. We observed

two kinds of relaxations in the cell: long term relaxation and short term relax-

ation. Experiments were performed at LANSCE in Summer 2007 to understand

this depolarization in which we measured the Rb polarization in a polarizer cell by

electron spin resonance technique with varying neutron flux. It was found that Rb

polarization decreases with increasing neutron flux. The result was confirmed by

another experiment which was performed at Institut Laue-Langevin in Grenoble,

France where hybrid alkali metal (Rb-K) cells were used. The spin destruction rate

was also measured in the cells with varying neutron flux (φn). The relaxation rate

(ΓSD) as a function of neutron flux showed the form ΓSD ∝
√
φn.



We also concluded that the short term depolarization occurs because of the pro-

duction of electron-ion pairs inside the cells. The processes due to the ionization are

created mainly by the capture reaction 3He(n,p)3H which releases 782 keV/capture.

This energy is sufficient to cause the ionization of the species inside the cell. It has

been established that the spin destruction rate is proportional to the square root

of the neutron flux. A possible solution to overcome the short term decay in the

polarizer cells will be to use double cells in future experiments.

For the long term depolarization it was concluded that it was due to the formation

of a Rb compound inside the cells. The thickness of the white coating deposited on

the cell was dependent on the time duration for which it was exposed to the neutrons

and the flux incident on it. At higher flux in ILL the cell became white in two hours.

One hour exposure at ILL is equivalent to two days exposure at LANSCE beamline

[67]. This coating affects the transmission of laser light through the cell and therefore

results in a decrease in the polarization. With time the laser light transmission

through the cell decreases and therefore we saw the continuous slow decrease of 3He

polarization in the cells. It is believed that the coating is of RbH, formed due to

the combination of Rb with H produced during the n+3He→1H + 3H, but it is not

confirmed yet. For a complete understanding of the long term depolarization in the

cell we will need to confirm the composition of the deposition formed in the cell.

During the NPDGamma experiment we realized that backgrounds play an impor-

tant role in the polarization measurements and played an important role in limiting

us from measuring the neutron polarization accurately. For the NPDGamma ex-

periment we were able to measure the neutron polarization to an accuracy of ±3%.

For the NPDGamma experiment accuracy on the polarization value was not a major

factor as NPDGamma planned to measure the value of the coupling constant within



10% of the DDH value. But there are experiments with a goal of 0.1% measurement,

e.g. PANDA plans to measure the value of proton asymmetry, C, the correlation

between the neutron spin and outgoing proton, to a precision of 0.1%. A 0.1%

measurement of C means 0.1% measurement of neutron polarization as well. The

precision polarimetry experiment was motivated by this requirement and was per-

formed at LANSCE in summer 2007 to see the precision with which we can measure

the neutron polarization. The data we recorded for this experiment was affected

by some of the unforeseen oscillations in the monitors. With this data we were

able to measure the 3He polarization up to 0.4% but the measurement of neutron

polarization was inconclusive because of the oscillations in M2 and M3. These oscil-

lations affected all the analysis we did with monitor 2 and monitor 3, including the

polarization analysis, spin flipper efficiency analysis.

Nevertheless, we developed a technique for the measurement of neutron polar-

ization using two different approaches. The verfication of the analysis method was

limited by the quality of the data, which limited us from reaching the goal. A good

way of doing precision polarimetry would be to do AFP on both polarizer and ana-

lyzer. Using this the neutron polarization can be calculated using both the methods

independent of the spin flipper efficiency.

Polarized neutrons have played an important role in fundamental neutron physics

experiments and will continue to do so. They provide opportunities to study the

weak interactions in parity violating nucleon-nucleon interactions and in β-decay.

Precise measurement of the asymmetries in β-decay requires precise measurement of

neutron polarization. It is possible to do precision polarimetry with pulsed neutron

beam by taking advantage of the time of flight spectrum and the 1/v dependence of

the 3He spin filters. 3He polarizers can be used as analyzers for precision polarimetry



experiments. 3He polarizers in its present configuration can also be used as polarizer

at times. If the cell were to be exposed to the neutron beam for a longer period of

time double cells could be an option. The NPDGamma experiment has been moved

to SNS after finishing the first run at LANSCE and is expected to reach improved

sensitivity with higher neutron flux.
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APPENDIX A

Adiabatic Fast Passage

A.1 Magnetic Moments in a Magnetic Field

If a magnetic moment ~µ is placed in an external magnetic field, H , it will experi-

ence a torque and the equation of motion is given by

~τ =
d ~J

dt
= ~µ× ~H (A-1)

where ~J is the angular momentum. This can be written as,

~τ =
d~µ

dt
= ~µ× (γ ~H) (A-2)

as ~µ = γ ~J

Assuming the magnetic moment to be in a frame which is rotating with an angular

velocity ω, the equation of motion of the magnetic moment, µ, is given by,

δ~µ

δt
+ ~ω × ~µ = ~µ× (γ ~H) (A-3)

δ~µ

δt
= ~µ× (γ ~H + ~ω) (A-4)

If the actual magnetic field ~H in equation A-2 is replaced by an effective magnetic

field, ~He, then the equation of motion of the magnetic moment in the rotating co-

ordinate system is the same as the equation of motion in the laboratory coordinate



system provided,

~He = ~H +
~ω

γ
(A-5)

~ω can be chosen such that the effective magnetic field, ~He = 0 or ~ω = −γH0k̂

in a static magnetic field ~H = H0k̂, and can solve for the motion of ~µ. As ~He = 0,

δ~µ
δt

= 0, and therefore ~µ remains fixed with respect to the rotating axes. Thus, with

respect to the laboratory the spin vector is fixed in a set of axes which rotates with

an angular velocity ~ω = −γH0k̂. In other words, ~µ rotates with an angular velocity

~ω = −γH0k̂ with respect to the laboratory frame of reference and this frequency is

called the Larmor Frequency. For 3He, γ= 3.41 and thus the resonance frequency

for 3He spins in a 10 Gauss magnetic field is 34.1 kHz.

A.2 Effect of Alternating Magnetic Field

The equation of motion of a magnetic moment in a magnetic field, H0 +H1(t), is

given by

dµ

dt
= µ× γ[H0 +H1(t)] (A-6)

whereH0 = k̂H0 is the static magnetic field in the z direction andH1(t) = H1(̂i cosωzt+

ĵ cosωzt) is the alternating magnetic field rotating with a frequency ωz. In a coor-

dinate system which is rotating about the z-axis at a frequency ωz, the equation of

motion will modify to

δµ

δt
= µ× [k̂(ωz + γH0) + îγH1] (A-7)

Let ωz = ω, then near resonance ω = −γH0 and the equation

δµ

δt
= µ× [k̂

(

H0 −
ω

γ

)

+ îH1]

= µ×Heff (A-8)



where

Heff = k̂

(

H0 −
ω

γ

)

+ îH1 (A-9)

Figure A.1: (a)Effective field (b) Magnetic moment in the rotating coordinate system

Equation A-8 shows that the moment effectively experiences a static magnetic field

Heff in the rotating frame. The moment therefore precesses in a fixed angle cone

about the direction of effective magnetic field, as shown in figure A.1, at an angular

frequency of γHeff . If the resonance condition is met (ω = γH0) the magnetic

moments will precess about the effective field Heff = îH1 in the y-z plane. If H1 is

turned on for a short time tw moment would precess through an angle θ = γH1tw.

If tw is chosen such that θ = π the pulse will invert the magnetic moments and

the pulse is called a π-pulse. Similarly pulse is called a 90 degree pulse if a pulse

is selected that θ = π/2, the magnetic moment is turned from the z direction to

y direction [68]. This theory is used to observe the frequency induction decay and

adiabatic fast passage in 3He polarizer cells.

A.2.1 Frequency Induction Decay

Frequency induction decay is a commonly used technique for observing resonances.

FID is the observable NMR signal by non-equilibrium spin magnetization precessing

about the static magnetic field in the z direction. A small tipping angle is provided



to the magnetic moments by applying a resonant radio frequency close to the Larmor

frequency of the nuclear spins. This pulse gives a small tip to a small number of 3He

atoms in the plane perpendicular to holding magnetic field. The tipped 3He atoms

precess around the holding field at the NMR frequency and dephase with a time

constant T2.

The interactions of the spins with their surroundings cause a decay. The duration

of the NMR signal is therefore limited by the transverse relaxation time T2, It depends

on the interaction of the gas with the cell walls, field gradients etc.. In liquids, the

decay may last for several milliseconds, in solids it is approximately 100 µs. For the

NPDGamma experiment the magnetic field was very uniform with a field gradient of

1 mGauss/cm and we observed T2 ≈ 200ms for the cells we used. Block diagram for

the FID set up we used is shown in figure A.2. The resulting oscillating magnetization

created by the 3He atoms is sensed by a pick-up coil. An FID signal is shown in figure

3.13 in Chapter III .

Transverse magnetization of polarized 3He atoms is given by [3],

M = Mz sin θe−t/T2 (A-10)

where θ is the tip angle provided by the RF pulse. The precessing magnetic moments

will produce a flux through the pick up coil and will induce a voltage. If φ is the emf

in the coil from the precessing 3He magnetic moments,

φ = MznA sin θe−t/T2 (A-11)

where A is the area of the pick up coil and n is the number of turns. Therefore, the

voltage induced in the pick up coil is given as [25]

V0 = ωφQ (A-12)



Figure A.2: Experimental set up for Frequency Induction Decay (FID). The tipping angle provided
by the RF pulse will produce a flux through the pick up and a voltage will be induced.

Q is the quality factor of a tuned circuit. This voltage signal is observed as the FID

signal in experiments. We used FID signal in our experiment to monitor the 3He

polarization in the polarizer cells. The signal is proportional to the amount of 3He

polarization in the cell.

A.2.2 Adiabatic Fast Passage

AFP is a NMR technique used to rotate the neutron spins from one state to

another. There are two ways to do AFP.

• The static field is kept constant and the frequency of the RF signal, ω is passed

through the resonance in a time short compared to the relaxation times.

• The RF is kept constant and the static field, H0 is varied to pass the system

through resonance.

As the static field or the frequency of the RF signal is swept from below resonance

to above, the nuclear magnetization follows the effective magnetic field in the rotating

frame and the spins get inverted i.e. it flips from parallel to opposite H0. The sweep



Figure A.3: Experimental set up for Adiabatic Fast Passage. The RF is applied to the drive coil
which flips the helium spins.

rate is sufficiently slow to satisfy the adiabatic condition given as,

∣

∣

∣

∣

dδ

dt

∣

∣

∣

∣

<< |γH1| (A-13)

where

δ =
H0 −Hω

H1
(A-14)

where Hω = ω/γ. The condition for adiabatic variation can also be stated as z-field

has to pass through an interval comparable to the resonance width H1 in a time

which is long compared to t1 = 1/|γH1|. The diagram for AFP is shown in figure

A.3

We used the first method, changing the frequency of the signal, to do the AFP

for flipping the polarization in the polarizer cell during the NPDGamma experiment

and the precision polarimetry experiment. Also, the concept of AFP was used in the

spin flipper used in these experiments. We also suggest using AFP on the polarizer

cell in future.



APPENDIX B

Precision Polarimetry Derivations

When the neutron beam from the source is incident on the polarizer, it has equal

number of spin up and down neutrons given by,

n+ =
N0

2
, n+ =

N0

2
(B-1)

where N0 is the total number of neutrons incident on the polarizer and n+ and n−

are the number of neutrons with spin up and spin down, respectively. As we saw in

chapter III, when the neutrons pass through a polarizer the transmission of neutrons

with spin up and spin down is given by,

nP
± = e(−σxP (1∓PP )) (B-2)

where σ is the absorption cross-section for the neutrons, xP is the thickness of the

polarizer cell and PP is the 3He polarization in the polarizer cell.

After the polarizer, the polarized neutron beam passes through a spin flipper in

the experiment. If the spin flip efficiency of the spin flipper (discussed in Chapter V)

is given by ǫ, the neutron transmission through the spin flipper of the two different

spin states for the OFF state of the spin flipper is given by,

nSFoff
± = nP

± (B-3)



Figure B.1: Neutron transmission through different components of the precision polarimetry set up
when the spin flipper is on and off. Using this, the transmission through the analyzer
is calculated for both spin on and off state.

i.e. when the spin flipper is OFF the spin flipper the neutron transmission is not

affected by the presence of spin flipper. And for the ON state of the spin flipper the

neutron transmission is given by,

nSFon
± = (1 − ǫ)nP

± + ǫnP
∓ (B-4)

This transmission for the spin flipper ON state can be explained in the following way.

If we are looking at the neutrons with spin up transmission, when the spin flipper is

ON all the neutrons with spin down will change to spin up i.e. nP
− → nP

+ depending

on the spin flipper efficiency and some of the neutrons will not get flipped because

of the imperfect spin flipper. For a spin flipper with spin flip efficiency, ǫ ≈ 1, the

number of spin up neutrons after the spin flipper is nSFon
+ = (1−ǫ)nP

++ǫnP
− where the

first term is the number of spin up neutrons that remain unflipped and the second

term is the number of neutrons flipped by the spin flipper.

Similar to a polarizer, neutron transmission through an analyzer which has a

polarization PA and thickness xA is given by,

nA
± = nSF

± e(−σxA(1∓PA)) (B-5)

where nSF
± is the transmission for any state of the spin flipper, xA is the thickness of

the analyzer and PA is the polarization of the analyzer.



For the analysis, we need the transmission through the analyzer for both spin

flipper on and off state. The transmission through the analyzer when the spin flipper

is off depends on the polarization of the polarizer and the analyzer and is given by,

T SFOff
A,P =

n+
Pn

+
A + n−Pn

−
A

n+
P + n−P

= e−σxA
cosh(xPPP + xAPA)

cosh(xPPP
)

= TA,0[cosh(xAPA) + sinh(xAPA) tanh(xPPP )] (B-6)

Therefore,

T SFOff
A,P

TA,0
= cosh(xAPA) + sinh(xAPA) tanh(xPPP ) (B-7)

where T SFOff
A,P is the transmission through polarized analyzer when the spin flipper

is off and TA,0 = e−σxA is the transmission through the unpolarized analyzer.

We also need to look at the neutron transmission through the analyzer when the

spin flipper is on. The transmission through the analyzer when the spin flipper is on

depends on the polarization of the polarizer and the analyzer and also on the spin

flipper efficiency. The transmission is given by,

T SFOn
A,P =

n+
SFOnn

+
A + n−SFOnn

−
A

n+
P + n−P

=
(1 − ǫ)n+

P + ǫn−P
n+

P + n−P
n+

A +
ǫn+

P + (1 − ǫ)n−P
n+

P + n−P
n−A

= TA,0[cosh(xAPA) + (1 − 2ǫ) sinh(xAPA) tanh(xPPP )] (B-8)

Therefore, the ratio of the transmission through polarized analyzer with spin flipper

on to the transmission through unpolarized analyzer is

T SFOn
A,P

TA,0

= cosh(xAPA) + (1 − 2ǫ) sinh(xAPA) tanh(xPPP ) (B-9)

where T SFOn
A,P is the transmission through polarized analyzer when the spin flipper is

on. All the T ’s in this section are the ratio of M3 to M2.



After determining the transmission through the analyzer for both spin flipper on

and off states we determine the analyzer polarization. Adding equations B-7 and

B-9 we can determine the analyzer polarization from,

1

2ǫ

[

(2ǫ− 1)

(

T SFOff
A,P

TA,0

)

+

(

T SFOn
A,P

TA,0

)]

= cosh(xAPA) (B-10)

And the 3He can be determined by subtracting B-9 by B-7 and using the value of

analyzer polarization obtained from equation B-10

1

2ǫ

[(

T SFOff
APol

TAunpol

)

−
(

T SFOn
APol

TO
A

)

]

= sinh(xAPA) tanh(xPPP ) (B-11)

As we know the neutron polarization at M2 is given by Pn(λ) = tanh(xPPP ), the neu-

tron polarization at M2 in terms of analyzer polarization and spin flipper efficiency

can be written as,

Pn(λ) =
1

2ǫT 0
A

T SFOff
A + T SFOn

A
√

cosh2(xAPA) − 1
(B-12)

Thus, we developed a method to determine the neutron polarization using two

different methods. We successfully analyzed the neutron beam polarization using

3He analyzer.
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ABSTRACT

PRECISION NEUTRON POLARIMETRY AND A MEASUREMENT OF

PARITY VIOLATING ASYMMETRY IN N-P CAPTURE

by

Monisha Sharma

Chair: Timothy E. Chupp

This dissertation describes developments and applications that advance the utility

of polarized neutrons in fundamental nuclear physics applications including study of

the hadronic weak interaction in nuclei and beta decay. Weak interactions between

nucleons have the potential to provide new information on quark-quark correlations

in the strongly interacting limits of QCD. Parity violation is a unique signature of

the weak interactions and can be used to probe weak interactions amid the much

stronger electromagnetic and strong interactions. An experiment which makes use

of this property is the NPDGamma experiment, which aims to measure the pion-

nucleon coupling constant in n+p → d+γ. This experiment measures the directional

asymmetry in gamma-ray emission, Aγ , with respect to the neutron spin. In the first

run Aγ has been found to be (-1.1±2.1)× 10−7. The 3He polarizer set up used for the

NPDGamma experiment was developed in Michigan. We also developed an analysis



method for monitoring the neutron polarization. The details of the 3He spin filter

and the polarization analysis are discussed.

During the polarization analysis of the NPDGamma experiment, 3He polarization

decay was observed when the high intensity cold neutron beam was incident on alkali-

metal-spin-exchanged polarized 3He cells. This decay in the 3He polarization was

attributed to a decrease of alkali-metal polarization, which led us to directly measure

the alkali-metal polarization over a range of neutron fluxes at the Los Alamos Neutron

Science Center and Institut Laue-Langevin in Grenoble, France. The data revealed a

new alkali-metal-spin-relaxation mechanism that appears to scale as the square root

of neutron flux. Discussions of the experiments and the analysis are presented.

Motivated by β-decay correlation coefficients measurements, such as the mea-

surement of proton asymmetry in neutron decay we further developed precision po-

larimetry. A 0.1% measurement of the proton asymmetry requires better than 0.1%

measurement of neutron polarization. An experiment was developed to measure the

polarization of a pulsed neutron beam to 0.1% using a 3He spin filter as analyzer.

Details of the experiment and the analysis are presented.


