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Abstract

efree neutron β decay provides a clean environment for the researches in particle physics.
In this semi-leptonic decay, all of the quarks and leptons in the ĕrst generation are involved,
and both theweak and strong interactions take part in the process. Hence plenty ofmeasur-
able quantities are accessible in the neutron decay, and indicate the characters of different
particles and interactions. Further, precise measurements of the quantities may imply the
new physics and new symmetry concepts, which are excluded from the Standard Model.

In the ĕrst part of this dissertation, we introduce the β asymmetry measurement with the
PERKEOIII spectrometer during the beam time of the Institut Laue Langevin in 2008-2009.
In the experiment, the pulsed neutron beam was applied, in which case the systematic er-
rors are sufficiently decreased. From a preliminary data analysis, we deduce the angular
correlation coefficient A and the Axial-vector Vector coupling ratio λ. Compared with the
latest values given by the Particle Data Group, the results from the PERKEOIII measure-
ment are expected to be 5 times more precise.

In the second part, we present the design of the next generation of neutron decay product
spectrometer PERC, which aims to measure the electron and proton spectra, as well as the
correlation coefficients in free neutron decay with high precisions. With the well deĕned
decay volume and magnetic ĕeld, the observables are expected to be measured distortion-
free on 10−4 level. We studied the physical, systematic, and experimental properties of
PERC. To realize the momentum analyses of the decay products, we propose a method of
R×B dri momentum spectrometer.

In the PERKEOIII experiment and the PERC design, different kinds of simulations were
applied for investigating the neutron properties, magnetic ĕeld, and the trajectories of elec-
trons and protons. With the simulation results, we obtain better understanding of the sys-
tems, further determine the systematic effects and corrections.





Zusammenfassung

Der β-Zerfall des freien Neutrons bietet eine saubere Umgebung für Forschungen in der
Teilchenphysik. An diesem semi-leptonischen Zerfall sind alle Quarks und Leptonen der
ersten Generation beteiligt. Beide, die schwache und die starke Wechselwirkung, nehmen
andiesemProzess Teil. Daher sind zahlreicheMessgrößen imNeutronenzerfall zugänglich,
welche die Eigenschaen vieler verschiedenerTeilchenundWechselwirkungen beschreiben.
Außerdem können Präzisionsmessungen dieser Größen neue Physik und neue Symme-
triekonzepte implizieren, die im Standardmodell ausgeschlossen sind.

Im ersten Teil dieser Dissertation führen wir die Messung der β-Asymmetrie mit dem
PERKEO III Spektrometer während der 2008/2009 Strahlzeit am Institut Laue-Langevin
ein. Das Experiment wurde mit gepulstem Neutronenstrahl durchgeführt, wodurch der
systematische Fehler ausreichend reduziert werden konnte. In einer vorläuĕgen Daten-
analyse haben wir den Winkelkorrelationskoeffizienten A und das Axial-Vektor zu Vektor-
Kopplung-Verhältnis λ bestimmt. ImVergleich zu den letzten Particle Data GroupWerten,
erwarten wir, dass die Ergebnisse der PERKEO III Messung fünfmal präziser sind.

Im zweiten Teil präsentierenwir das Design des PERC Spektrometers - die nächste Genera-
tion eines Spektrometers zur Untersuchung der Zerfallsteilchen im Neutronenzerfall. Ziel
des PERC Instrumentes ist es, die Spektren der Zerfallselektronen und –protonen sowie
die Korrelationskoeffizienten im freien Neutronenzerfall mit hoher Präzision zu messen.
Dank des wohldeĕnierten Zerfallsvolumens und des wohldeĕnieren Magnetfeldes kön-
nen wir die Observablen verzerrungsfrei auf dem 10−4 Niveau zu messen. Wir haben die
physikalischen, systematischen und experimentellen Eigenschaen von PERC untersucht.
Zur Realisierung der Impulsanalyse der Zerfallsteilchen schlagen wir die Methode eines
R×B -Dri Impulsspektrometers vor.

Im PERKEO III Experiment und im PERCDesign wurden verschiedene Arten der Simula-
tion angewandt, zurUntersuchung vonNeutroneneigenschaen,Magnetfeld, undTeilchen-
bahnen der Elektronen und Protonen. Durch die Simulationsergebnisse erhalten wir ein
besseres Verständnis beider Systeme und bestimmen ferner die systematischen Effekte und
Korrekturen.
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Chapter1

Introduction

e β-decay of the free neutron, as the most general weak process, is a powerful tool for
the researches in various areas of particles physics and cosmology.

A free neutron is not stable. It can decay into a proton p+, an electron e−, and an electron
anti-neutrino ν̄e with the life time τ as 880.1 s.

n(udd) → p+(uud) + e− + ν̄e + 782.3 keV (1.1)

is semi-leptonic decay process includes all of the leptons and the quarks in the ĕrst gen-
eration, and is mainly induced by the weak interaction. In the mean time, the strong inter-
action also takes part in the process, and determines the characters of the decay. erefore,
a large number of measurable quantities which reĘect the properties of the particles and
interactions, e.g. the Axial-vector and Vector ratio λ, the Vud element of CKM matrix, and
various angular correlation coefficients, are accessible in the free neutron decay. ese
quantities are important parameters, and have been used in various domains of theoretical
and experimental physics.

Furthermore, there is ample room in the measurement of neutron β-decay for searching
new physics beyond the Standard Model. By investigating the observables in the decay
precisely, we are able to determine the limits of some quantities that are excluded from the
Standard Model. In particular, the quantities including

• the mass and the mixing angle of the right-handed weak boson in the le-right sym-
metry model;

• the unitarity of CKM matrix;

• the Scalar and Tensor interactions;

• the time reversal violation;

are able to be tested in the low energy neutron decay. ese quantities may imply new
physics and new symmetry concepts, which are related to the grand uniĕcations of the
interactions, supersymmetry, and extra particles etc..

Because of the absence of the nuclear structure inĘuences, the free neutron β-decay supplies
a clean environment for the precise tests of the theories. e precise measurements in low
energy scale are generally complementary to the researches in high energy physics.

1



Chapter 1 Introduction

From 2008-11 to 2009-08, we performed a β-asymmetry measurement with the spectrom-
eter PERKEOIII at the research reactor of the Institute Laue Langevin in Grenoble. In the
experiment, the pulsed neutron beam was applied, with which the systematic errors, e.g.,
from the neutron related background, the electron edge effect, and the magnetic ĕeld in-
homogeneity, are considerably suppressed.

Besides the experiment with PERKEOIII, the next generation of the neutron decay prod-
uct spectrometer, the beam station PERC is also designed and studied. e motivation of
PERC is to perform the measurements of the electron and proton spectra, and the angular
correlation coefficients in high precision. With thewell deĕned decay volume, the detection
system, and the speciĕed functional magnetic ĕeld system, the charged decay products can
be measured with distortion-free on the level of 10−4, and the precisions of the observables
in the neutron decay are expected to be improved by one order of magnitude.

In Chapter 2, we provide a brief introduction to the theories of the weak interaction and the
neutron decay in the framework of Standard Model, also in the extended theories excluded
from the Standard Model.

In Chapter 3, we introduce the PERKEOIII spectrometer, and the experiment performed
in 2008-2009 for the β asymmetry measurement. e properties of the pulsed neutrons,
and the characters of the magnetic ĕeld in the experiment are studied in Chapter 4. In
Chapter 5, we analyse the data from the measurements, and derive the values of angular
correlation coefficient A and the coupling ratio λ.

In Chapter 6, we introduce the motivation and the principles of PERC. In Chapter 7, we
introduce the design of PERC magnet system, and study the magnetic ĕeld, as well as the
electron and proton trajectories inside PERC. Chapter 8 introduces the experimental prop-
erties of PERC instrument, the components related to PERC, and some possible post spec-
trometers. e new type of R×B dri spectrometer for momentum analyses is also intro-
duced.

In Chapter 9, we conclude a summary of the work. An introduction to the V–A theory
is given in Appendix A, and the motion of the charged particles in static magnetic ĕeld is
introduced in Appendix B.

During the PERKEOIII experiment and the design of PERC, different kinds of simulation
programs were applied, e.g., for the calculations of the neutron behaviour, the magnetic
ĕeld, and the trajectories of the charged particles. e simulated results are further used
in the data selection, the determination of systematic corrections, and design optimization
etc..
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Chapter2

TheoriesofWeak InteractionandNeutron
Decay

e nuclear and neutron β-decay played prominent roles in developing the theories of
the particle physics to the Standard Model nowadays. Although the Standard Model has
been very successful till now, there are still plenty of open questions in the ĕelds of parti-
cle physics and cosmology. In this case, many new physics theories beyond the Standard
Model have been proposed. In the area of weak interaction, the precise measurements of
the neutron β-decay supply unique opportunities to search the new physics beyond the
Standard Model.

In this chapter, we provide a brief introduction to the theories of the weak interaction and
the neutron β-decay in the frame of Standard Model. en we introduce some theoretical
extensions of Standard Model, and the expected limits of the quantities in these theories
determined by the present and possible future values of observables in neutron decay.

2.1 Theories ofWeak Interaction

In 1896, Becquerel discovered the radioactivity from the uranium crystals. From then, the
vision of physics was extended to the nuclear ĕeld. Till 1904, the electrically charged β-
rays were veriĕed as electrons with very high energies. Aer the neutron was discovered in
1932 [Cha32], it became evident that the electron is created simultaneously when a neutron
transforms into a proton. Besides, the β-rays were discovered containing both discrete
and continuous energy spectra [Cha14]. Because both the initial and ĕnal nuclei have
deĕned energies, the continuous β spectrum was difficult to understand, since it means
the violation of energy conservation. To solve this problem, Pauli proposed in 1930s that
an additional neutral particle with small mass should also be emitted besides the electron
in the decay, and carries part of the decay energy. e particle is the so called (electron
anti-) neutrino (named by Fermi), and was indirectly discovered in 1956 in the β capture
experiment.

In 1934, Fermi developed Pauli’s hypothesis into a quantitative theory [Fer34]. e theory
postulates that the β-decay process can be described by adding an interaction term into the

3



Chapter 2 eories of Weak Interaction and Neutron Decay

Hamiltonian:

H = H 0
n +H 0

p +H 0
e +H 0

ν + Hint

Hint =
GF√
2

∑
i

Ci

∫
(ūpÔiun)(ūeÔiuν)d3x+ h.c. (2.1)

un,p,e,ν and ūn,p,e,ν denote the wave functions of neutron, proton, electron and neutrino, and
their Dirac adjoints. e Ôi are proper operators to characterize the properties of the inter-
action, and areweighted by constantsCi. GF is the Fermi coupling constant. e interaction
term follows the current-current coupling, that is used in describing the scattering or radi-
ation processes in electrodynamics. In the currents, neutron transforms into proton, and
(electron) neutrino transforms into electron. e four particles interact at the same point
of space-time, with their charges and the Ęavors changed.

From 1938, people found in the experiments, that almost the same coupling constants
GF ≈10−11MeV−2 appears in different decay processes, e.g. μ decay, π decay, and K de-
cay. erefore, it was realized that the decay processes are dominated by an individual and
universal interaction: the so-called weak interaction.

As it is known now, the weak interaction or the weak nuclear force is one of the four fun-
damental interactions. It has a strength between the gravitational and the electromagnetic
interaction, but has the shortest action range in the four interactions.

Gravity Weak Nuclear Electromagnetic Strong Nuclear

Relative Strength 10−41 10−15 10−2 1
Action Range ∞ ≪ 1 fm ∞ ≈ 1 fm

Table 2.1: e relative strengths and action ranges of the four fundamental interactions
[Gre00].

In contrast to the other interactions, the short action range does not allow the weak in-
teraction to produce bound states. But the weak interaction is the only one to induce the
Ęavor changes of particles, as implied in eqn. 2.1.

From 1950s, the parity problem in the weak interaction arose. It was discovered that the K
meson could decay into two pions π+π0, also into three pions π+π+π−. Since the π±,0 me-
son has negative (−1) intrinsic parity, the two decay processes result in 1 and −1 intrinsic
parity of the initialK. To solve the problem, Lee and Yang proposed in 1956 a revolutionary
method: the parity conservation is violated in the weak interaction [LY56]. e parity vio-
lation (P-violation) was soon conĕrmed in 1957 in the famous Wu’s experiment [Wu57]. It
was discovered in the experiment, in the pure Gamov-Teller transition (see Appendix A.3)
of the 60Co decay

60Co(5~) → 60Ni(4~) + e−(~/2) + ν̄e(~/2) (2.2)

the majority of the electrons are emitted opposite to the nuclear spin, thus also opposite
to the electrons spin, namely the electrons predominantly have negative helicities. Under
the space inversion (parity transformation), the electron momentum reverses direction,

4



2.1 eories of Weak Interaction

whereas the nucleus spin remains. Hence the decay process is not conserved under the
parity transform, i.e., the parity conservation is violated.

Aer the Wu’s experiments, it was discovered that the neutrino also has negative helicity
[Gol58]. Based on these results, the V−A theory was developed from Fermi’s theory in
1957-1958. e V−A theory assumes that the P-violation is maximal in the weak inter-
action processes, namely only leptons of negative helicity (le-handed), and anti-leptons
with positive helicity (right-handed) participate in the weak interactions. e projection
operators on the states of positive and negative helicities (more accurate: chiralities) are

P̂+ =
1 + γ5

2
, P̂− =

1 − γ5
2

(2.3)

e interaction term in Hamiltonian of the weak interaction is then represented as

Hint(n, p, e, ν) =
GF√
2
Vud

∫
[ūpγμ(gV + gAγ5)un][ūeγμ(1 − γ5)uν]d

3x (2.4)

where only the vector (V) current and the axial vector (A) current appear in the interaction.
e constants gV and gA in the hadronic current denote the strengths of Vector and Axial
vector couplings. Vud is the ud element of the CKM matrix, which describes the strengths
of the couplings between up-type and down-type quarks in the weak interactions [Cab63,
KM73]. A detailed introduction to the V−A theory is given in Appendix A.

In 1960s, Glashow, Weinberg, and Salam developed a gauge-invariant theory of the weak
interaction, based on the SU(2)L ×U(1) gauge symmetry group [Gla61, Wei67, Sal68]. In
this theory, the weak process is not contact interaction, butmediated by three gauge bosons
W+, W−, and Z 0 in the SU(2)L group, for charged and neutral currents respectively. e
propagator that mediates the weak interaction is

iGμν(q2) = −i
gμν −

qμqν
m2

W

q2 −m2
W

(2.5)

where gμν is the metric tensor, q denotes the 4 dimensional momentum transfer, andmW is
the mass of the weak boson. e weak coupling constantGF in the limit of low momentum
transfer is then dependent on the mass of W boson

GF√
2
=

g2

8m2
W
, when q → 0 (2.6)

with g the coupling strength between the weak boson and the fermions.

In the gauge theory, the massless photon γ in the electromagnetic interaction appears as
the forth boson, which is an admixture of the neutral boson eigenstateW0 in SU(2) group,
and the eigenstate B0 in U(1) group. Hence the electrical charge has a relation to the weak
coupling strength

e = g sin θW (2.7)

5



Chapter 2 eories of Weak Interaction and Neutron Decay

with θW the weak mixing (Weinberg) angle. erefore, the theory uniĕes the electromag-
netic interaction and the weak interaction into the QFD (Quantum Flavordynamics) or
Electroweak theory. In the uniĕed theory, the weak bosons receive masses through the
Higgs mechanism due to the spontaneous electroweak symmetry breaking.

In 1970s, the StandardModel (SM) was developed as a framework of QFD (SU(2)L×U(1))
and QCD (Quantum Chromodynamics, SU(3)C), and refers to the strong and electroweak
interactions, as well as their carrier particles.

In Standard Model, the matter of the universe is composed by twelve spin-1/2 elementary
particles: six leptons and six quarks in three generations. According to their chiralities, the
particles are arranged in le-handed SU(2)L isospin doublets and right-handed singlets
[Don94] (

νe
e−L

)
,

(
νμ
μ−L

)
,

(
ντ
τ−L

)
, e−R , μ−R , τ−R (2.8)

(
uL
dL

)
,

(
cL
sL

)
,

(
tL
bL

)
, uR, dR, cR, sR, tR, bR (2.9)

e neutron decay in Standard Model is expressed as the decay of a down quark (d) into an
up quark (u) with the emission of a charged W− boson. e W− boson then decays into
an electron and an anti-neutrino.

Since the W boson is very massive as 75 GeV, it has very short action range in the weak
process with low momentum transfer q ≪ mW. e weak process thus can be simpliĕed
as a current-current interaction at a single point of space-time, as represented by Fermi’s
theory in eqn. 2.4. Figure 2.1 shows the Feynman diagrams of the mediated interaction
and the four-fermion contact interaction in the neutron decay.

n(udd)

p(uud)

W -

e-

e
n

(a)

n(udd)

p(uud)

e-
e

n

(b)

Figure 2.1: (a) Feynman diagram of neutron decay in Standard Model. e interaction is
mediated by a charged W− boson. (b) Feynman diagram of neutron decay in Fermi’s theory.
In the low energy limit q ≪ mW, the process is simpliĕed as four-fermion contact interaction
at a single vertex.
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2.2 Observables in Neutron β-Decay

2.2 Observables inNeutron β-Decay

In the Standard Model, the free neutron decay is governed by four individual parameters:
the weak coupling constants GF, the ud element of the CKM matrix Vud, the ratio of Axial-
vector and Vector couplings λ, and the phase angle Φ [Abe08].

Besides, there are a series of quantities can be observed in the decay process. Table 2.2 lists
some of the observables in the free neutron decay and the latest measured values.

Observable Value

β Asymmetry A -0.1176(11)
Neutrino Asymmetry B 0.9807(30)
Proton Asymmetry C -0.2377(26)
e−-ν̄e Correlation a -0.103(4)
Coupling Ratio λ -1.2701(25)

Life Time τ 880.1(11)

Table 2.2: List of the present values of the observables in the free neutron decay. e values
are from [PDG12]

2.2.1 Decay rate and angular correlation coefficients

From the Hamiltonian in eqn. 2.4 (more general form as eqn. 2.57), the decay rate of a free
neutron can be derived as [Jac57]:

W dEedΩedΩν =
1

(2π)5
G2

F|Vud|2

2
F(E)dEedΩedΩν×

ξ
[
1 + ape · pν

EeEν
+ bF

me

Ee
+ ⟨σn⟩

(
Ape
Ee

+ Bpν
Eν

)
+ · · ·

]
(2.10)

e pe, pν, Ee and Eν are the momenta and total energies of the emitted e− and ν̄e, ⟨σn⟩ is
the unit vector of the neutron spin state.

F(E) is the phase space factor of electron derived from Fermi’s Golden Rule:

F(E) = (2π~)6

V2
dn
dE0

= (E0 − Ee)
2Ee

√
E2
e −m2

e (2.11)

which also describes the energy spectrum of the emitted electrons. E0 is the end point
energy of electron in free neutron decay, when assuming the mass of ν̄e is negligible:

E0 =
m2

n −m2
p +m2

e

2mn
= 1.2927 MeV (2.12)
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Chapter 2 eories of Weak Interaction and Neutron Decay

e kinetic end point energy of e− is then

Ek0 = E0 −me = 781.6 keV (2.13)

e parameters A, B, and a in eqn. 2.10 are the angular correlation coefficients, which
describe the distributions of emitted e−, p+, and ν̄e related to the neutron spin state ⟨σn⟩.
Another coefficientC, which represents the proton asymmetry according to neutron spin, is
measurable in neutron decay. e coefficientC is related to the β and neutrino asymmetries
A and B [Tre58, Glu95]

C = −xC(A+ B), with xC = 0.27484 (2.14)

where xC is the kinematical factor. Figure 2.2 sketches the angular coefficients in the free
neutron decay.

neutron

B

s
n

A
x

z

y

a

n
p
r

p+

e-

e
n

e
p
r

p
p
r C

Figure 2.2: A sketch of the angular correlation coefficients in the neutron decay.

e Fierz term bF indicates the interferences of Scalar and Vector, Tensor and Axial-vector
currents as introduced in Section 2.3.3.

2.2.2 Ratio of Axial-vector and Vector couplings

e hadronic transition current in eqn. 2.4 does not show an exact V−A coupling, but has
the coupling constants gV and gA to weight theV andA contributions. is effect is induced
not only by the weak interaction, but also by the strong interactions.

e vector coupling constant gV equals one, because of the charge conservation in the vector
interaction (the hypothesis of ConservedVector Current, CVC).Whereas the quantity gA is
considerablymodiĕed by the p+-n-W± coupling of the strong interaction, which is induced
by simultaneous pion exchanges. Deĕne the ratio of gA and gV as

λ =
gA
gV

=

∣∣∣∣gAgV
∣∣∣∣ eiΦ (2.15)
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2.2 Observables in Neutron β-Decay

with Φ the phase angle between gV and gA, which are complex quantities if the time reversal
conservation is violated (T-violation) 1 2.

erefore, the λ is an important parameter to represent the strong interactions and the
structures inside the nucleon, and the neutrino cross-section calculation. Practically, it
has been used in the researches of nuclear theories and cosmology, e.g. the quark mod-
els calculations, the neutrino detector calibration, the solar neutrino Ęux, the supernova
physics, and the big bang cosmology.

In the framework of the Standard Model, the S, T couplings are not predicted, and the T-
violation in the neutron decay is extremely small (Section 2.3.4). Hence the λ has a real
value, and Fierz term bF equals zero. From eqn. 2.10, λ can be derived with the angular
correlation coefficients

A = −2
λ2 + λ
1 + 3λ2 , B = 2

λ2 − λ
1 + 3λ2 , a =

1 − λ2

1 + 3λ2 (2.16)

Experimentally, the A, B and a are measured separately, and are used to deduce respective
values of λ. e differences of the values may imply new physics excluded by Standard
Model (Section 2.3).

2.2.3 Corrections on observables

In the spin-1/2 baryon semi-leptonic decay, the hadronic current in the element of the
transition matrix has a general form [CB83]

JH = ūf [ f1(q
2)γμ + if2(q

2)σμνqν + g1(q
2)γμγ5 + g3(q

2)γ5qμ]ui (2.17)

uf,i are the spinors of the ĕnal and initial baryons, qμ is the 4-component momentum trans-
fer

qμ = pμi − pμf (2.18)
f1 and f2 denotes the form factors of the vector current and the induced tensor (weak mag-
netism) corresponding to the vector matrix element. g1 and g3 denotes the form factors
of the axial vector current and the induced pseudoscalar corresponding to the axial vector
matrix element. 3

In the limit of low momentum transfer of neutron decay, f1 and g1 approach to the Vector
and Axial-vector coupling constants

gV = f1(q
2 → 0) , gA = g1(q

2 → 0) (2.19)
1Φ is 180ο in Standard Model [Don94].
2In some literatures, the absolute values |gA| and |λ| are used, e.g. [Wil82]. In this dissertation, it is always

deĕned gA < 0 and λ < 0.
3In SU(3) limit, the current invariance under G-parity results in the vanishing form factors f3 and g2 (a

non-zero g2 can appear due to EM effects and quark mass differences in SM. [Abe08]). Beyond this
limit, these factors induce little effects on the spectra on 10−4 level [Hol74]. Hence f3, g2 are neglected
here.

9
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In the transitions with e± emissions, the term related to g3 is proportional to q, thus to me.
e induced effects on the spectra is negligible as 10−4.

f2 denotes the difference of the corresponding form factors of p+ and n, Fp,n2 (q2). In q2 → 0
limit, F2 represents the anomalous magnetic momenta of the particles, thus f2 represents
the weak magnetism [PDG12]

f2(q
2) = Fp2(q2)− Fn2(q2)

q2→0−−−→ μap − μan = (2.793 − 1)− (−1.913) = 3.706 = κ (2.20)

In the precise measurements of neutron decay, we can count in the corrections of angular
correlation coefficients from the weak magnetism, the proton recoil, and the radiation on
the ĕrst order.

With the contributions from the weak magnetism and the proton recoil, the hadronic cur-
rent becomes [Hol74]

JH = ūp
(
gVγ

μ + gAγ
μγ5 − i κ

2M
σμνqν

)
un (2.21)

where M is the average mass of the neutron and the proton

M =
mn +mp

2
= 928.92 MeV (2.22)

e radiative corrections are induced by the exchanges of γ, W± and Z0 bosons, QCD
structures [Sir75] and inner bremsstrahlung [Cza07].

Considering the contributions of proton recoil, weak magnetism and radiative correction,
which are related toM, κ and electromagnetic ĕne structure constant α, the electron asym-
metry is expressed as [Wil82]

A(Ee) = A0

[
1 + AμM

(
A1E0 + A2Ee + A3

m2
e

Ee

)] [
1 +

α
π
fn(Ee)

]
(2.23)

with

AμM =
−λ + κ + 1

−λ(1 + λ)(1 + 3λ2)M
(2.24)

A1 = λ2 − 2
3
λ − 1

3
(2.25)

A2 = λ3 − 3λ2 +
5
3
λ + 1

3
(2.26)

A3 = 2λ2(1 + λ) (2.27)

A0 is the original value as shown in eqn. 2.16. e function fn(Ee) describes the radiative
correction to A [Gud06, And04].

e Fermi spectrum is also corrected

F(E) = F0(E)

(
1 +

3Ee − E0 − 3pe · k̂ν
M

)(
1 +

απ
β

)(
1 +

α
2π

δ
)

(2.28)
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2.3 Tests of Standard Model From Neutron Decay

where k̂ν is the unit vector of neutrino momentum. e three components stand for the
corrections from proton recoil, Coulomb force and other radiations [And04].

e three contributions produce the corrections of the correlation coefficients on the order
of 10−3 [Wil82, GT92]. As predicted in [Ram08], the supersymmetry that beyond Standard
Model might have contributions on the order of 10−4 to the correlation coefficients. ere-
fore, to investigate the new physics in the neutron decay, the corrections are necessary to
be considered.

2.3 Tests of StandardModel FromNeutronDecay

Up to now, the Standard Model is the most successful theory in particle physics. In the
past 40 years, it has been excellent in explaining a wide variety of experimental results, also
in predicting the existence of many particles. However, in the ĕeld of particle physics and
cosmology, many properties remain mysterious. Physicists believe the Standard Model is
not a complete theory:

• Aer the uniĕcations of the electromagnetic and the electroweak interactions, physi-
cists are expecting a theory to unify all of the four interactions. In Standard Model,
the electroweak and strong interactions are expressed but not uniĕed, moreover the
gravity is not incorporated.

• e origin of the le-handness, namely the P-violation in the weak interaction is
unclear.

• e origin and the properties of the CP-violation are still open questions. e CP-
violation induced by CKM phase angle δ is too weak to result in baryogenesis asym-
metry, which might cause the asymmetry between matter and antimatter in the uni-
verse.

• Experiments have shown the existence of dark matter and dark energy, which ac-
counts for more than 95% mass-energy in the universe. ese cosmological phe-
nomenons are not well explained in Standard Model.

To answer these questions, some extensions of Standard Model are proposed. ese ex-
tensions aim to explain the open questions by introducing new symmetries, exotic inter-
actions, additional particles or extra dimensions excluded from Standard Model.

In the searching of the new physics beyond Standard Model, the free neutron β-decay pro-
vides a clean and advantaged platform. By investigating the observables in neutron decay
precisely, the limits of the new physics can be determined. Since there is only one nucleon
in the free neutron decay, the process is free of inĘuences from the nuclear and atomic
structures. Further, the ĕnal state interaction effects, which appears in T-violation quanti-
ties, are minimal and can be calculated with high precisions.

In this section, we introduce some theories in the extensions of Standard Model, and the
possible tests of the themwith free neutron decay investigations. In the frameworks of these
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Chapter 2 eories of Weak Interaction and Neutron Decay

theories, we estimate the limits of the quantities with the observables in neutron decay, by
using the method of least square [Kon11]. We ĕt the quantities to the present values of
the observables as listed in table 2.2, also to the expected future values of them with higher
accuracies.

As introduced in Section 6 and [Dub08], the coefficient A is expected to be determined by
PERC with accuracy

ΔA/A = 3 × 10−4 (2.29)

e future projects aSPECT [Kon11], aCORN [Wie09], abBA [abBA07], as well as PERC
[Kon12] have plans to measure the coefficients a, B, and C with higher accuracies

ΔB/B = 10−3 Δa/a = 10−3 ΔC/C = 10−3 (2.30)

In the future limits estimation, we assume the angular coefficients A, B, C, and a have the
relations in the Standard Model. We use the latest measured A from PERKEOII measure-
ment [Mun12] asA = −0.11996(58). With eqn. 2.15 and eqn. 2.14, we calculate the values
of other coefficients, and apply the expected errors on them. Hence the angular correlation
coefficients in future limits estimations are

A = −0.119960(36) B = 0.98700(99) a = −0.10696(11) C = −0.23830(24)
(2.31)

e neutron life time τ does not change in our estimation. Additionally, we use the value
of the average value of the superallowed 0+→ 0+ nuclear β decays as [HT09]

Ft0+→0+ = 3071.81(83) s (2.32)

2.3.1 Test of CKMmatrix unitarity

In the Standard Model, the strengths of the couplings between up- and down-type quarks
in weak interaction are described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix:

d′
s′
b′

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

d
s
b

 (2.33)

e d′, s′, b′ are the weak eigenstates of down-type quarks, which couple with the up-type
quarks u, c, t in weak currents. e matrix indicates the weak eigenstates as the admixtures
of their mass eigenstates d, s, b. Because of the local gauge invariance and baryon number
conservation, the CKM matrix should be a unitary 3×3 matrix.

e content of CKM matrix is not described in Standard Model, but have to be determined
from experiments of quark decays. To search for the physics beyond Standard Model, it is
of interest to test the unitarity of the CKM matrix. In particular, the deviation of the ĕrst
row from unity

Δ = 1 − (|Vud|2 + |Vus|2 + |Vub|2) (2.34)

12



2.3 Tests of Standard Model From Neutron Decay

can be tested.

e elements |Vus| and |Vub| can be measured from the decays of K and B mesons. e
largest element |Vud| that depends only on the ĕrst generation of quarks can be measured
most precisely. e most precise results till now indicate the deviation as [PDG12] 4

Δ = (1 ± 6)× 10−4 (2.35)

In the free neutron decay, the value of |Vud| can be derived by the neutron life time τn , the
Fermi constant GF, and the coupling ratio λ [Abe02, Sev06, PDG12]

|Vud|2 =
2π3

m5
eG2

Fτn(1 + 3|λ|2)fn(1 + δR)(1 + ΔR)
=

4908.7(1.9) s
τ(1 + 3|λ|2)

(2.36)

where fn is the phase-space factor [Wil82], δR denotes the outer radiative correction [Sir67,
Cza04], and ΔR indicates the inner nucleus-independent radiative corrections [Tow92].

fR = fn(1 + δR) = 1.71385(34) (2.37)

Since there is only one nucleon in the n-decay, the determination of |Vud| is free of the
corrections of nuclear structures or isospin symmetry-breaking, thus can obtain a clean
environment.

With present limits of the A, B, C, a, and τ, additionally with the Ft0+→0+ value and the
correction fR, we have

λ = −1.2707(28) |Vud| = 0.9769(19) (2.38)

Employing present values of |Vus|=0.2252(9), |Vub|=4.15(49)×10−3 [PDG12], the deviation
from unitarity is

Δ = −0.0051(37) (2.39)

With future limits, the errors of λ and |Vud| are expected to be

Δλ = 9.4 × 10−5 Δ|Vud| = 6.1 × 10−4 (2.40)

Figure 2.3 shows the estimated present and future limits of |Vud| with λ.

If the CKM matrix does not show a unitary property, it might imply other physics beyond
Standard Model, e.g. right-handed current or S, T contributions to the weak interactions
[HT05]. Experimentally, the estimation of |Vud| nowadays is limited by the neutron life
time τ. To determine the CKM matrix non-unitarity Δ induced by new physics, precise
measurements of τ are especially required.

4e most precise |Vud| is measured in superallowed nuclear β-decays (0+→ 0+ transition), which results
in |Vud|=0.97425(22).
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Figure 2.3: Determination of |Vud| with present and future limits of A, B, C, a, and τ.

2.3.2 Left-right symmetric models

e P-violation in the weak interaction is implied in Standard Model by forcing the le-
handed fermions to transform as SU(2)L doublets, while the right-handed fermions as sin-
glets as shown in eqn. 2.8 and 2.9. However, the reason of the arrangements, namely the
origin of the P-violation remains unknown.

In many extensions of Standard Model, the symmetry of le- and right-handness (LR-
Symmetry) is proposed to explain the origin of P-violation in weak interaction. It is as-
sumed in these theories, that the LR-Symmetry is conserved at a high energy scale, e.g., in
the beginning of the universe, at which time the right-handed boson WR is also present,
and couples to the right-handed particles. When the energy drops below the level of mWR ,
themass ofWR, the symmetry group spontaneously breaks from SU(2) into the le-handed
group SU(2)L.

e gauge symmetry group of the simplest LR-Symmetric model is then extended to SU(2)R
×SU(2)L×U(1), in which the le- (right-) handed fermions are in doublets of SU(2)L
(SU(2)R), and in singlets of SU(2)R (SU(2)L). e coupling of the weak bosons WL,WR
with the quarks and leptons of the ĕrst generation can be given as [Her01]:

LLR =
gL√
2
(ūLγμVL

uddL + ν̄iLγμU
L
ieeL)WL +

gR√
2
(ūRγμVR

uddR + ν̄jRγμU
R
jeeR)WR + h.c. (2.41)

gL and gR are the SU(2)L and the SU(2)R gauge coupling constants, VL
ud, VR

ud,UL
ie andUR

je are
the elements of quark and lepton mixing matrices. As shown in eqn. 2.41, there only exist
vector currents couplings, and the coupling is invariant under LR-Symmetry.

e weak eigenstates ofWL,WR bosons in eqn. 2.41 are admixtures of the mass eigenstates
W1, W2 (

WL

WR

)
=

(
cos ζ sin ζ

−eiω sin ζ eiω cos ζ

)(
W1

W2

)
(2.42)
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where ζ is the mixing angle, and ω is a CP-violation phase. In the LR symmetry theories,
the mixing of the boson states in eqn. 2.42 is the origin of the P-violation.

In the manifest LR-Symmetric model [Beg77], it is simpliĕed that, the phase angle ω = 0,
the coupling strengths for le- and right-handed currents are equal gL=gR, the CKMmatrix
elementsVL

ud=VR
ud, and the neutrino is Dirac particle that has three mass eigenstates. ere

are two free parameters le: the mixing angle ζ and the mass ratio of W1 and W2 bosons
δ

δ =

(
mW1

mW2

)2

(2.43)

which equal zero in Standard Model: ζ, δ → 0.

From eqn. 2.41, the four-fermion interaction of β-decay in the manifest LR-Symmetry is
described as [Beg77, Sch07d]:

LLR = −G′Vud√
2

[
ūpγμun(CV

L JLlep + CV
RJRlep) + λūpγμγ5un(C

A
L JLlep + CA

RJRlep)
]

(2.44)

with G′ the coupling constant, which is transformed by the matrix in eqn. 2.42

G′
√

2
=

g2

8m2
1
(cos ζ − sin ζ)2 + g2

8m2
2
(cos ζ + sin ζ)2 (2.45)

JLlep and JRlep are the le- and right-handed leptonic currents:

JLlep = ūeγμ(1 − γ5)uν, JRlep = ūeγμ(1 + γ5)uν (2.46)

As shown in eqn. 2.44, the hadronic currents remain the same as in V−A theory, whereas
the leptonic currents become admixtures of the le- and the right-handed contributions.
e ratios of right- and le-handed lepton currents, for Vector and Axial-vector couplings
are respectively:

rV =
CV
R

CV
L
=

δ(1 + tan ζ)− tan ζ(1 − tan ζ)
δ tan ζ(1 + tan ζ) + (1 − tan ζ)

≈ δ − tan ζ
1 − tan ζ

≈ δ − ζ (2.47)

rA =
CA
R

CA
L
=

tan ζ(1 + tan ζ) + δ(1 − tan ζ)
(1 + tan ζ)− δ tan ζ(1 − tan ζ)

≈ δ + tan ζ
1 + tan ζ

≈ δ + ζ (2.48)

when assuming δ, ζ are small. e angular correlation coefficients in a free neutron decay
become [Abe00]:

A = −2
λ2(1 + r2V − r2A) + λ(1 + r2V − rVrA)

(1 + r2V) + 3λ2(1 + r2A)
(2.49)

B = 2
λ2(1 + r2V − r2A)− λ(1 + r2V − rVrA)

(1 + r2V) + 3λ2(1 + r2A)
(2.50)

a =
(1 + r2V)− λ2(1 + r2A)
(1 + r2V) + 3λ2(1 + r2A)

(2.51)
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With precise measurements of angular correlation coefficients, we are able to determine the
limits on the right-handed boson mass δ and the mixing angle ζ. We ĕt λ, δ, and ζ to the
parameters τ, A, B, C, a, and use the Ft0+→0+ value and the correction fR. e ĕtted values
with present limits are

λ = −1.2896(84) ζ = −0.124(34) δ = 0.050(16) (2.52)

e present measured mass of le-handed boson W1 is [PDG12]

mW1 = 80.385(15) GeV (2.53)

with δ, the mass of W2 boson is then

mW2 = 355.95 GeV (2.54)

Figure 2.4 shows the estimated present and future limits of δ and ζ in themanifest le-right
symmetric model.
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Figure 2.4:Determination of δ and ζ in the manifest le-right symmetric model with present
and future limits of A, B, C, a, and τ.

In the estimation with future limits, the δ approaches 0. In 1σ deviation (68.3% C.L.), we
have

δ < 0.026 (2.55)

which results in
mW2 > 498.52 GeV (2.56)

2.3.3 Scalar and tensor contributions

As shown in Appendix A, the V−A theory is based on the approximation of maximal
P-violation. Beyond this limit, we can also consider the contributions of the scaler S and
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the tensor T interactions in table A.1. A general form of the Hamiltonian density of four
fermion interaction, involving le- and right-handed neutrino states νLe , νRe , can be ex-
pressed as [LY56]: 5

H(x) = GFVud√
2

{
[ūpγμun][ūeγ

μ(CV + CVγ5)uν] + [ūpγμγ5un][ūeγ
μγ5(CA + CAγ5)uν]

+ [ūpun][ūe(CS + CSγ5)uν] +
1
2
[ūpσμνun][ūeσμν(CT + CTγ5)uν]

}
+ h.c.

(2.57)

e four terms in the equ. 2.57 denote the contributions fromV, A, S, and T. e contribu-
tion from pseudo scalar P is neglected in non-relativistic limit, as stated in Section A.2. e
CV,A,S,T and CV,A,S,T are coupling constants for V, A, S, T currents, and have contributions
from le- and right-handed leptonic currents [Her01]

Ci = Li + Ri, Ci = −Li + Ri, i = V,A, S,T (2.58)

If the time reversal conservation is violated, the coupling constants are complex quanti-
ties.

In the frame of Standard Model, the coupling constants are 6

CV = −CV = 1, CA = −CA = λ (λ<0), CS = CS = CT = CT = 0 (2.60)

and we only have the le-handed V−A leptonic current

LV = 1, LA = −λ, LS,T = 0, RV,A,S,T = 0 (2.61)

With eqn. 2.57, the angular correlation coefficients can be derived including CV,A,S,T and
CV,A,S,T, as listed in Section A.5. Considering the le- and right-handed leptonic currents
in eqn. 2.58, the coefficients can be written as

5Because of different conventions of γ matrices, the terms in the equation has dissimilarities from some
literatures. In particular, the γ5 has an opposite signs in the old convention, e.g. in [LY56, Jac57, Sev06].
In this dissertation, the convention of γ matrices is same as [BD64, Her01]. e convention difference
also leads the CV,S,T and CA to opposite values.

6Please note the relation between CA and gA. If we use the conditions CV = −CV, CA = −CA, CS,T =
−CS,T = 0, and γ5γ5 = 1, eqn. 2.57 can be transformed as

H(x) = GF√
2
Vud[ūpγμ(CV + CAγ5)un][ūeγμ(1 − γ5)uν] + h.c. (2.59)

Compare with eqn. 2.4, we have CA = gA, and the coupling ratio in eqn. 2.15 is actually λ = CA/CV.
erefore, the LA and RA in this dissertation is opposite to that in [Glu95, Kon11].
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ξ =2(|LV|2 + |LS|2 + 3|LA|2 + 3|LT|2 + |RV|2 + |RS|2 + 3|RA|2 + 3|RT|2) (2.62)
Aξ =4Re(−|LA|2 + LVL∗A + |LT|2 + LSL∗T + |RA|2 − RVR∗

A − |RT|2 − RSR∗
T) (2.63)

aξ =2(|LV|2 − |LA|2 − |LS|2 + |LT|2 + |RV|2 − |RA|2 − |RS|2 + |RT|2) (2.64)

B =B0 + bν
me

Ee
(2.65)

B0ξ =4Re(|LA|2 + LVL∗A − LSL∗T + |LT|2 − |RA|2 − RVR∗
A + RSR∗

T − |RT|2) (2.66)
bνξ =4Re(LSL∗A − LVL∗T − 2LTL∗A − RSR∗

A + RVR∗
T + 2RTR∗

A) (2.67)
bFξ =4Re(LSL∗V − 3LTL∗A + RSR∗

V − 3RTR∗
A) (2.68)

And the measured angular correlation coefficients have the contributions from the Fierz
interference term bF

Aeff =
A

1 + bF
me

Ee

Beff =
B0 + bν

me

Ee

1 + bF
me

Ee

Ceff =
−xC(A+ B0)− x′Cbν

1 + bF
me

Ee

aeff =
a

1 + bF
me

Ee
(2.69)

with the kinematical factor x′C = 0.1978 [Glu95]. In a precise measurement, the Fierz
interference term bF can be determined from the energy spectrum F(E) of electrons from
unpolarized neutrons, which have the average spin state as zero. We integrate the decay rate
in eqn. 2.10 over the momentum of ν̄e, the terms related to ⟨σn⟩ and pν vanish. e Fierz
term bF can be determined from compare of the theoretic spectrum F(E) and measured
spectrum Feff(E) of the electrons

Feff(Ee) = F(Ee)

(
1 + bF

me

Ee

)
(2.70)

With the present and future limits of the observables, we estimate the le- and right-handed
S and T contributions separately. We assume the le-handed V,A coupling as LV = 1, LA =
-λ, and investigate the ratios LS/LV, LT/LA, RS/LV, and RT/LA.

As for the le-handed S,T contributions, the λ, the ratios LS/LV and LT/LA are ĕtted to A,
B, C, and a with present limits

λ = −1.2731(20) LS/LV = −0.063(26) LT/LA = 0.0174(47) (2.71)

With future limits, we have

Δλ = 2.6 × 10−4 Δ(LS/LV) = 8.6 × 10−3 Δ(LT/LA) = 1.9 × 10−3 (2.72)

Figure 2.5 shows the estimated present and future limits of the le-handed S and T contri-
butions.
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Figure 2.5:Determination of le-handed S and T contributions with present and future limits
of A, B, C, and a.

For right-handed S,T contributions, the free parameters λ, RS/LV, and RT/LA are ĕtted
to τ, A, B, C, a, and the Ft0+→0+ value and the fR are referred. With present limits of the
observables, we have

λ = −1.2738(62) RS/LV = 0.049(77) RT/LA = 0.059(22) (2.73)

With future limits, the values are expected as

Δλ = 4.3 × 10−4 Δ(RS/LV) = 1.2 × 10−2 Δ(RT/LA) = 4.4 × 10−3 (2.74)

Figure 2.6 shows the estimated present and future limits of the right-handed S and T con-
tributions.

2.3.4 T-violation and transverse polarization of electrons

In StandardModel, the CP-violation, equivalently the T-violation due to CPT conservation
theorem, is induced by the phase δ inCKMmatrix. However, theCP-violation induced by δ
is not sufficient to cause remarkable baryogenesis asymmetry, thus the asymmetry between
matter and antimatter in the universe [RT99]. erefore, it is of considerable interests to
search the T-violation that from other sources beyond Standard Model.

In the neutron decay, the CKM phase δ gives a extremely small contribution of 610−12

[Her01], hence the neutron decay provides a clean environment to search the T-violation
from new sources. One of the possible tests is to investigate the polarization of the emitted
electrons in the free neutron decay.
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Figure 2.6: Determination of right-handed S and T contributions with present and future
limits of τ, A, B, C, and a.

When we consider the distribution of the electron spin states in the neutron decay, another
terms can be included in eqn. 2.10 [Jac57]

W ∝ 1 + R · ⟨σn⟩ ·
pe × ⟨Je⟩

Ee
+ · · · (2.75)

where ⟨Je⟩ is the unit vector of the electron spin state.

e coefficientR is related to three vectors (and axial vectors) in the neutron decay: neutron
spin ⟨σn⟩, electron spin ⟨Je⟩ and electron momentum pe. All the three vectors change signs
under time reversal. Hence the scalar triple product of the three vectors is invariant under
spatial rotations, but non-invariant under time reversal, also non-invariant under parity
transform. erefore, the non zero value of R detection (excluding FSI) would indicate the
T-violation in neutron decay.

Assume the CV=−CV=1, CA=−CA=gA are real quantities, and consider the S, T contribu-
tions to the ĕrst order, the R are expressed as [Jac57]

R = RT + RFSI =
λ

1 + 3λ2 Im(CS − CS) +
2λ + 1
1 + 3λ2 Im(CT − CT)−

αme

pe
A (2.76)

e term proportional to ĕne structure constant α=1/137 is caused by the electromagnetic
Final State Interaction (FSI). e parameter RT is the quantity that indicates scalar and
tensor type T-violating interactions.

R can be determined from themeasurement of electron transverse polarisations. Assuming
neutron spin state ⟨σn⟩ is along z-axis, electron is emitted in x-z plane, the polarization of
electron in the y-direction are expressed as [Jac57]

Ptrans. = R ⟨σn⟩ × pe
Ee + bFme

(2.77)
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2.4 Observables in Free Neutron Decay and Deduced Quantities

Experimentally, the polarization of electron can bemeasured with Mott scatteringmethod.
Moreover, by applying polarized neutrons and tracking the electron trajectories, e.g., with
multi-wire proportional chamber, R can be determined from the asymmetry of electron
transverse polarization [Ban06, Koz09].

2.4 Observables in FreeNeutronDecay andDeduced
Quantities

As a summary, ĕgure 2.7 lists the observables in free neutron decay, and the physical quan-
tities which can be exported from the them, including the quantities in and beyond the
Standard Model.

Deduced QuantitiesObservables

Fe(E), Fp(E)

A

B

a

t

R

|Vud|

Beyond SM

Fierz term, b

CKM non-unitarity

R-handed current (mR z)

Tensor T and Scalar S

T-Violation

l

f2 frad

Figure 2.7: Observables in neutron decay and the possible derived quantities, including that
in and beyond Standard Model.
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Chapter3

Introduction toPERKEOIII Experiment

ePERKEOIII instrument is the third generation of neutron decay-product spectrometer
developed by Physics Institute of University of Heidelberg in 2006 [Mae09]. As a successor
of previous PERKEO [Bop86] and PERKEOII/IIB [Abe97, Rei00, Sch07, Sch08, Mun12]
instruments, PERKEOIII aims to obtain the statistics increased by up to two orders of mag-
nitude, and perform more precise measurements of the electron energy spectra in the free
neutron decays.

From 2008-11 to 2009-08, we performed an experiment with PERKEOIII at the beam fa-
cility PF1b of Institute Laue Langevin (ILL) in Grenoble of France. e motivation of the
experiment was to measure the β-asymmetry in the free neutron decay, i.e., the electrons
angular correlation coefficient A. Further with the value of A, we derive the coupling ratio
λ and the CKM matrix element Vud with neutron life time τ as introduced in Chapter 2.
Part of the experiment and the results have been introduced and discussed in [Mes11].

e author of this dissertation participated in the installation of PERKEOIII, the measure-
ments, and the preliminary analyses of the data (Chapter 5), in particular worked on the
studies of neutron properties (Section 4.1) and the magnetic mirror effect (Section 4.4).

In this chapter, we provide an introduction to the principles of PERKEOIII and the experi-
ment performed at ILL. To study the characters of the neutrons and the neutron beam line,
we used the Monte Carlo simulation program McStas [McS] to calculate the neutron be-
haviour in PERKEOIII. For themagnetic ĕeld and electron trajectories studies, we used the
program CST Studio [Cst] for the simulations. Some of the simulated results are compared
with the measured values.

3.1 Methodsof β-AsymmetryMeasurement

As shown in eqn. 2.10, the quantityA governs the probability of the emitted electrons distri-
butions relative to the neutron spin state ⟨σn⟩. We integrate the decay rate over the neutrino
momentum pν̄, the terms proportional to coefficients a and B vanish. If the Fierz term is
not considered, the normalized probability of electron emission has the distribution as:

W(Ee, θ) =
1
2
F(Ee) [1 + Aβ(E) cos θ] (3.1)
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Chapter 3 Introduction to PERKEOIII Experiment

where F(Ee) is the Fermi spectrum of electrons, θ is the angle between electronmomentum
pe and neutron spin state ⟨σn⟩, and β(E) = ve/c is the relative velocity of the electron. e
electron emission probability distribution is plotted in ĕgure 3.1.
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Figure 3.1: (a) Electron emission probabilities versus the emission angle θ relative to ⟨σn⟩,
for different velocities β. (b) Sketch of the probability in polar coordinates. We integrate the
electrons over the two halves of the hemisphere, and obtain the event number N↑ and N↓

according to the neutron polarization state ⟨σn⟩, which lies in the direction of 0ο.

From eqn. 3.1, we integrate the number of emitted electrons over the two half spheres rel-
ative to neutron spin ⟨σn⟩, as sketched in ĕgure 3.1 (b), the integrated event rates are

N↑(E) = N(E)F(E)
∫ π

2

0
W(θ) sin θ dθ =

1
2
N(E)F(E)

[
1 +

1
2
Aβ(E)

]
(3.2)

N↓(E) = N(E)F(E)
∫ π

π
2

W(θ) sin θ dθ =
1
2
N(E)F(E)

[
1 − 1

2
Aβ(E)

]
(3.3)

with N(E) the total events. Deĕne the experimental asymmetry coefficient Aexp as the rel-
ative difference of event rates:

Aexp(E) ≡
N↑(E)− N↓(E)
N↑(E) + N↓(E)

=
1
2
Aβ(E)P (3.4)

with P the polarization of the neutrons, when we consider the practical experiment.

It is shown that the relative event rates difference is proportional toA and β(E). In PERKEOIII
experiment, the electron energy spectra of N↑(E) and N↓(E) are direct observables. With
the spectra, the Aexp and A are evaluated in further data analyses.
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3.2 Principles of PERKEOIII

3.2 Principles of PERKEOIII

e PERKEOIII system is mainly composed by four parts: the neutron beam line, the decay
volume vessel, and two detector vessels. e geometry and the principles of the PERKEOIII
experiment are sketched in Figure 3.2.

Decay VolumeDetector Vessel 1 Detector Vessel 2

Chopper

Beamstop

Neutron Beam Line

Velocity 

Selector

Polariser

H113 

n-guide

Spin

Flipper Apertures

2.72 m1.43 m

Figure 3.2: Sketch of the geometry and the principles of PERKEOIII experiment. Red curves
denote the magnetic lines.

In the experiment, we introduce a beam of cold neutrons from the ILL reactor as the decay
source. eneutrons are transported by theH113 guide from the reactor to the PERKEOIII
beam line. e elements on the beam line modify the neutron beam (n-beam), and further
transport it to the decay volume. During the propagation in the decay volume, part of the
neutrons decay into electrons e−, protons p+ and electron anti-neutrinos ν̄e.

To detect the decay electrons, we generate a curved magnetic ĕeld in the instrument. e
charged electrons from the decay volume spiral along the magnet lines, and are guided to
the detectors at upstream and downstream sites. e rest neutrons that have zero charge
are not affected by the ĕeld. ey keep propagating until the end of instrument, where the
neutrons are absorbed by the neutron beamstop, or their polarization is measured.

e magnetic ĕeld is one of the most important components in the experiment. Besides
guiding the electrons, it has additional necessary functions:

• Keeping the spin state ⟨σn⟩ of neutrons.

In the magnetic ĕeld, the spin eigenstates ⟨σn⟩ of incoming neutrons are arranged
parallel or anti-parallel to the ĕeld. With the neutron polariser and the RF spin Ęipper
on the beam line, we are able to switch ⟨σn⟩ along the B direction or the reverse. e
emission angle θ in eqn. 3.1 is then the angle between the B and pe, or its supple-
mentary angle.

• Integrating electrons over the halves of hemisphere.
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Because of the helical motion, the electrons that have the same sign of p·Bwill spiral
along the same direction then reach the same detector. Hence the magnetic ĕeld
automatically integrates the electrons emission angles over the halves of hemisphere.
e spectra N↑(E) and N↓(E) can be directly measured.

• Deĕning electron pitch angle range.

e pitch angle of electron helical motion, i.e. the angle between B and p, is depen-
dent on the magnetic ĕeld strengths as discussed in Section B.3. e speciĕed ĕeld
distribution deĕnes the electron pitch angles, then deĕnes the related systematic ef-
fects, e.g. backscattering and magnetic mirror effects.

e magnetic ĕeld strength inside PERKEOIII is smoothly decreased from decay volume
to detectors, the electrons can be adiabatically transported without distortions on their
angular distributions.

In the experiment, the spin Ęipper alternates the neutron spin states every 10 s, the spectra
N↑(E) and N↓(E) are measured by each of the detectors.

3.3 NeutronBeamLine andModiöcation Elements

In the PERKEOIII system, the neutron beam line and the elements on it are used to trans-
port and modify the incoming cold n-beam from the reactor.

During the 2008-2009 beam time of ILL, we used pulsed neutron beam in the measure-
ment. e pulsed n-beam mode can bring beneĕcial effects on experiment systematics,
e.g. background suppression and time structure studies, but reduces the statistics by fac-
tor of about 40. In the mean time, the spatial and the temporal properties of the n-beam
become important in the measurements and data analyses. erefore, the neutron beam
line is required to supply a bunch of well deĕned, chromatic, pulsed n-beam in the exper-
iment.

e modiĕcation elements on the neutron beam line are sketched in ĕgure 3.2. Since the
velocity selector and supermirror polariser on the beam line absorb a lot of neutrons and
generate much γ background, they are placed inside the casemate, which is shielded with
concrete and Pb walls. Inside the beam line tube, Lithium rubber and Boron glass are
attached on the inner wall to absorb scattered neutrons.

3.3.1 Neutron guide H113

e neutrons from ILL reactor are transported by the neutron guide (n-guide) H113 to
PERKEOIII beam line.

H113 is the ĕrst ballistic supermirror n-guide produced and assembled by ILL in 2000
[Hae02], and is used for the transportation of cold neutrons (5×10−5 eV to 0.025 eV) from
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3.3 Neutron Beam Line and Modiĕcation Elements

the ILL reactor to the PF1b user facility. With speciĕed curvatures and the m = 2 super-
mirror coating on the inner walls, the 72 m long H113 n-guide can export cold neutrons
with the capture Ęux of Φc = 2×1010 cm−2s−1.

Neutron spectrum from H113.

e spectrum and divergence of the n-beam from H113 were measured in 2006 [Abe06].
Figure 3.3 (a) shows the measured Capture Intensity of the n-beam from H113 guide.
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Figure 3.3: (a) e measured capture intensity of the output neutrons from H113 n-guide,
with a total capture Ęux as 1.35×1010 cm−2s−1. Figure is from [Abe06]. (b) e simulated
capture spectrum according to the data from the measurement. e total capture Ęux is
increased to 2×1010 cm−2s−1.

e capture intensity (thermal equivalent spectrum) is deĕned as

∂Φc

∂λ
=

λ
λ0

∂Φ
∂λ

(3.5)

which is proportional to the neutron reaction rates in thin detectors. λ0 = 0.18 nm is the
most probable wavelength of the Maxwellian thermal spectrum of neutrons with 300 K
temperature, corresponding to the velocity v0 = 2200 m/s.

In the simulation, we used the neutron source with the same spectrum distribution as the
measurement, but with Φc increased to 2×1010 cm−2s−1, which results the real neutron
Ęux as Φ = 7.7×109 cm−2s−1. Figure 3.3 (b) plots the assumed neutron spectrum in sim-
ulations.

Supermirror and neutron divergence.

e neutron supermirror is a kind of ĕlm with multilayers of neutron scattering material.
A typical supermirror consists of 100 double layers of Ni/Ti with various thickness, which
can reĘect the glancing neutrons due to Bragg continuous reĘection [Tur67, HM89]. e
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neutron reĘectivity is a function of the supermirror properties and themomentum transfer
Q = |ki − kf| in the collision, as sketched in ĕgure 3.4 (a).
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Figure 3.4: (a) A sketch of the reĘection process of the supermirror. (b) e assumed diver-
gence distribution of neutron from H113 in simulation.

An empirical formula of the reĘectivity can be expressed as [Cla97]

R =

R0 Q 6 Qc
1
2
R0

(
1 − tanh

Q−mQc

W

)
[1 − α(Q− Qc)] Q > Qc

(3.6)

where Qc = 0.0217 Å−1 is the critical scattering vector for mono Ni layer. When Q 6 Qc,
the reĘectivity keeps as constant R0. In case of Q > Qc, the reĘectivity decreases linearly
with a slope of α, and drops to zero at mQc. Figure 3.5 plots the neutron reĘectivity versus
momentum transfer according to eqn. 3.6.

e critical reĘection angle θc of the incident neutron is then proportional to it’s wavelength
λ and the value of m

m · Qc = |kf − ki| = 2k sin θ =
4π
λ

sin θ ≈ 4π
λ
θc

θc(mrad) =
Qc

4π
mλ = 1.73 ·m λ(Å)

(3.7)

As stated in [Abe06], the effectivem of the longH113 guide is less than 2, since the neutrons
with Q > Qc are considerably absorbed due to many times of collisions. Additionally, we
should note, due to the curve structure of H113 guide, the neutrons with θ 6 1.73λ will
not have a constant transmission rate. In order to ĕt the measured neutron divergence in
[Abe06] and the n-beam cross-section proĕle (Section 4.1.1), we assume effectivem = 1.32,
which results in θc = 2.28λ. e neutrons are uniformly distributed in -0.38θc < θ < 0.38θc
range of divergence angle, and linearly decrease to zero at θc, as sketched in ĕgure 3.4 (b).
e measured and simulated divergence distributions of the total n-beam are shown in
ĕgure 3.6 1.

1Because of the H113 guide curvatures, the neutron divergence distribution in horizontal direction is not
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Figure 3.5: Examples of the supermirror reĘectivities with different m values.
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Figure 3.6: (a) e measured neutron capture Ęux versus the neutron divergence in vertical
direction [Abe06]. (b) e simulated neutron (capture) divergence distribution.

3.3.2 Rotating neutron velocity selector

As shown in ĕgure 3.3, the wavelengths λ, i.e. the velocities of output neutrons from H113
have a wide distribution. e neutron velocity differences will extend the length of the
neutron pulse (n-pulse) during its propagation in the decay volume, hence decrease the
measurement efficiency (Section 5.2). To limit the λ distribution, we applied a rotating
neutron velocity selector aer the H113 n-guide.

e velocity selector consists of a rotary turbine, which has helical neutron absorber blades
on it, as shown in ĕgure 3.7.

symmetric. In simulations, we do not consider this effect.
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Figure 3.7: (a) Picture of the turbine in velocity selector, and (b) a sketch of the selector blade.
e photo is from [Dai].

By rotating the turbine, the selector allows the neutrons with the velocities around a nom-
inal value to transmit. e nominal velocity is dependent on the blade structure

v0 = ω · lvs
θvs

(3.8)

where ω, lvs and θvs are the rotary angular velocity, the length of the turbine and twist angle
of blades. Practically, the divergence distribution of the input neutrons widens the spec-
trum of output neutrons. Figure 3.8 shows the simulated spectra of the output neutrons
with different nominal velocities.
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Figure 3.8: e simulated spectrum of output neutrons from velocity selector, with the nom-
inal λ from 4 Å to 6 Å. e input n-beam has the spectrum and divergence as ĕgure 3.3 and
ĕgure 3.4.

Because of the turbine structure, the selector also deĕnes the divergence distribution of
the output neutrons. Figure 3.9 plots the simulated divergence distributions of the output
neutrons from the velocity selector.
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Figure 3.9: Simulated divergence distribution of output neutrons from velocity selector along
horizontal and vertical directions.

e geometry and industrial parameters of the velocity selector are given in [Dai]. In the
PERKEOIII experiment, we chose a nominal wavelength as 5 Å, corresponding to the se-
lector rotation speed ω as 25470 rpm.

3.3.3 Supermirror neutron polariser

e polarization of a incident n-beam P directly affects the measured N↑(E) and N↓(E),
further the measured Aexp as shown in eqn. 3.4.

e polarization of a bunch of neutrons describes the relative difference of neutron frac-
tions with different spin states:

P =
X↑ − X↓

X↑ + X↓ , P ∈ [−1, 1] (3.9)

X↑ denotes the number of neutrons with the designated spin state, and X↓ means that with
the opposite state. e relative fractions of these neutrons are

X↑ =
1
2
(1 + P) · (X↑ + X↓), X↓ =

1
2
(1 − P) · (X↑ + X↓) (3.10)

e neutron polarization in PERKEOIII is deĕned by the supermirror polariser aer the
velocity selector. e polariser has a set of pyrex glass plates, which are coated with al-
ternating layers of ferromagnetic material (e.g. Cobalt or Nickel) and neutron absorbing
material (e.g. Titanium or Gadolinium). e plates are bended with a 30 m curvature, and
stacked together with 2 mm spacing between each. Sketches of the polariser are shown in
ĕgure 3.10.
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Figure 3.10: Picture of supermirror polariser of PF1b and a sketchy plot. In order to get
maximal neutron Ęux, the H113 and the PERKEOIII beam line are parallel to the tangent of
polariser curve at input and output window.

e housing of the polariser supplies a vertical static magnetic ĕeld, which is parallel to
the supermirror and saturates the ferromagnetic layers. e neutrons in the magnetic ĕeld
have two eigenstates of spin: parallel or anti-parallel to the magnetic ĕeld. In the collisions
with the polariser, the neutrons with spin state anti-parallel to the magnetic ĕeld transmit
through theNi layers then are absorbed by the Ti layer, while the neutrons with the opposite
spin state are reĘected [Wil88].

e polariser in PF1b uses m = 2.8 supermirrors on the pyrex glass plates, which have
lengths of 80 cm and a curvature of 26.7 mrad. e polarization of the output neutrons can
reach the level of P≈98.8%, with n-beam transmission of 24%. More parameters are listed
in [Sol02].

e curved structure of polariser can ensure at least one collision of input neutron with the
supermirror. Whereas the curvature also considerably changes the angular distribution of
n-beam due to several times of collision, as sketched in ĕgure 3.11.

(a) (b)

Figure 3.11: Sketches of the neutron collisions in the curved polariser. Due to several times
collisions, the n-beam divergence is considerably changed. Figures are from [Kre05].

Figure 3.12 shows the simulated divergence distributions of n-beam from polariser.

As shown in simulation, the maximum horizontal divergence of the output n-beam is ex-
tended by 20% compare with the input n-beam in ĕgure 3.9.
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Figure 3.12: Simulated divergence distribution of output n-beam in horizontal and vertical
directions. e peaks in the horizontal distribution denote the neutrons that have different
times of collisions with the polariser.

3.3.4 Radio frequency spin-øipper

Aer the neutron polariser, we applied an adiabatic radio frequency spin Ęipper system
[Baz93] to switch the neutrons spin state parallel or anti-parallel to the guiding magnetic
ĕeld of PERKEOIII.

e spin Ęipper supplies a static magnetic ĕeld Bs(z) in vertical direction, which is the same
as the ĕeld of the polariser. e strength of Bs(z) has a gradient along the beam line, and
drops to a speciĕed Bs(z0) at the Ęipping point. An 80 cm long Cu coil powered by AC is
used to produce an alternating magnetic ĕeld BRF in z-direction. e frequency of BRF is
set the same as the Larmor frequency of neutron in the magnetic ĕeld Bs(z0)

ωL = −γBs(z0) (3.11)

with the neutron gyromagnetic ratio γ [PDG12].

γn = −
gnμB
~

= 1.83 × 108 s−1T−1 (3.12)

At position z0, the neutron spin σ is resonant with BRF frequency, and progresses in the
horizontal direction. Further aer z0, Bs keeps decreasing and σ is reversed to the opposite
direction [RK11]. e principle of the spin Ęipper is sketched in ĕgure 3.13.

Practically, the spin-Ęipper switches the neutron spin with a efficiency of F

F =
X↑⇒↓

X↑ =
X↓⇒↑

X↓ (3.13)

X↑⇒↓ means the number of the neutrons whose spins are Ęipped from one state to another.
If the n-beam out from polariser has the polarization of P0, the spin-Ęipper will change the
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Figure 3.13: Picture of the RF spin Ęipper in PERKEOIII, and sketch of the Ęipperingmethod.

polarization to P1.
P1 = (1 − 2F)P0 (3.14)

In the experiment, we switch the neutron spin states by turning on and off the spin Ęipper,
namely the Ęipper only affects one of the spin states.

Deĕne n↑,↓ as the e− spectra from pure polarized neutrons, the ideal Aexp is:

Aexp =
n↑ − n↓

n↑ + n↓
=

1
2
Aβ (3.15)

Assuming the spin Ęipper only act on the N↓ measurement, the measured spectra aer the
operation of polariser and spin-Ęipper are:

N↑ = X↑n↑ + X↓n↓

N↓ =
[
X↑F+ X↓(1 − F)

]
n↓ +

[
X↓F+ X↑(1 − F)

]
n↑

(3.16)

us the real measured experimental asymmetry is:

A′
exp =

N↑ − N↓

N↑ + N↓ =
F(X↑ − X↓)(n↑ − n↓)

2(X↑n↑ + X↓n↓)− F(X↑ − X↓)(n↑ − n↓)

=
FP

1
Aexp

+ P(1 − F)
=

FP
2

A0β
+ P(1 − F)

(3.17)

where P is the polarization of n-beam out from polariser. When the Ęipping efficiency is
near unity

F → 1, A′
exp ≈

1
2
PF · Aβ (3.18)

From the spin Ęipper to the detector vessel, a static magnetic ĕeld is applied around the
beam line. e direction of the static ĕeld changes smoothly from vertical to longitudinal
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3.3 Neutron Beam Line and Modiĕcation Elements

direction of the n-beam, and couples to the PERKEOIII guiding ĕeld in the detector vessel.
During transportation, the neutron spin states can adiabatically follow the magnetic ĕeld
without depolarization.

e neutron polarization in the decay volume is a combination of the effects of polariser
and spin Ęipper. As shown in eqn. 3.18, it is an important coefficient for the Aexp analyses.
In the PERKEOIII experiment, the real time neutron polarization was kept measuring at
the end of the instrument during the electron detection.

3.3.5 Neutron apertures

edivergence of the n-beamwill extend the n-beamcross-section size during the neutrons
propagations in PERKEOIII, and cause systematic errors of measurement (Section 6.2).
To limit the n-beam divergence distributions, we applied 5 neutron apertures on the beam
line.

e neutron apertures have 6LiF plates attached on the Pb blocks, with open windows of
6×6 cm2, as shown in ĕgure 3.14.

(a) (b)

Figure 3.14: Neutron apertures in PERKEOIII beam line.

e distance between the ĕrst and the last apertures is 3.23 m, which can limit the n-beam
divergence below 1.1ο. e divergence distributions of output neutrons are plotted in ĕgure
3.15.

3.3.6 Disk chopper

A disc chopper was applied aer the apertures to generate the neutron pulses (n-pulse)
in PERKEOIII experiment. e chopper consists of a rotating disc with neutron absorber
6LiF plates attached on one side. An open window with 22.11ο is le on the disc [Wer09],
and allows the neutrons to pass for a certain time when the chopper is rotating. Figure 3.16
shows the geometry of the disc chopper.

By choosing the rotating speed, the chopper can deĕne the spatial and temporal length of
the n-pulse. In the experiment, the nominal rotation frequency was set as 83 Hz and 94
Hz, corresponding to the cycle periods as 12.0 ms and 10.6 ms.
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Figure 3.15: Simulated divergence distribution of neutrons from the apertures.

(a)
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Figure 3.16: (a) e picture of the disk chopper of PERKEOIII. (b) e geometry sketch of
the chopper.

3.3.7 Neutron beamstop

eneutron beamstopwas placed at the end of PERKEOIII below the downstreamdetector
to absorb the rest neutrons that passed through the decay volume. In the experiment, we
used 6LiF and 10B4C as the absorbing material.

e 6LiF is clean and efficient for neutron absorption, but produces secondary hot neutrons
aer the neutron absorption. e secondary neutrons can decay aer a certain time, and
contaminate the background measurement when we applied pulsed n-beam (Section 5.2).
e 10B4C produces much less secondary neutrons, whereas generates a large amount of γ
radiation during neutron absorption. Moreover, the beamstops have probabilities to scatter
neutrons in arbitrary directions. In the experiment, we applied layers of Boron plastic and
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3.4 Main Instrument of PERKEOIII

(a) 6LiF beamstop. (b) 10B4C beamstop

Figure 3.17: 6LiF and 10B4C neutron beamstop of PERKEOIII.

Pd bulks around the beamstop to shield the backgrounds.

3.4 Main Instrument of PERKEOIII

e main instrument of PERKEOIII has a symmetric layout. e decay volume vessel lo-
cated in themiddle has a length of 2.7 m and the inner diameter of 50 cm. With continuous
n-beam, the large decay volume can supply a high event rate of 103 Hz. Additionally, the
long decay volume allows the neutrons to have relative long time passing through. is
feature ensures the possibility of the measurements with pulsed n-beam.

At the ends of decay volume, two detector vessels are connected. At the upper ends of the
detector vessels, the detector systems are located at the upstream and downstream (Detec-
tor 1 and Detector 2) above the n-beam. Around the instrument, a set of coils generate a
curved guiding ĕeld from the decay volume to the detectors.

3.4.1 Magnets system

e magnetic guiding ĕeld in PERKEOIII is supplied by 50 water cooled copper coils out-
side the non-magnetized stainless vessels.

e magnetic ĕeld in decay volume has a relative homogeneous distribution, with the
strength of 150 mT. e tilted coils at the detector vessels bend the magnetic lines from the
decay volume twice, then project them to the two detectors, where the ĕeld is decreased to
80 mT. e two reverse bends minimize the R×B dri effect of electrons in PERKEOIII
(Section B.4). e electrons from decay volume will experience one le and one right dri,
and the total dris are roughly counteracted. e entire magnetic ĕeld distribution is sym-
metric according to the center of the decay volume.

e properties of the magnetic ĕeld are discussed in Section 4.3
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3.4.2 Scintillator detector system

PERKEOIII has two 2π detectors symmetrically located at upstream and downstream of
the n-beam for electron energy measurements.

e detector consists of a plastic scintillator in the center of the Al supports. Six photo-
multiplier tubes (PMT) are located around, and connected to the scintillator with plexiglass
light guides. Figure 3.18 shows the construction of the detector system.

(a) (b)

Figure 3.18: e scintillator detector of PERKEOIII. e plastic scintillator in the center has
a size of 43×45×0.5 cm3.

When the incident electron interacts with the scintillator, its energy is converted into a
number of visible photons by several times collisions. A certain fraction of the photons
can be transferred via the light guides to the PMT, where the photons are convert into
electrical charges. In the electronics system, the Analog to Digital Converter (ADC) mod-
ules integrate the charges of the six PMT in a time period of tgate=220 ns, and output one
event including the information of the measured time and the integrated charge.

e relation between the measured charge signals (represented by ADC channels) and the
electron energies is important to derive the electron energy spectra. During the experi-
ment, the relation is determined by measuring the spectra of different calibration sources,
which have different known energy peaks. Figure 3.19 shows the relation between themea-
sured ADC channels and the source energies, and the ĕttings to the relation.

As it is shown in ĕgure 3.19, in the range of 300 keV<Ee<700 keV, the proportionality
relation can be applied for converting the channel number to the electron energies.

Because of the characters of scintillator, the detector can record different kinds of radiation,
e.g. visible light, γ-rays or other charged particles, as the background of measurements. In
the experiment, the instrument is well sealed and evacuated to prevent signals from visible
light and ions. Hence the main source of the background is the γ radiation, which are
generated by the neutron absorptions at the beam line and the beamstop, as well as the
neighbouring experiments.
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3.4 Main Instrument of PERKEOIII

(a) (b)

Figure 3.19: (a) e measured peaks of the calibration sources in ADC channels, versus the
real energies of them. Green and red curves denote the linear and exponential ĕttings. (b)
e channel-energy slope (gain) of every 2 nearest peaks, versus the average energy of the 2
peaks. Full calibration means the slope of the linear ĕtting of the 4 peaks from Sn, Cs and Bi.
e values are ĕtted by sinusoidal and exponential curves. e calculations and the ĕgures
are from [Mes11].

With the integration function of the guiding magnetic ĕeld, the two detectors are able to
realize 4π solid angle measurements. Furthermore, the symmetric geometry of the two de-
tectors brings us merits on systematics, e.g. backscattered electron measurements (Section
5.1), detector trigger function determination, symmetric mirror effect correction etc..
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Chapter4

PropertiesofNeutronBeamandMagneticField
ofPERKEOIII

e long decay volume and the magnets of PERKEOIII allow the n-pulse to have relative
long time passing through the homogeneous magnetic ĕeld, where the neutrons can pro-
vide stable signals of decay electrons. With this feature, the systematic errors of the mea-
surement can be highly suppressed, and the measurement efficiency can be enhanced.

In the mean time, the properties of the n-pulse and the magnetic ĕeld become important.
ese properties are necessary, e.g. in the selection of data, the determination of the system-
atic effects and errors. In this chapter, we introduce the spatial and the temporal properties
of the n-pulse, and the magnetic ĕeld in PERKEOIII instrument.

With the simulations, we are able to investigate these properties in detail, and have better
understanding to the system, thus avoid possible defects during experiment and data pro-
cessing. Some of the simulated results are compared with the results from measurements.
As shown in this chapter, the simulated results have well ĕttings to the measured results.

In addition, we calculate the corrections of the magnetic mirror effect directly in the neu-
tron simulation. In this case, the complicated distribution of the neutrons can be taken
into account, and the corrections can reach a high accuracy.

4.1 Properties of PulsedNeutronBeam inPERKEOIII

4.1.1 Spatial properties of neutron beam

e spatial property of the n-beam which interested us, is the beam cross-section proĕle,
which is expanded by the divergence of the n-beam during neutron propagation. e n-
beam cross-section deĕnes the size of the electron beam, which causes the corrections of
scintillator detector.

e n-beam cross-section was measured in the experiment by copper foil activations. We
expose a piece of 0.2 mm thick Cu foil by the n-beam at the beamstop, then measure the
decay β-ray from the activated Cu. e β-ray intensity is proportional to density of the
activatedCu, thus proportional to the capture Ęux of the n-beam that passed the foil. Figure
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4.1 shows themeasured β intensity along the horizontal and the vertical directions, and the
simulated capture Ęux distribution.
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Figure 4.1: e measured intensity of decay β-ray from activated Cu foil along horizontal
and vertical directions. e red curves denote the simulated neutron capture Ęux at the
PERKEOIII beamstop, which is 6 m from the last neutron aperture.

As shown in ĕgure 4.1, the cross-section of n-beam proĕle is measured as 23×19 cm2 at
the end of PERKEOIII, which is 6 m away from the last aperture. If we don’t consider the
neutron scattering effect from the apertures, the maximum divergence of the n-beam is
then ±14.2 mrad and ±10.8 mrad in horizontal and vertical directions.

e effective decay volume (discussed in Section 4.3.2) has a length of 2.5 m, and the center
2.98 m away from the last aperture. Hence the n-beam cross-sections at the beginning
and the end of the effective decay volume have the sizes of 11×10 cm2 and 18×15 cm2

respectively.

Considering the magnetic ĕeld in decay volume is 150 mT, the maximum gyration radius
of decay electrons with maximum momentum pmax=1.19 MeV/c is then

rmax =
pmax
qB

=
1.19 MeV/c
e · 150 mT

= 2.64 cm (4.1)

e maximal e-beam cross-section in decay volume is

Se = (Wn + 4rmax)× (Hn + 4rmax) = 28.56 × 25.56 cm2 (4.2)

and the e-beam size at the detector with 80 mT is then

Sdet =
150 mT
80 mT

Sdecay = 39.10 × 35.00 cm2 (4.3)

e simulated trajectories of the electrons are shown in Section 4.3.
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4.2 Measurement with Pulsed Neutron Beam

4.1.2 Time properties of neutron pulse

e temporal length of the n-pulse is deĕned by the velocity selector and the chopper.
However, the operations of these elements only limit the distributions in a range. Figure 4.2
shows the simulated spectrum of n-beam output from the chopper, and the corresponding
velocity distributions.
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Figure 4.2: (a) Simulated spectrum of neutrons inside PERKEOIII, with the nominal wave-
length λ0=5Å. e neutron spectrum aer chopper has slight changes from that aer the
velocity selector in ĕgure 3.8, because the apertures limit the n-beam divergence, whose dis-
tribution is related to the λ. (b) e corresponding velocity distributions of neutrons.

As shown in ĕgure 4.2, the neutronwavelengths in PERKEOIII are in a range of 4.4Å<λ<5.6
Å, corresponding to the velocities in 706m/s<v< 899m/s. During the neutron propagation
from the chopper to the beamstop (11 ms), the n-pulse length will be elongated by 2.1 m
due to the velocity deviations.

To determine the temporal properties of the n-pulse, we measured the neutron TOF in ex-
periment. Inside the decay volume, we placed two 1 mm thick Al foils with 2 m distance.
When the n-pulse passes through the foils, fractions of the neutrons have (n, γ) reactions
with Al and emit instantaneous γ-rays. Outside the vessel, two detectors are placed di-
rectly below the Al foils to measure the TOF of γ signals. Since the (n, γ) reaction rate is
proportional to the neutron capture Ęux Φc, the γ events from detectors directly represent
the TOF of the n-pulse in the decay volume. Figure 4.3 shows the measured TOF diagram
from γ detectors, and the simulated capture Ęux Φc at the positions of the Al foils.

4.2 MeasurementwithPulsedNeutronBeam

epulsed neutron beam can provide us an additional time scale in themeasurement. With
the time scale, we are able to choose the events in speciĕc time ranges, which stand for the
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Figure 4.3: e measured TOF diagram from two γ detectors, and the simulated TOF of
neutron capture Ęux Φc at the positions of the Al foils (red curve). Chopper frequency is f=75
Hz, velocity selector speed is ω=23155 rpm. e velocity selector was 7.6 mrad tilted during
the measurement, so the equivalent nominal wavelength is λ0=5.6 Å. Since the γ detectors
have different efficiencies, the measured even rates from the two detectors are rescaled to ĕt
the simulated results.

n-pulse at the speciĕc positions. Figure 4.4 shows a sketch of the space-time diagram of a
n-pulse propagation inside PERKEOIII during one chopper cycle.

e decay electrons (in keV) have speeds almost as light, which is much higher than the
cold neutrons. us the TOF diagram of electron signals at the two scintillator detectors
can indicate the instantaneous TOF of the n-pulse. Figure 4.5 shows the TOF diagram of
measured signals from both detectors, corresponding to the time scale of ĕgure 4.4.

When the n-pulse is in the detector vessel (0 ms~2 ms), the decay electrons cannot be
totally projected to detectors by magnetic lines, as shown in ĕgure 3.2. e detectors see
low event rates during this time period. In the time range of 3 ms~5 ms, the whole n-pulse
is inside the decay volume. e neutrons are in a homogeneous magnetic ĕeld, and all
decay electrons can be guided to the detectors. Hence the sum of the event rates from two
detectors are unchanged during this time 1. e events rates of the individual detectors
have symmetric slopes, which are caused by magnetic mirror effect as discussed in Section
4.4. From 6.5 ms to 9 ms, the neutrons are being absorbed by the beamstop, and much
γ-rays are created. Detector 2 is nearer to the beamstop, hence receives more signals. From

1Free neutron has a life time of 880.1 s, the decay probability during 10 ms is about 10−5. e number of
neutrons and the decay rate can be considered as constants in the measurement.
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Figure 4.4: Space-time diagram of n-beam pulse in PERKEOIII. e horizontal and longitu-
dinal axes indicate the neutron TOF and the position relative to the chopper. e area inside
the blue lines denotes the neutrons in the pulse, which elongates during propagation because
of the neutron velocity distribution. Chopper frequency is set as 94 Hz, the chopper window
opens at t=0, closes at t=1.3 ms. One cycle lasts for 10.6 ms.
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Figure 4.5: e TOF diagram of electron signals measured by two scintillator detectors in
one chopper cycle. e curves denote the signals from detector 1 (blue), detector 2 (red) and
the sum (black) of them. e time scale is comparable to ĕgure 4.4. e electronic clocks are
able to record the events with resolution of 1 μs.
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9 ms to the end of cycle, the neutrons are totally absorbed, and the detectors only receive
the background from the beam line and the external sources.

In data processing, we select the events when the n-pulse is totally inside the 2.5 m homo-
geneous effective decay volume (Section 4.3.2) as the signal spectrum S(E). e events aer
the neutrons are all absorbed by beamstop, are chosen as the background spectrum B(E),
as marked in ĕgure 4.5. e selections of time windows for S(E) and B(E) are discussed in
Section 5.2.

To obtain a pure spectrumof decay electrons, we subtract the signal S(E) by the background
B(E) in each chopper cycle

N(E) = S(E)− Ts

Tbg
B(E) (4.4)

Ts/Tbg is the ratio of the time window lengths of the signal and background. Figure 4.6
shows the measured spectra of the signal, the background and the evaluated pure electron
spectrum.
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Figure 4.6: Measured energy spectra from Detector 2. Blue and red curves show the spectra
of S(E) and B(E). e green curve is the difference of these two spectra, and denotes the net
energy spectrum N(E) of decay electrons.

By selecting the events with speciĕc time ranges, we are able to suppress the systematic
errors related to:

• Edge effect.
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4.3 Properties of Magnetic Field of PERKEOIII

When the neutrons are not in decay volume, part of the decay electrons cannot be
projected to the detectors, but have collisions with the inner wall of the instrument.
e collisions may cause the absorptions or changes on electron energies, so-called
as edge effect, which leads to the distortion of measured spectrum. e edge effect is
prevented by selecting a speciĕc S(E) measuring time, when the decay electrons are
totally guided to the detectors.

• Beamstop background.

During the time period of S(E) and B(E), the n-pulse has no interactions with the
instrument. e background generated by neutron beamstop can be prevented.

• Slowly varied environment.

Both S(E) and B(E) are measured in each chopper cycle, only with a time difference
Δt ≈7ms. Hence the resultedN(E) aremaximally independent on the slow variation
of the environment, e.g. the γ background from neighbouring experiments, neutron
Ęux variation etc.

• Correction of magnetic mirror effect.

e S(E) events are selected when the neutrons are in a homogeneous ĕeld, hence
the corrections of magnetic mirror effect are relative small.

To obtain an optimized measurement efficiency, the length and the velocity of the n-pulse
need to be selected well. In the experiment, the velocity selector speed was set as ω=25470
rpm, and the chopper frequency as 83 Hz and 94 Hz .

4.3 Properties ofMagnetic Field of PERKEOIII

4.3.1 Pitch angle distribution

From the decay volume to the detectors, the magnetic ĕeld is gradually decreased from
150 mT to 80 mT. During the adiabatic transport in the gradient ĕeld, the pitch angles of
electrons are smoothly changed.

e maximal emission angle of electrons in decay volume is 90ο to the magnetic lines.
According to eqn. B.6, the maximal pitch angle is decreased to

θc = arcsin

(√
80 mT
150 mT

· sin 90ο

)
= 47ο (4.5)

at the detector. If we assume the electrons are isotropically emitted in the decay volume,
the distribution of electron pitch angles is

dN
dθ0

= Wiso(θ) sin θ0 =
1
2
sin θ0, 0ο 6 θ0 6 90ο (4.6)
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When the electrons reach the detector, the pitch angles of them are changed to θ1

sin θ1

sin θ0
=

√
B1

B0
= sin 47ο (4.7)

e pitch angle distribution at detector is then

dN
d θ1

=
1
2

1
sin 47ο

sin θ1 cos θ1√
sin2 47ο − sin2 θ1

, 0ο 6 θ1 6 47ο (4.8)

Figure 4.7 plots the probability distribution of electron pitch angles in the decay volume
and the detector.
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Figure 4.7:e electron pitch angle distribution in the decay volume (blue) and at the detector
(red). Assuming the electrons are isotropically emitted in decay volume.

e electron pitch angle at the detectors can be considered same as its incident angle into
the scintillator. e decreases of pitch angles can efficiently suppress the backscattering
effect off the detector, as discussed in Section 5.1.

4.3.2 Magnetic öeld in the decay volume

In the experiment, the magnetic ĕelds in the 20×20×270 cm3 space of decay volume were
measured. e results are shown in ĕgure 4.8.

As plotted in ĕgure 4.8, the magnetic ĕeld in the decay volume has a symmetric distribu-
tion. e maximal magnetic ĕeld is Bmax=152 mT, which is located in the middle of the
decay volume, and 2.78 m from the chopper.

e 2.5 m middle range of the decay volume has the most homogeneous magnetic ĕeld,
hence is chosen as the effective decay volume. e period when the n-pulse is totally in this
range is selected as the time window for the signal spectra S(E) measurements.
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Figure 4.8: e measured magnetic ĕeld along z-direction in the decay volume (circles) and
ĕtting curves. Different curves denote the magnetic ĕeld along the central and 10 cm shied
lines in x and y direction. z=0 point denotes the decay volume center, which is 2.78 m from
the chopper.

4.3.3 Electrons trajectories simulation

With the program CST Studio, we calculate the trajectories of the electrons emitted from
the effective decay volume, where the spectrum S(E) is chosen. Figure 4.9 and 4.10 show
the simulated electron trajectories in PERKEOIII and the distributions at the detectors.

Figure 4.9:e simulated electrons trajectories in PERKEOIII.e electrons are emitted from
the neutrons in the effective decay volume, with the dimensions as calculated in Section 4.1.1.
e simulation ĕle is supplied by Dr. B. Märkisch of University of Heidelberg.

In the simulation, the electrons are emitted from the neutron source in the 2.5 m long
effective decay volume. e dimensions of the neutron source are same as that calculated
in Section 4.1.1.
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Figure 4.10: e simulated electron distributions at the two detectors.

e cross-sections of the electron beam at the detectors as shown in ĕgure 4.10, have the
maximal size as 34×30 cm2. e e-beam sizes need to be considered for the corrections on
the scintillators, e.g. the calibrations and deposition position dependencies.

4.4 Corrections ofmagneticmirror effects

As discussed in Section B.3, the high magnetic ĕeld can reĘect the electron from low mag-
netic ĕeld, if its pitch angle θ is smaller than the critical angle θc, so called as magnetic
mirror effect. In the decay volume of PERKEOIII, if the electron is emitted in a low ĕeld
with emission angle larger than θc, it will be reĘected by Bmax in the middle, then guided
to the opposite detector. Depends on the n-pulse position, the two detectors will receive
electrons with different emission solid angles, as sketched in 4.11.

Since the magnetic mirror effect changes the electron emission angle distribution, it also
causes variations of the measured event rates N(E) and experimental asymmetry Aexp. In
order to derive the corrections on Aexp, we need to consider both the magnetic ĕeld and
the neutron properties in PERKEOIII.

Deĕne the position of maximal magnetic ĕeld Bmax as z0, and the space with z < z0 and
z > z0 as SL and SR. For the electrons emitted in SL with the ĕeld B(r), the critical angle
is

θc = arcsin

√
B(r)
Bmax

, B(r) 6 Bmax, 0 6 θc 6
π
2

(4.9)
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nDet 1 Det 2 nDet 1 Det 2nDet 1 Det 2

B

Position in decay volume

Figure 4.11: A sketch of the magnetic mirror effect in PERKEOIII decay volume. e green
and red areas indicate the emission solid angles, in which the emitted electrons will be guided
to Detector 1 and Detector 2. e solid angles vary with the experienced magnetic ĕelds, thus
the position of neutrons.

e relative event rates received by Detector 1 for spin-up and spin-down neutrons are

N↑SL
Det1 =

∫ π−θc

0
W(θ) sin θdθ, N↓SL

Det1 =

∫ π

θc
W(θ) sin θdθ (4.10)

And for electrons emitted in SR

N↑SR
Det1 =

∫ θc

0
W(θ) sin θdθ, N↓SR

Det1 =

∫ π

π−θc
W(θ) sin θdθ (4.11)

Considering the neutron density distribution in the decay volume ρ(r), the total event rate
of Detector 1 is then

NDet1 = N↑
Det1 + N↓

Det1

= C
{∫

SL
ρ(r)

[
N↑(r)SL + N↓(r)SL

]
d3r+

∫
SR
ρ(r)

[
N↑(r)SR + N↓(r)SR

]
d3r
}

=
C
2

[∫
SL+SR

ρ(r)d3r+
∫
SL
ρ(r) cos θc(r)d3r−

∫
SR
ρ(r) cos θc(r)d3r

] (4.12)

where C is a constant that denotes the decay rate. e critical pitch angle θc(r) depends on
the magnetic ĕeld B(r). Same integration can be done on Detector 2:

NDet2=N↑
Det2+N↓

Det2=
C
2

[∫
SL+SR

ρ(r)d3r−
∫
SL
ρ(r) cos θc(r)d3r+

∫
SR
ρ(r) cos θc(r)d3r

]
(4.13)

e sum of the event rates is

N = NDet1 + NDet2 = C
∫
SL+SR

ρ(r)d3r (4.14)
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Chapter 4 Properties of Neutron Beam and Magnetic Field of PERKEOIII

as a constant.

erefore, the two detectors receive different event rates when the n-pulse is in low ĕeld.
When the n-pulse passes through the decay volume, the event rates of two detectors change
symmetrically due to the ρ(r) changes, as shown in ĕgure 4.3. Since the two detectors
have similar efficiencies, the sum of the event rates from both detectors remains unchanged
when the n-pulse is in decay volume.

e neutron density ρ(r) is dependent on the TOF and velocities of the neutrons, whereas
the neutrons in PERKEOIII have complicated spatial and velocity distributions. erefore,
we used McStas to calculate the neutron densities, further directly derive the relative event
rates NDet1,2 in the program, with the measured B ĕeld as input parameters.

In ĕgure 4.12, the measured electron TOF and the simulated relative event rates (1 ± k, as
deĕned below) are plotted.
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Figure 4.12:e measured TOF diagram of the relative electron event rate, and the simulated
event rates of detector 1 and 2 (1±k, see below). Chopper frequency is 94 Hz. e signals are
subtracted by the background events in 9.85 ms to 10.55 ms. Since the two detectors have not
exactly the same efficiencies, the detector 1 event rate is multiplied by 1.06 to keepNdet1+Ndet2
as a constant in the 3.3 ms to 4.7 ms range (when the n-pulse is in effect decay volume, see
Section 5.2).

e difference of the event rates N↑(E)− N↓(E) is
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4.4 Corrections of magnetic mirror effects

N↑
Det1 − N↓

Det1 = C
{∫

SL
ρ(r)

[
N↑(r)SL − N↓(r)SL

]
d3r+

∫
SR
ρ(r)

[
N↑(r)SR − N↓(r)SR

]
d3r
}

=
C
2
Aβ
∫
SL+SR

ρ(r) sin2 θc(r)d3r = C
2
Aβ
∫
SL+SR

ρ(r)B(r)
Bmax

d3r

= N↑
Det2 − N↓

Det2

(4.15)

which is independent on the space SL or SR, and same for Detector 1 and Detector 2. e
measured experimental asymmetry is then

ADet1
exp =

N↑
Det1 − N↓

Det1

N↑Det1 + N↓Det1

=
Aβ
2

∫
SL+SR

ρ(r) sin2 θc(r)d3r∫
SL+SR

ρ(r)d3r+
∫
SL
ρ(r) cos θc(r)d3r−

∫
SR
ρ(r) cos θc(r)d3r

(4.16)

Deĕne the factors M and k [Rav95] as

M =
N↑ − N↓

N
=

∫
SL+SR

ρ(r) sin2 θc(r)d3r∫
SL+SR

ρ(r)d3r
=

∫
SL+SR

ρ(r)B(r)
Bmax

d3r∫
SL+SR

ρ(r)d3r
(4.17)

k = NDet1 − NDet2

N
=

∫
SL
ρ(r) cos θc(r)d3r−

∫
SR
ρ(r) cos θc(r)d3r∫

SL+SR
ρ(r)d3r

(4.18)

e experimental asymmetry can be written as

ADet1
exp (E) = 1

2
Aβ(E) M

1 + k
, ADet2

exp (E) = 1
2
Aβ(E) M

1 − k
(4.19)

for two detectors respectively.

Same as the event rates calculation in ĕgure 4.12, we calculate the M(t) and k(t) in McStas
simulation. Figure 4.13 plots the simulated M(t), 1 + k(t), and the corrections on Aexp
versus the TOF of the n-pulse in decay volume.

e factor M indicates the magnetic ĕeld homogeneity over the n-pulse, and the factor
k indicates the ĕeld deviations from Bmax. In the data processing, the corrections of the
mirror effect, which are related to the neutron and the magnetic ĕeld distributions, need
to be considered (Section 5.3).

53



Chapter 4 Properties of Neutron Beam and Magnetic Field of PERKEOIII

3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8
0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1

Neutron TOF (ms)

C
or

re
ct

io
n 

S
iz

e

Corrections of Magnetic Mirror Effect, f=94 Hz

 

 
M

1+k

M/(1+k)

M/(1−k)

Figure 4.13: Simulated quantities of M and 1 + k, and the corrections M/(1 ± k) versus the
TOF of the n-pulse in decay volume.
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Chapter5

DataAnalysesandPreliminaryResults

In this chapter, we introduce the analyses of the experimental data, and the physical ef-
fects in the measurement, including the backscattering effect, time structure of signals and
magnetic mirror effect.

e practical and technical effects and systematic errors of the experiment are not discussed
in this dissertation. ese effects include that from n-beam, background, detector and
electronics system, as listed in table 5.1.

Category Source of Error Category Source of Error
Neutron Neutron Polarization P Detector Detector Calibration

Spin Flipper Efficiency F e− Position Dependency
Neutron Flux Φ Fluctuation Electronics Electronics Dead Time

Background Beam Line Background Measuring Gate Time
Beamstop 2nd Background Electronics Time Dri

External Background Systematic B-ĕeld Measurement

Table 5.1: List of the technical and systematic errors.

In the last section, we provide a preliminary result of the correlationA from the PERKEOIII
experiment in 2008-2009, and derive the Axial-vector Vector coupling ratio λ. e system-
atic effects and errors are not considered in the analyses, and the results only include the
statistic errors. For more information and detailed data analyses, please refer to the Ph.D.
dissertation of Dr. Holger Mest [Mes11] and later publications.

5.1 Backscattering Effect offScintillatorDetector

During the interactions with the scintillator, the electrons have probabilities to be scattered
out from the scintillator aer several times collisions, so called as the backscattering effect.
e backscattered electrons only deposit parts of their energies on the detector, hence dis-
tort the measured spectrum.

e probability of backscattering is a function of the electron energy and the incident angle,
as shown in ĕgure 5.1.
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Figure 5.1: e backscattering probability of electron off scintillator as a function of energy
and incident angle. Figure is from [Wie05].

As discussed in Section 4.3.1, the magnetic ĕeld of PERKEOIII can limit the electron inci-
dent angles below 47ο at the detectors, hence reduces the backscattering probability below
18%.

A beneĕcial property of PERKEOIII is the symmetric layout of the two detectors. If the
backscattered electrons are emitted from one detector with emergence angles larger than
47ο, they will be reĘected by the magnetic ĕeld in decay volume back to the original de-
tector. e energies of the ĕrst incoming and the reĘected backscattered signals will be
summed up and recorded as one event. If the scattered electrons have the emergence angle
less than 47ο, they can be guided by the magnetic ĕeld to the opposite detector.

In the electronics system, if one of the two detectors is triggered by an incoming electron,
both detectors will be activated. Each detector will integrate the energies of all received sig-
nals during a time period of tgate=220 ns. If the electron is backscattered from one detector
then reach another one, its energy can be measured by the other detector. Figure 5.2 plots
the TOF diagram of the backscattered electrons from one detector to the opposite one, and
the energy spectrum of them.

e energies of the backscattered electrons should be considered in the derivation of elec-
tron spectra. Figure 5.3 shows the electron energy spectra with and without the energy
contribution from the opposite detector.

5.2 TimeWindowsSelection

e time window for S(E) is chosen when the n-pulse is inside the effective decay volume.
e neutron density distributions versus time are determined in simulation. Figure 5.4
plots the simulated neutron distributions at different time, with chopper frequency as 83
Hz and 94 Hz.
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Figure 5.2: (a)eTOF diagram of the backscattered electrons from one detector to the other.
e original detector is triggered at t=0, the diagram represents the time when the opposite
detector receives the backscattered electrons. e positive time denotes the electron scattered
from Detector 1 to Detector 2, and negative time denotes the reverse direction. (b) Energy
spectrum of the backscattered electrons which reach the opposite detector.
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Figure 5.3: e electron energy spectrum measured by a single detector (green), and the
spectrum including the backscatter energy contribution from the other detector (blue).

As shown in ĕgure 5.4, the neutron are completely in the 2.5 m effective decay volume dur-
ing a period of 1.4 ms, which can be chosen for S(E) time windows. e centers of the time
windows are 4.1 ms and 4.0 ms for 83 Hz and 94 Hz chopper frequencies respectively.

e time windows for B(E) are chosen aer the neutrons are totally absorbed. Whereas

57



Chapter 5 Data Analyses and Preliminary Results

−125−100 −50 0 50 100 125
0

0.5

1

1.5

2

2.5
x 10

5

Position in Decay Volume (cm)

N
eu

tr
on

 D
en

si
ty

 (
cm

−1
)

Neutron Distribution, f=83Hz

 

 
3.4 ms

4.1 ms

4.8 ms

(a) 83 Hz

−125−100 −50 0 50 100 125
0

0.5

1

1.5

2

2.5
x 10

5

Position in Decay Volume (cm)
N

eu
tr

on
 D

en
si

ty
 (

cm
−1

)

Neutron Distribution, f=94Hz

 

 
3.3 ms

4.0 ms

4.7 ms

(b) 94 Hz

Figure 5.4: e simulated neutron distribution in the decay volume at different time, for 83
Hz and 94 Hz chopper frequencies. e zero position means the center of the decay volume.
Please note the length of the n-pulse expands during propagation.

the neutron beamstop can generate secondary neutrons, which will decay and contribute
signals to the background measurements, as introduced in Section 3.3.7. To suppress this
inĘuence, the B(E) time windows in the cycle are chosen as late as possible.

Since the event rate of S(E) is about twice as that ofB(E), the time period of S(E) is also cho-
sen twice as B(E) to get the lowest error [Kno10]. Table 5.2 summarizes the time windows
for the S(E) and B(E) selections.

S(E) B(E)

83 Hz 3.4 ms~4.8 ms 11.2 ms~11.9 ms
94 Hz 3.3 ms~4.7 ms 9.85 ms~10.55 ms

Table 5.2: e selections of the time windows for S(E) and B(E), with chopper frequency as
83 Hz and 94 Hz.

5.3 DeterminationofMagneticMirror Effect Corrections

For a measurement in a time interval Δt, the corrections of magnetic mirror effect should
be integrated

ADet1,2
exp =

∫ t+Δt

t

∫
V

[
N↑(t, r)− N↓(t, r)

]
dr3dt∫ t+Δt

t

∫
V

[
N↑(t, r) + N↓(t, r)

]
dr3dt

=
Aβ
2

∫ t+Δt

t
M(t)dt∫ t+Δt

t
[1 ± k(t)] dt

(5.1)
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e total corrections on Detector 1 and Detector 2 during the S(E) measurement can be
calculated:

f 83Hz
Det1,2 =

∫ 4.8 ms

3.4 ms
M(t)83Hzdt∫ 4.8 ms

3.4 ms
[1 ± k(t)83Hz] dt

, f 94Hz
Det1,2 =

∫ 4.7 ms

3.3 ms
M(t)94Hzdt∫ 4.7 ms

3.3 ms
[1 ± k(t)94Hz] dt

(5.2)

e values of the integrated corrections are listed in table 5.3. As shown in the table, the
(1 − f ) is less than 10−2.

5.4 ElectronAsymmetryDerivation andPreliminary
Results

With the time windows in table 5.2, we select the events for signal S(E) and background
spectra B(E), with the ratio of time windows as Ts/Tbg=2. In the derivation of spectra, the
energies of backscattered electrons Ebs are included. e pure electron energy spectraN(E)
are given as

N↑,↓(E) = S↑,↓(E+ Ebs)− 2B↑,↓(E) (5.3)

e measured S(E) and B(E) spectra are shown in ĕgure 4.6. e resulted N↑,↓(E), as well
as the sum and difference of the spectra are plotted in ĕgure 5.5.
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Figure 5.5: (a) e electron energy spectra N↑(E) and N↓(E). (b)e sum N↑(E)+N↓(E) and
the difference N↑(E)-N↓(E) of the spectra. Data are measured by Detector 2, with chopper
frequency as 94 Hz.

e experimental asymmetry Aexp can be derived
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Aexp(E) =
N↑(E)− N↓(E)
N↑(E) + N↓(E)

=
1
2
Aβ f (5.4)

with f the mirror effect correction, which depends on the neutron properties and S(E) time
window. e relative velocity β can be represented by the electron kinetic energy Ek

β =
v
c
=

√
1 − E0

Ek + E0
, with E0 = m0c2 = 511 keV (5.5)

To obtain the value of A, we apply eqn. 5.4 and 5.5 to ĕt the measured Aexp(E). Figure 5.6
shows the derived Aexp(E) and the ĕtting curve 1.
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Figure 5.6: e measured Aexp from Detector 2, and the ĕtting curve (red) according to
eqn. 5.4 and 5.5.

e ĕtting range is chosen in 300 keV~700 keV, in which the relation between the ADC
channels and the real energies can be considered as linear, as shown in ĕgure 3.19. e
detector gain and offset are chosen as 32.6 keV/ch and 1255 ch, that are obtained from the
calibrations with three β sources [Mes11].

e results of A, and the mirror corrections f are listed in table 5.3.

Take the average of the results, the A has a value of

A = −0.12132(19) (5.6)
1e values of N↑(E)-N↓(E) and Aexp are negative. Here we use their absolute values for convenience.
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5.4 Electron Asymmetry Derivation and Preliminary Results

Frequency Detector A · f χ2 Correction f A

83Hz Det1 -0.12156(41) 6.64 0.99319 -0.12239(42)
83Hz Det2 -0.12068(37) 5.54 1.00292 -0.12033(37)
94Hz Det1 -0.11933(39) 4.75 0.99172 -0.12032(39)
94Hz Det2 -0.12281(37) 6.08 1.00487 -0.12222(37)

Table 5.3: Preliminary results of the β-asymmetry A and mirror effect corrections f.

According to eqn. 2.16, the derived λ is

λ =
−1 −

√
1 − 3A2 − 2A
3A+ 2

= −1.28037(51) (5.7)

is results are only preliminarily analysed. e polarization of the neutrons P, as a blind
factor, is not considered. Additionally, most of the systematic errors are not included, and
the background estimation is not optimized. But solely from the statistic point of view, the
value of A is 5.8 times more precise, and the value of λ is 4.9 times more precise than the
latest value as shown in table 2.2.
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Chapter6

PERC:AClean,BrightandVersatileSourceof
NeutronDecayProducts

PERKEOIII experiment has been successfully performed in the 2008-2009 beam time of
ILL. e ĕnal results of electron angular correlation coefficient A, as well as the ratio of
Axial-vector and Vector coupling strengths λ, are expected to be 5 times more precise than
the latest results (Section 5.4). However, from the experience in working with PERKEOIII,
we also see the opportunities of improving the system in later experiments. Aer PERKEOIII
was performed for the ĕrst time in 2007, the design of a new system for neutron β-decay
measurement was initiated, named as PERC (Proton and Electron Radiation Channel), and
ĕrstly proposed in [Dub08].

e motivation of PERC is to investigate the spectra of electrons and protons (e−/p+) and
the angular correlation coefficients in the β-decays of free cold neutrons, also to perform
measurements of different kinds of observables. In order to achieve expected systematic
effects, the PERC instrument needs to be well and delicately designed.

e main part of the author’s doctoral work, is designing the PERC magnet system, study-
ing the behaviours of themagnetic ĕeld and the e−/p+particles, investigating and optimizing
the systematic effects of the instrument.

e instrument of PERC is going to have an unprecedented 8 m long decay volume, which
can supply the event rate of decay e−/p+on the order of 105. A series of superconducting
magnets will be used to generate a well designed magnetic ĕeld for guiding and processing
the charged e−/p+particles. With the well deĕned ĕeld distribution and detection system,
the distortions of the measured e−/p+spectra and the angular coefficients are expected to be
suppressed on the level of 10−4.

In addition, the PERC system is designed not only as a spectrometer, but also a beam station
of neutron decay products. e PERC instrument is able to export an intense e−/p+-beam,
which can be used in different measurements with various physical motivations. Depend-
ing on the desired observables, it is possible to apply types of the detectors or spectrometers
for post processing and measurements at the end of PERC (Section 6.5). e high statistics
and the magnetic ĕeld system of PERC can realize the measurements of the observables
with high precisions.

e precise measurements of the neutron decay in low energy scales are complementary
to the researches in high energy experiments, and supply us the opportunities to test the
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Chapter 6 PERC: A Clean, Bright and Versatile Source of Neutron Decay Products

Standard Model and its extensions. As introduced in Section 2.3, some of the new sym-
metry concepts and the physical quantities that are excluded from the Standard Model are
able to be derived from the neutron decay observables. ese possible new physics may
indicate the supersymmetries, the exotic particles and interactions, and uniĕcation of the
forces, which are at the forefront area of the particle physics and cosmology.

e experiments of PERC will be performed at the neutron beam facility Mephisto of the
Forschungs-NeutronenquelleHeinzMaier-Leibnitz (FRMII) inMunich ofGermany [Zei06].
With the supermirror n-guide, Mephisto can supply neutrons with capture Ęux of 2×1010

cm−2s−1 [Bae08].

e PERC project is developed by an international collaboration of the University of Hei-
delberg, the Vienna University of Technology, the Institute of Laue-Langevin, the Univer-
sity of Mainz, and the Technical University of Munich.

In this chapter, we provide an overview of PERC, including its principles, properties, and
possible systematic problems.

6.1 Principles of PERCSystem

e PERC instrument mainly consists of three parts: the 8 m long decay volume vessel for
the neutron decay and e−/p+collection, the selector vessel for e−/p+decoupling and the pitch
angle selection, and the detector vessel for magnetic ĕeld reduction and e−/p+detection. A
set of superconducting coils are located in the three vessels and supply a high magnetic
ĕeld. A sketch of the PERC instrument is shown in ĕgure 6.1.

Decay Vessel 

(8m)

Selector Vessel 

(2.2 m)

Detector Vessel

(1 m)

Superconducting Coils

Figure 6.1: Plot of PERC instrument. e red parts denote the superconducting coils between
the inner bore and outer wall.

e decay volume vessel and the detector vessel, as well as the coils inside them are located
coaxially, assumed along the z-axis. e selector vessel has a larger diameter, and the vessel
center is 8 cm higher than the other two vessels. e whole instrument shows a dromedary
geometry, with a total length of 11.2 m.

emainmechanisms of PERC have similarities as the PERKEOIII and previous PERKEO
instruments. e cold neutrons from the reactor are imported to the decay volume, and
part of them decay into charged e−, p+ and ν̄e. e magnetic ĕeld inside the decay volume
holds the neutron spin states and collects the decay e−/p+due to their gyration motions.
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6.2 Active Decay Volume Inside Neutron Guide

e rest neutrons propagate through the decay volume, then are absorbed by the beamstop
located in the selector vessel.

In the selector vessel, there are three tilted coils on both sides to provide a curved magnetic
ĕeld from the decay volume to the detector vessel. e e−/p+-beam from the decay vol-
ume are decoupled from the n-beam, and guided by the curved magnetic lines to Ęy over
the neutron beamstop. Aer the beamstop, they are guided back to the central axis, then
projected to the detectors. Figure 6.2 shows the principle of PERC, and the trajectories of
e−/p+and neutrons.

Decay Volume

e-/p+-beam

Detector Vessel

Neutron Beamstop

Selector Vessel

n-beam

Detection Area

Figure 6.2: Sketch of the PERC principle, and the simulated trajectories of e−/p+and neutrons.

In the detector vessel, the analysing apparatuses and detection systems can be applied for
the processing and measurements of e−/p+particles.

Compare with the precursor instruments, PERC has new features which enhance the sys-
tematic effects, including the deĕned decay volume in the neutron guide and the speciĕed
magnetic ĕeld distribution.

6.2 ActiveDecayVolume InsideNeutronGuide

To apply a long decay volume as in PERC, the n-beam cross-section expansion caused by
the beam divergence need to be avoided.

e large n-beam cross-section may lead to problems in the experiments:

• e too large n-beam proĕle may cause the collisions of neutrons or e−/p+with the
inner wall of the instrument, which can generate long-term background signals or
distortion of e−/p+spectra.

• In the large n-beam, the magnetic ĕelds experienced by neutrons have larger devi-
ations. e calculations of the magnetic mirror effect will be less accurate (Section
4.4).
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• e e−/p+-beam size is enlarged by the n-beam. Toobtain high statistics, large e−/p+detectors
are required, which then cause systematic errors, e.g. the position dependences of the
scintillator detector.

In case of PERC that has 8 m long decay volume, we will apply a non-depolarizing neutron
guide (n-guide) inside the superconducting solenoid as the active decay volume. e n-
guide has m = 2 supermirrors coated on the inner walls. When the neutrons from the
reactor are introduced into the n-guide, they can be conĕned in the n-guide with little
loses (Section 3.3.1). erefore, the systematic errors related to the n-beam cross-section
areminimized, and the neutrons in the decay volume experiences a homogeneousmagnetic
ĕeld, which can suppress the magnetic mirror correction to 10−3 (Section 7.3.3).

e n-guide in PERC supplies an active decay volume of 6×6×800 cm3, which can supply
extremely high decay rates as 106 s−1 (Section 6.6, [Dub08]).

Practically, the supermirror can absorb a little fraction of the incident neutron. Figure 6.3
shows the simulated neutron Ęux along the m = 2 n-guide. Aer the 8 m long n-guide,
totally 3.86×109 neutrons are absorbed per second, that account for 1.4% of all input neu-
trons.

0 1 2 3 4 5 6 7 8
2.73

2.735

2.74

2.745

2.75

2.755

2.76

2.765

2.77
x 10

11

Position along n−guide (m)

N
eu

tr
on

 F
lu

x 
Φ

 (
s−1

)

Neutron Flux along the n−guide

Figure 6.3: e simulated neutron (real) Ęux along the z-direction of n-guide. e n-guide
hasm = 2 supermirrors, and the reĘectivity R0 is assumed as 99%. e neutron source is same
as introduced in Section 3.3.1. Assuming there are no neutron losses between the source and
the n-guide.

Besides the advantages, the n-guide also causes systematic problems:

• Neutron absorption and related background.

e neutron absorption of n-guide does not signiĕcantly inĘuence the neutron den-
sity or the decay rate, but will generate considerable 3.86×109 Hz γ background. e
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6.3 High Magnetic Field Supported by Superconducting Magnets

γ-rays from the n-guide normally have 0.5MeV and 6~9MeV energies, that are emit-
ted from Boron glass and Ni layer respectively. For a 100% efficient detector with the
size of 10×10 cm2, and located 3.18 m distant from n-guide, the γ-ray background
of 8.64×104 Hz will be received.

• N-beam background in time scale.

en-beam related background is always present during the collection of signals. We
cannot compare the signal and the background for every cycle in the pulsed beam
mode, as it was done in PERKEOIII experiment.

• Edge effect.

edecay e−/p+in the n-guidemay have collisions with the guide when they are emit-
ted close to the inner wall of the n-guide, so called as the edge effect. e collisions
will cause the absorption of e−/p+, or changes on their energies or emission angles,
thus lead to the distortion of the measured e−/p+spectra and angular distributions.

e ĕrst and the second background problems can be highly suppressed by the speciĕc
dromedary geometry and the neutron beamstop. As shown in ĕgure 6.2, the neutron beam-
stop is located in the 2.1m long selector vessel. e selector vessel can accommodate pieces
of thick Pb bulks behind the neutron absorber sheets, to attenuate the γ-rays from the reac-
tor site, the decay volume, and the neutron absorption sheet. e detector directly behind
the neutron beamstop thus can be well shielded. Assuming the Pb bulk has a thickness
of 1 m, the 0.5 MeV and 6~9 MeV γ-rays can be suppressed by 1060 and 1020 respectively
[HS95]. eoretically, the total γ background including that from the beamstop can be
reduced below 10−10 Hz.

To reduce the errors from the edge effect, we decrease the collision probability by apply-
ing a high magnetic ĕeld, further use an e−/p+-window at the detection area to absorb the
distorted signals (Section 7.3.2).

Since the coated suppermirror on the Boron glass substrate of the n-guide cannot surfer
low temperature, the warm bore will be applied inside PERC.

6.3 HighMagnetic Field SupportedbySuperconducting
Magnets

e PERC instrument will apply a high magnetic guiding ĕeld supported by a series of su-
perconductingmagnets. e application of highmagnetic ĕeld can suppress the systematic
errors of the aspects:

• e−/p+gyration radius and n-guide edge effect.

e probability of the collision between the e−/p+and the n-guide is related to the
gyration radii, the pitch angles and the emission positions of e−/p+particles. e high
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magnetic ĕeld can efficiently decrease the e−/p+gyration radii, thus can suppress the
n-guide edge effect.

• e−/p+-beam size.

e e−/p+-beam cross-section is also decreasedwith the gyration radii. Together with
the n-guide, the proĕle of the e−/p+-beam is kept smaller than 10×10 cm−2 at the
detection area. Small detectors can be applied for measurements, thus the errors
e.g. caused by detector position dependencies can be minimized.

• Non-adiabatic transport.

As shown in eqn. B.2, the adiabatic condition of particle transports is easier to be
fulĕlled in high magnetic ĕeld. e large magnetic ĕeld gradient around the ĕeld
barrier B1 (ĕgure 6.4) will not distort the pitch angles of e−/p+.

• Dri effects.

According to eqn. B.11, the dri effects caused by ĕeld curvatures can be suppressed
in high magnetic ĕeld.

6.4 SpeciöedMagnetic FieldDistribution

e geometry and the strength of the magnetic guiding ĕeld in PERC are speciĕcally de-
signed with a functional distribution, which can realize more efficient and accurate mea-
surements.

From eqn. 3.1 and ĕgure 3.1, it is seen that the β-asymmetry is more obvious around the
direction of neutron spin state ⟨σn⟩ and the opposite direction. Namely the electrons emit-
ted with small pitch angles according to the magnetic lines have more information of the
correlation A. By choosing the signals with emission angle ranges, the measurements can
obtain a higher efficiency.

In PERC, the selection of e−/p+emission angles is realized by the magnetic mirror effect,
which is achieved by the speciĕed magnetic ĕeld distribution. Figure 6.4 shows the mag-
netic ĕeld strength along the e−/p+-beam in PERC.

e 8 m long solenoid outside the n-guide can supply a homogeneous magnetic ĕeld of
B0 = 1.5 T. Behind the decay volume, the coils in the selector vessel generate a high mag-
netic ĕeld barrier of B1 = 6 T. When the decay electrons propagate from B0 to B1, both
the e−/p+gyration radii and the e−/p+-beam cross-section shrink according to the adiabatic
invariant in eqn. B.4. Besides, the longitudinal momenta of e−/p+are converted to the trans-
verse component, and the particles will be reĘected back when their pitch angles increase
to 90ο.
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6.4 Speciĕed Magnetic Field Distribution
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Figure 6.4:e magnetic ĕeld strength along the e−/p+-beam in PERC. e decay volume has
a homogeneous magnetic ĕeld of B0 = 1.5 T. e coils in the selector vessel generate a high
magnetic ĕeld barrier B1 between 3 T and 6 T. Aer the selector coil, the ĕeld is decreased to
B2 = 0.5 T at the detection area.

us the highmagnetic ĕeld B1 acts as amagnetic mirror, that allows only the electron with
emission angle θ0 smaller than the critical angle θc at B0 to pass. e critical angle from
eqn. B.7 is written as:

θ0 6 θc = arcsin
√

B0

B1
= arcsin

√
1.5 T
6 T

= 30ο (6.1)

Aer the selector vessel, the ĕeld decreases adiabatically to B2 = 0.5 T at the detection area.
e pitch angles of electrons are then decreased below

θdet 6 arcsin
√

B2

B1
= arcsin

√
0.5 T
6 T

= 16.8ο (6.2)

and the e−/p+-beam cross-section is increased to

Sdet = Sdec ·
B0

B2
= 6 × 6 cm2 · 1.5 T

0.5 T
= 10.4 × 10.4 cm2 (6.3)

With the angle selection, the received signals are deĕned by θc

N↑ =

∫ θc

0
W(θ) sin θdθ N↓ =

∫ π

π−θc
W(θ) sin θdθ (6.4)

and the experimental β-asymmetry Aexp becomes

Aexp(E) ≡
N↑(E)− N↓(E)
N↑(E) + N↓(E)

=
1
2
Aβ(E)P(1 + cos θc) =

1
2
Aβ(E)P

(
1 +

√
1 − B0

B1

)
(6.5)
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with β = ve/c, and P the polarization of the neutrons. Compare with eqn. 3.4, the value
of Aexp can be increased by a factor of (1 + cos θc), while the event rate is decreased by
(1 − cos θc). is effect is also valid for the proton asymmetry measurement.

Additionally, the selector ĕeld B1 is designed to be variable between 3 T to 6 T, hence θc and
the related effects are able to be tuned in the experiment. Figure 6.5 shows the systematic
effects as functions of the magnetic ĕeld ratio B0/B1 and B2. 1

With the speciĕed magnetic ĕeld distribution, we are able to gain the beneĕts in the mea-
surements:

• More efficient events.

e collected signals with small emission angles have more information about e−/p+

asymmetry. We can obtain more efficient events in the measurement.

• Suppressed backscattering effect.

e maximal e−/p+pitch angles at the detector are less than 25ο. As shown in ĕgure
5.1, the backscattering probabilities of the electrons are less than 6%, which is 2.5
times smaller than that in PERKEOIII.

• Backscattered signal measurement.

Since B2/B1 ≪ 1, most of the backscattered particles off the detector can be reĘected
by B1 back to detector, and their rest energies can be measured. e backscattered
e−/p+which can pass B1 account for 8.7% and 4.3% of the total backscattered signals,
corresponding to 3 T and 6 T selector ĕeld.

• Less sensitivity to ĕeld homogeneity.

emagneticmirrormakes theAexp less sensitive to the deviations of the ĕeldsB0,B1,
compare to the case without the mirror B0/B1 = 1, in which case the sensitivity di-
verges to inĕnity, as shown in ĕgure 6.5 (e) and eqn. 7.2. e B0 and B1 inhomo-
geneity will induce less errors.

• Event rate limitation.

PERC can supply a large decay rate on 106 s−1 order, but the electronics for detec-
tion nowadays can hardly reach this level. Further, the event rate is too large for the
measurements with single-count mode. e selection of emission angle can keep the
event rates under an acceptable limit.

• Adjustable pitch angle selection.

With different selector ĕeld B1 between 3 T and 6 T, we are able to investigate the
dependencies of the observables with the e−/p+emission angles.

Table 6.1 summarizes some parameters with B1 from 3 T to 6 T.
1e merit of a measurement NA2

exp is a quantity inversely proportional to the statistic error for a cer-
tain measuring time, hence also inversely proportional to the measuring time to reach a certain error
[Kno10].
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6.4 Speciĕed Magnetic Field Distribution
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Figure 6.5: e effects of the magnetic mirror on the measurements. e plots show the
dependencies of magnetic ĕeld ratio B0/B1 with (a) the critical angle θc; (b) the event rate N
received by the detector; (c) the experimental asymmetry Aexp; (d) the measurement merit
NA2

exp; (e) the sensitivity of Aexp to B0, B1 homogeneity. (f) e maximal pitch angle at the
detector vs. B1 ĕeld. e values of N and Aexp are normalized by the case with no mirror
effect, i.e. B0/B1 = 1.
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B1
Critical
Angle θc

Pitch Angle
at Detector θdet

Aexp
Magniĕcation

Relative
Event Rate

Loss of
Backscat. e−/p+

3 T 45.0ο 24.1ο 1.71 29.3% 8.7%
4 T 37.8ο 20.7ο 1.79 20.9% 6.5%
5 T 33.2ο 18.4ο 1.84 16.3% 5.1%
6 T 30.0ο 16.8ο 1.87 13.4% 4.3%

Table 6.1: Some parameters with B1 variation. e Relative Event Rate is the event rate rel-
ative to the case without magnetic mirror B0/B1=1. e Loss of Backscat. e−/p+ denotes the
fraction of the backscattered e−/p+that pass B1 barrier, assuming the backscattered signals are
isotropically emitted from the detector.

6.5 DetectionMethods andMeasurableQuantities

At the end of PERC system, various spectrometers for electron and proton measurements
can be applied. Figure 6.6 sketches some possible spectrometers, the measurable observ-
ables, and the derived quantities.

Detection Methods

Electron Energy Spectrometer

Proton Energy Spectrometer

Proton Detector+Gate Voltage

Magnetic Spectrometer

Mott Scattering Analyzer

Measured Quantities

e- energy spectrum Fe(E)

(unploarized neutron)

e- energy spectrum Fe(E)

(ploarized neutron)

p+ energy spectrum Fp(E)

(ploarized neutron)

p+ energy spectrum Fp(E)

(unploarized neutron)

p+ Time Of Flight

e- /p+ momentum spectra

e- helicity

Observables

f2 frad 

b

A

B

C

a

RFigure 6.6: Sketch of the detection methods, the measurable and derivable observables.

With the direct observed e−/p+spectra and other observables, the coefficients a, b, A, B and
R can be derived, further more quantities can be deduced from them, as introduced in
Chapter 2.

6.6 Event Rate Estimation

If assume the neutron source has the capture Ęux of Φc = 2×1010 cm−2s−1, and 20% of the
neutrons are lost between the source and the n-guide [Dub08], the total decay rate inside
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6.6 Event Rate Estimation

the n-guide is

Ndecay =
Ldecay
v0τ

· Φc · Sn-guide · 80% = 2.38 × 106s−1 (6.6)

with the length of the decay volume Ldecay = 8 m, the most probable velocity v0 = 2200
m/s, the neutron life time τ = 880.1 s, and the n-guide cross-section Sn-guide = 6×6 cm2. By
applying the selector ĕeld B1, and the e−/p+-window that has the projection of 5×5 cm2 in
n-guide (Section 7.3.2), the event rate received by the detector is

N = Ndecay ·
1
2
Se−/p+-window

Sn-guide

(
1 −

√
1 − B0

B1

)
(6.7)

Table 6.2 lists the expected event rates of e−/p+signals with continuous (Cont.) and pulsed
(Pulse.) n-beam, unpolarized (Unpol.) and polarized (Pol.) n-beam

B1 Cont. Unpol. Cont. Pol. Pulse. Unpol. Pulse. Pol.

3 T 2.42×105 4.84×104 1.21×104 2.42×103

4 T 1.73×105 3.46×104 8.65×103 1.73×103

5 T 1.35×105 2.70×104 6.75×103 1.35×103

6 T 1.11×105 2.21×104 5.54×103 1.11×103

Table 6.2: Estimation of the event rates in PERC with continuous and pulsed, polarized and
unpolarized n-beam, and with various B1 ĕeld.

In the pulse n-beam mode, we assumed the S(E) time window is 1/3 of one cycle period.
Together with the operations of the velocity selector and the chopper, the event rate is re-
duced by about 20 (Section 3.3). One supermirror polariser can reduce rate by factor of 5
(Section 3.3.3, additionally considering the polariser window as 8×8 cm2, and the PERC
n-guide cross-section 6×6 cm2).
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Chapter7

MagneticFieldSystemofPERC

e magnetic ĕeld inside PERC is the essential and the main element of the experiment.
As introduced in Chapter 6, the magnetic ĕeld has functions of holding the neutron spins,
collecting and guiding the e−/p+particles to the detectors, selecting and adjusting the e−/p+

pitch angles. Hence the properties of the magnetic ĕeld in PERC are strongly related to the
systematic effects and errors. In order to obtain optimized experiment performance, the
magnetic ĕeld system and the e−/p+trajectories in PERC are carefully designed and studied
with different kinds of simulations (Appendix C).

7.1 Requirements toMagnetic Field System

Generally, the magnetic ĕeld system of PERC should satisfy requirements from physics,
mechanics and systematics points of view:

• e systematic errors of the experiment should be reduced as small as possible. e
ĕeld system should limit the distortion of e−/p+properties on the level of 10−4.

• e system should be available for different kinds of post spectrometers with various
physical motivations. And the post spectrometers should not cause defects of system
functions.

• To avoid possible defects of the instrument in practice, the functional magnetic ĕelds
B0, B1, B2 should be variable to some extend from the nominal values, without caus-
ing systematic defects.

• e properties of the magnetic ĕeld should have tolerances on some unexpected fac-
tors, e.g. errors inmanufacturing, externalmagnetic ĕeld, inĘuences fromnon-linear
magnetic shielding material.

• e instrument should bemechanically stable under the strongmagnetic forces from
the coils and the magnetic shielding.

• e geometry of the system should ĕt the related elements, e.g. n-guide, vacuum
pump, mechanical supports, thermal insulation of cryostat and the hall of Mephisto
beam line.
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Chapter 7 Magnetic Field System of PERC

• e superconducting coil system is expected for a long term use without quenching
of magnets, leakages of cryogen or failure of cooling.

e PERC collaboration has taken the aspects listed above into the consideration, and de-
termined the dromedary geometry of the magnets, as introduced in Chapter 6. Compare
with other designs, the dromedary geometry has the advantages and the disadvantages:

Advantages:

• Background shielding.
e γ background from n-beam can be well shielded by the beamstop in the selector
vessel (Section 6.2).

• Easier construction.
e systemhas a relative simple structure, which is easier for construction and causes
less possible problems in cryogenics.

• Mechanical stability.
e magnetic forces between coils are mainly in the z-direction. e system can be
more stable under the strong forces.

• R×B dri effect.
e symmetric layout relative to the selector coil minimizes the R×B dris of e−/p+.

Disadvantage:

• Real time neutron polarization.
e real time neutron polarization measurement during e−/p+detection is difficult to
be realized since the e−/p+-beam is coaxial to the n-beam in the detection area.

• Field inĘuences.
e selector coils have large diameters, hence the high magnetic ĕeld B1 signiĕcantly
inĘuences the ĕeld of decay volume B0, the detection area B2 and the post spectrom-
eters. e inĘuences cause inhomogeneities of the other ĕelds, and induce relative
larger corrections of the magnetic mirror effect.

• B1 homogeneity.
Since the coils in selector vessel are located higher than other coils, it is difficult to
control the homogeneity of B1, and

• e−/p+-beam shis.
e vertical positions of the e−/p+beam changes with B1.

Under the frame of dromedary geometry, we need to deĕne the conĕgurations of the coils
in detail, as well as minimize the adverse effects. To ensure the expected performances of
PERC, the technical characters of the magnetic ĕeld are required:

• Prevention of magnetic local minima.
e local minima of the magnetic ĕeld along the e−/p+-beam and n-beam must be
avoided as far as possible. e ĕeld minima can trap the charged particles and con-
tribute continuous distorted signals, as presented in Section B.3.
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• Enough separation distance.
e e−/p+-beam in the selector vessel should be separatedwith enough distances from
the n-beam to place the neutron beamstop. Considering the beam proĕles and room
for shielding, the distance between e−/p+-beam and n-beam centers is required larger
than 10 cm.

• Minimized e−/p+collisions.
e e−/p+-beam should have no collisions with the inner walls of the warm bore. e
collisions between e−/p+and n-guide, i.e. the edge effect should be minimized and
well studied.

• Field homogeneity.
e ĕelds B0 and B1 for the e−/p+pitch angle selections must be homogeneous. e
corrections caused by ĕeld ratio B0/B1 need to be lower than 1.4×10−2 for continu-
ous n-beam mode.

• Variable selector ĕeld.
e selector ĕeld B1 should be variable between 3 T and 6 T to adjust the critical
angle θc, without inĘuencing the functions of the system.

• Adiabatic transport
enon-adiabatic transport that changes the e−/p+pitch angles should beminimized.

• Mechanic and geometry requirements.
e coils need enough space between each other for necessary mechanic supports
and cooling system.

Taking all factors above into consideration, we provide a design of themagnets systemwith
13 coils.

7.2 Magnets Systemof PERC

7.2.1 Decay coil

e 8 m long decay coil outside the n-guide supplies the magnetic ĕeld B0 for the decay
volume.

en-guide has outer cross-section of 8×8 cm2. In the radial direction outside the n-guide,
we need around 10 cm for the mechanic supports of the guide, and 5 cm for the thermal
insulation of the cryostat. Taking these factors, we set the radius of decay coil as 20 cm.
e geometry and the cross-section of the decay vessel are plotted in ĕgure 7.1.

At the end of the decay volume, the magnetic ĕeld decreases and the ĕeld local minimum
can appear. On the decay coil, we apply three correction coils with positive and negative
currents to adjust the ĕeld in small ranges, hence avoid the local minima on the n-beam
and e−/p+-beam, also homogenize the B0 ĕeld over the decay volume. Technically, these

77



Chapter 7 Magnetic Field System of PERC

(a) n-beam

Correction Coils

(b) e−/p+-beam

Figure 7.1: (a) e plot of the cross-section of the decay volume vessel. (b) Sketch of the side
view of the decay coil.

correction coils can be realized by simply adding or removing some winding layer from
the solenoid.

7.2.2 Bending coils

Aer the decay volume, we use two tilted bending coils to curve the magnetic lines and
decouple the e−/p+-beam from the n-beam.

To reduce the overlapped area of e−/p+- and n-beam (Section 7.3.1), the bending coils
should separate the e−/p+-beam efficiently, i.e. have large tilt angles. On the other hand,
the discrete tilted coils can cause ĕeld minima between them. We delicately adjust the ge-
ometry and parameters of the coils, and apply the correction coils both on decay coil and
selector coil. emagnetic ĕeld on the e−/p+- and n-beams can be smoothly increased from
the decay volume to the selector vessel, as plotted in ĕgure 7.2.

7.2.3 Selector coils

e coils in the selector vessel are used to generate the magnetic ĕeld barrier B1, that ĕlters
e−/p+according to their emission angles. Figure 7.3 sketches the geometry of these coils.

e 88 cm long solenoid in the vessel named as selector coil can supply a ĕeld of 3 T. e
two correction coils at both ends of selector coil are used to avoid the ĕeld minima at the
joints of the coils, also to homogenize the B1 ĕeld.

e variation of B1 is achieved by the two coils outside the selector coil, named as ĕlter coils,
which are supplied by an individual power. By adjusting their current from 0 A to 612 A,
B1 can be tuned between 3 T and 6 T. e ĕlter coils also act as a pair of Helmholtz coils,
which can keep the B1 homogeneity below 1.6×10−4 level in the e−/p+-beam cross-section
(Section 7.3.3).
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Figure 7.2: e magnetic ĕeld strength along the (a) n-beam and (b) the e−/p+-beam in the
bending coils. Different curves denote the ĕeld strengths along the central lines and the edges
of the beams. e zero point means the end of the n-guide. B1 is set as 3 T, the n-beam is
assumed to have 2ο divergence.

Inner Bore

Outer Wall

Decay Coil

Correction Coils

(decay)

Selector Coil

Bending Coils

Filter Coils

Detector Coil

Correction Coils

(Selector)

Figure 7.3: Sketch of the coils inside the selector vessel.

7.2.4 Detector coil

Aer the selector coil, the third bending coil guides the e−/p+-beam back to central axis of
decay coil, behind the beamstop. A 1 m long detector coil is then applied to decrease the
magnetic ĕeld gradually to the low ĕeld B2. In the detector coil, the processing apparatuses
e.g. the static electrodes, and the spectrometers e.g. election scintillator or silicon detectors,
proton detectors can be applied.

For an easy and reliable industrial manufacture, we ĕrstly build up the superconducting
magnets system, as well as the related mechanic supports and the cooling system. e
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Chapter 7 Magnetic Field System of PERC

inner warm bore can be produced separately, and aerwards inserted into the magnets
from the open end at the detector coil. is procedure requires that the cross-section of
the inner bore in detector vessel must be larger than that in selector vessel and decay vessel,
as sketched in ĕgure 7.3. In order to avoid the interactions between the e−/p+and the inner
bore, enough space between them has to be le.

As discussed in Section 7.3.1, the maximal distance of e−/p+is 14 cm from the n-beam cen-
ter. We set the radius of detector coil as 25 cm, and the inner radius of the warm bore inside
detector vessel can be 20 cm. In this case, at least 5 cm distance between e−/p+and the bore
can be assured. Additionally, the inner wall of the warm bore will be polished and coated
with gold to minimize the electrical forces on the protons.

7.2.5 Parameters of coils

Altogether, there are 13 coils in the magnets system, including 6 solenoids and 7 correction
coils outside of them. e detailed technical parameters of the magnets are summarized in
Appendix D and table D.1.

For the reasons of manufacture, experiment and security, we use 4 power supplies for the
magnet system.

e decay coil has a large length, and supplies a relative lowmagnetic ĕeld. e current of it
can be high to reduce the superconductor windings. e bending coils and the selector coil
produce and experience high magnetic ĕelds, hence the current of these coils is set lower
to avoid magnetic quenching (Section 8.1.2). e ĕlter coils are used to tune B1 between 3
T and 6 T, thus need an individual power supply with variable current. e detector coil
can also use an adjustable power supply to vary B2 ĕeld and the e−/p+pitch angles at the
detector.

With the 4 individual power supplies, we are able to change the functional magnetic ĕelds
separately to fulĕll different measurements. Also, they are sufficient to avoid the unex-
pected magnetic ĕeld defects during the experiment, e.g. ĕeld minima and external ĕeld
inĘuences. Every power supply has an individual security system to damp the currents
when quenching occurs (Section 8.1.2).

7.3 Properties ofMagnetic Field and e−/p+Trajectories in
PERC

7.3.1 Properties of e−/p+trajectories with B1 variation

e coils in selector vessel are located 8 cm higher than the decay and detector coil, so the
trajectories of e−/p+particles also change with the B1 variation.
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Decoupling distance.

e e−/p+-beam is decoupled from the n-beam in the bending coils. e distance from the
end of the n-guide to the separation point where the e−/p+-beam is totally separated from
the n-beam, is deĕned as the decoupling distance, as sketched in ĕgure 7.4.

Separation

Distance

Decoupling

Distance
Separation Point

Figure 7.4: Trajectories of e−/p+and neutrons in the bending coils. e e−/p+are emitted from
the middle of the decay volume.

e decoupling distance is necessary for the parameter determinations:

• e corrections on B0.

e decay signals from the overlapped area of e−/p+-beam and n-beam in the decou-
pling distance also contribute to the measurements (in continuous n-beam mode).
Whereas themagnetic ĕeld in bending coils is higher than 1.5 T, hence the correction
of decay ĕeld B0 gets large when decoupling distance is long.

• e geometry of the neutron beamstop.

e beamstop and the connected γ shielding have to be placed aer the separation
point. And the beamstop should ĕt the size of the n-beam, which is enlarged outside
the n-guide due to the beam divergence.

Systematically, the decoupling distance should be as short as possible. Besides, as discussed
in Section 7.2, the ĕeld local minima on the e−/p+-beam and n-beam need to be avoided.

e decoupling distances as shown in table 7.1 are from 41.21 cm to 41.53 cm. If assume
the divergence of the n-beam out from the n-guide is 2ο, the resulted n-beam cross-section
is 8.9×8.9 cm2 at the separation point.

Separation distance.

edistance from the e−/p+-beam center to the n-beam center in the selector coil is deĕned
as separation distance, as shown in ĕgure 7.4. e separation distances are required to be
larger than 10 cm to accommodate the neutron beamstop and the related γ shielding.
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In the dromedary layout, the variation of B1 changes the vertical position of e−/p+-beam
in the selector coil. Figure 7.5 shows the simulated distributions of the electrons in the
cross-section of the selector coil, when B1 is set as 3 T and 6 T.
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Figure 7.5: e proĕles of the e−/p+-beams in the cross-section of the middle of the selector
coil, with the B1 ĕeld as 3 T and 6 T. e spots denote the e−/p+distribution simulated by
CST Studio, and the frames denote the proĕles of magnetic lines initiated from decay volume
simulated by magĕeld.c. e zero point is the central axis of the decay coil.

From the simulation, the e−/p+-beam center is in the range from 9.93 cm to 11.90 cm, and
total beam is in the range from 8.43 cm to 14.02 cm relative to the n-beam central line. e
separation distances are needed for the calculation and the optimization of the B1 homo-
geneity (Section 7.3.3).

e−/p+trajectories at the n-guide end.

Beside the position in the selector coil, the e−/p+-beam in the n-guide is also inĘuenced by
the B1 ĕeld. Figure 7.6 shows the magnetic line distributions at the end of the n-guide.

As shown in ĕgure 7.6, the e−/p+-beam center is shied by -0.8 mm and +2.8 mm at the
end of n-guide, for B1 as 3 T and 6 T. e overlaps of the magnetic lines and the n-guide
indicate the collisions of e−/p+particles, which lead to the edge effect.

Table 7.1 summarizes the e−/p+-beam properties relative to different selector ĕeld B1.

7.3.2 Edge effect of n-guide and active e−/p+window

Active e−/p+-window.

As introduced in Section 6.2, the n-guide edge effect, i.e. the collision of e−/p+particles with
the n-guide inner wall will cause absorption and distortion of the signals. To shield the
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Figure 7.6: e side view of the magnetic line distributions at the end of n-guide, for the
selector ĕeld B1 as 3 T and 6 T. e magnetic lines are initiated from the middle of n-guide,
and stand for the proĕle of the e−/p+-beam.

B1
Decoupling Max. B-ĕeld in e−/p+Position Separation e−/p+Size
Distance Decoupling at Guide End Distance at Selector

3 T 41.21 cm 1.83 T -0.8 mm 11.90 cm 4.23×4.24 cm2

4 T 41.26 cm 1.99 T 0.5 mm 10.99 cm 3.66×3.68 cm2

5 T 41.49 cm 2.16 T 1.7 mm 10.37 cm 3.27×3.30 cm2

6 T 41.53 cm 2.32 T 2.8 mm 9.93 cm 2.98×3.01 cm2

Table 7.1: Properties of the e−/p+-beam in PERC with B1 variation. e third column denotes
the maximal magnetic ĕeld in the overlapped area.

distorted signals, we apply an e−/p+-window at the detection area, as sketched in ĕgure 7.7
(a) 1.

However, the application of the e−/p+-window will cause the signal distortions on the sec-
ond order:

• e−/p+penetration.

To avoid the collisions with the window edges, the thickness of the e−/p+-window
has to be much smaller than the helical pitches of the charged particles. Whereas the
e−/p+then have probabilities to penetrate the window, and reach the detector.

• Backscattering off the e−/p+-window.

When the e−/p+hit the window, they have probabilities to be backscattered, and most
of them can be reĘected back byB1. Due to the helicalmotion, the reĘected e−/p+have
probabilities to Ęy over the window and reach the detector.

1If the e−/p+-window is sufficiently thin, it does not change the angular distributions of the particles.
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• Backscattering off the detector.

e backscattered e−/p+from the detector have probabilities to hit the e−/p+-window
from outer side, or be reĘected by B1 then hit the window from inner side. e
backscattered energies are lost.

e second order effects will contribute 10−2 to 10−3 events relative to the total signals
[Dub08]. To suppress the distortions, we can use the active e−/p+-window with the single-
count mode measurements. e active e−/p+-window can be made by plastic scintillator
material, and connected with photomultiplier tubes, as sketched in ĕgure 7.7 (a).

Detector

e-/p+ window

(Scintillator)

PMT

(a)

Detector 2

Detector 2

Detector 1

Det-2

Det-2

Det-1

PMT

PMT

(b)

Figure 7.7: (a) Principle of the active e−/p+-window. e window is made by scintillator
material, and connected with photomultiplier tubes (PMT). e signals from active window
are set anti-coincident to the measurement. (b) A method of the composited detector system.
Both of the detectors can be Silicon or scintillator detectors.

When the electrons hit the e−/p+-window, it can output signals, which are set anti-coincident
to the measurements of the detectors. Once there is an event from the window, the mea-
sured results from e−/p+-detector in a time period are abandoned.

Another easier solution could be combining the active e−/p+-window and the detector to-
gether, as shown in ĕgure 7.7 (b). e Detector-1 in the center is used for signal measure-
ment, the Detector-2 outside measures the abandoned signals. Both of the detectors can
be Silicon or Scintillator detectors. In the composite detector system, the e−/p+penetration
problem and the direct cross talk between the two detectors can be avoided. Furthermore,
this structure should be more easier for construction. With the same principle, the special-
ized Silicon detector with position resolution can also be used.

By applying active e−/p+-window, the second order distortion can be suppressed by factor
of 5 [Dub08].

Determination of e−/p+-window size.

In the 1.5 T decay volume, the maximal gyration radius of e−/p+which can pass through the
B1 ĕeld is

rmax =
pmax
eB0

sin θc =
pmax
eB0

√
B0

B1
= 1.87 mm (7.1)

considering the critical angle θc = 45ο caused by the lowest selector ĕeld B1 = 3 T.

84



7.3 Properties of Magnetic Field and e−/p+Trajectories in PERC

To avoid the distorted signals, all of the e−/p+particles whose gyration centers have distances
less than rmax from the n-guide inner wall should be shielded. erefore the e−/p+-window
projection at the decay volume should be at least d = 2rmax = 3.73 mm distant from the
n-guide. Taking a security factor, we take the distance as d = 5 mm, which results in the
5×5 cm−2 projection in decay volume, and should be sufficient for 3 T to 6 T B1 ĕeld.

To determine the e−/p+window, we study themagnetic lines distributions inside PERC.e
magnetic lines can stand for the tracks of the gyration centers of the charged particles, if
the particles are transported adiabatically, and the dri effects are negligible (Appendix B).
In the calculation, we count in the critical magnetic lines, whose nearest distance to the
n-guide inner wall is 5 mm. e critical magnetic lines thus can denote the projections of
the e−/p+window.

As introduced above, the B1 ĕeld variation inĘuences the e−/p+-beam in the n-guide and
detector, hence also changes the positions and the sizes of the e−/p+window. Table 7.2 lists
the dimensions of the areas deĕned by the critical magnetic lines in n-guide and detector,
with the selector ĕeld B1 in 3 T to 6 T range. e detector is 318 cm from the n-guide end,
and has a B2 ĕeld as 0.5 T.

B1
Dimension
in Decay

y-Pos.
in Decay

Dimension
in Detector

y-Pos. in
Detector

Event
Loss

Event Loss
Common

3T 49.8×47.5 mm2 1.2 mm 87.3×83.0 mm2 -0.3 mm 5.5% 8.8%
4T 49.8×48.7 mm2 0.6 mm 86.5×84.3 mm2 -0.6 mm 3.0% 7.0%
5T 49.8×49.8 mm2 0.1 mm 85.7×85.3 mm2 -0.8 mm 1.0% 5.2%
6T 49.8×49.0 mm2 -0.3 mm 84.9×83.1 mm2 -0.9 mm 2.5% 3.4%

Table 7.2: Dimensions of the e−/p+-window projection in decay volume and the detector. y-
Pos. denotes the vertical positions of the window centers from the central axis of decay coil.
Event Loss means the relative data losses compare to the ideal 5×5 cm2 window. Event Loss
Common denotes the relative losses when using a common e−/p+-window.

If we do not change the e−/p+-window when applying different B1 ĕelds, we need a common
e−/p+window for all B1 cases. e common window should be the overlaps of all windows
listed in the table. As a result, the commonwindow at the detector has the size of 84.9×82.4
cm2, and the vertical position of -0.6 mm. e Event Loss 2 in the table 7.2 denotes the data
losses when applying the common window, relative to the ideal 5×5 cm2 window.

It is necessary to note that, the d>5 mm criterion is only taken in the range between -4 m
to 0 m relative to n-guide end in the calculation, since edge effect caused by the beginning
of the n-guide is more difficult to be shielded.

As shown in ĕgure 6.4, the magnetic ĕeld at the beginning of decay volume is low, hence
the magnetic lines spread in this range. Figure 7.8 plots the magnetic line distributions at
the beginning of the n-guide.

e distorted e−/p+from the beginning part of n-guide will be condensed and guided by the
magnetic lines to the central region of the e−/p+-beam. e signals from the contamination
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Figure 7.8: e distribution of the magnetic lines at the beginning of the decay volume. e
e−/p+particles distorted by the n-guide can be guided to the central region of the e−/p+-beam.

area as shown in ĕgure 7.8 are difficult to be shielded by the e−/p+-window. In continuous n-
beam mode, the contributions of the distorted signals account for 4.3×10−3 and 2.1×10−3

of the total events for 3 T and 6 T B1 respectively.

e magnetic ĕeld at the guide beginning is 0.85 T. If we shield all distorted signals, the
e−/p+window needs to be at least 3.25×3.25 cm2 in the n-guide, and the event rates will be
further decreased by a factor of 2.4. Another solution to achieve a better shielding is using
pulse n-beam mode, with which the signals can be selected in the time scale.

7.3.3 Magnetic öeld homogeneity

e homogeneities of the magnetic ĕelds B0 and B1, which are used for the e−/p+selection
due to their emission angles, directly inĘuence the measurements related to the angular
distribution. In this section, we discuss the inĘuences of B0 and B1 homogeneities on β-
asymmetry measurement. For other angular distribution measurements, the effects will
show the same or similar properties.

By applying the magnetic mirror B0/B1, the sensitivities of the measured asymmetries to
the ĕeld homogeneity is efficiently decreased, as shown in ĕgure 6.5 (e). From eqn. 6.5, the
deviations of Aexp induced by B0 and B1 deviations are

ΔAexp

Aexp

∣∣∣∣
B1

= − sin2 θc
2 cos θc(1 + cos θc)

ΔB0

B0
,

ΔAexp

Aexp

∣∣∣∣
B0

=
sin2 θc

2 cos θc(1 + cos θc)
ΔB1

B1
(7.2)

with the ĕeld homogeneity andΔAexp/Aexp deĕned as the relative deviations from the values
in standard conĕguration

ΔB0,1

B0,1
=

B− B0,1

B0,1
,

ΔAexp

Aexp
=

Aexp − A0
exp

A0
exp

(7.3)
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B1 homogeneity.

As the highest ĕeld experienced by the e−/p+particles, the selector ĕeld B1 is required to be
homogeneous in the cross-section of the e−/p+-beam at the middle of the selector coil. For
this purpose, two correction coils and two ĕlter coils are applied outside the selector coil.

However, as listed in table 7.1, the shis of the e−/p+-beam position in the selector coil
due to B1 variations introduce considerable difficulties on the optimizations of the ĕeld
homogeneity. In this case, the position of e−/p+-beam must be same as the position of the
most homogeneous area (i.e. the ĕeld minimum in x-y plane) in the selector coil, when B1
is changing from 3 T to 6 T.

In the dromedary geometry, the three bending coils generate a minus gradient of magnetic
ĕeld along the y-direction. Together with the contribution of the ĕlter coils, both the ĕeld
minimum and the e−/p+-beam are shied down when B1 increases. By delicately adjusting
the lengths, positions, radii and windings of the coils, we try to synchronize the two shis
as well as possible. Figure 7.9 plots the relative B1 deviations in the x-y plane at the middle
of the selector coil, for B1 as 3 T and 6 T.
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Figure 7.9:e contour plots of the B1 relative deviations in the x-y plane at the middle of the
selector coil, for B1 equals 3 T and 6 T. e black dash frames denote the proĕle of e−/p+-beam
cross-section.

Table 7.3 summarizes the maximal B1 deviation in e−/p+-beam, and the resulted Aexp devi-
ations for 3 T to 6 T cases.

As shown in table 7.3, the maximal B1 deviation in the e−/p+-beam cross-section is below
1.6×10−4, which results the maximal Aexp deviation below 3.3×10−5.

B0 homogeneity.
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B1 Max. ΔB1
B1

Deviation Ratio ΔAexp
Aexp

/ΔB1
B1

Max. ΔAexp
Aexp

3 T 1.6×10−4 0.207 3.3×10−5

4 T 1.6×10−4 0.133 2.1×10−5

5 T 8.1×10−5 0.098 7.9×10−6

6 T 8.0×10−5 0.077 6.2×10−6

Table 7.3:e relative deviations of the selector ĕeld B1 in the e−/p+-beam cross-sections, and
the resulted Aexp deviations. e term Deviation Ratio is calculated with eqn. 7.2.

As shown in ĕgure 6.4 and table 7.1, the B0 ĕeld in the middle of the decay volume has a
uniform distribution, but is maximally decreased by 44% at the beginning of the n-guide,
and increased by 55% in the decoupling area. e electrons generated in different regions
result in different measured Aexp. Figure 7.10 shows the deviation of Aexp values, which are
induced by the neutrons along the z-direction of the decay volume.
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Figure 7.10:e relative deviations of Aexp that are induced by neutrons at different positions
in the decay volume, with the selector ĕeld B1 from 3 T to 6 T. e deviations are relative to
the theoretical value A0

exp, which assumes B0 = 1.5 T.

In the continuous n-beam mode, the total deviation of Aexp measured by detector is that
integrated over the decay volume space

DA =
1

A0
exp

∫
[Aexp(r)− A0

exp]N(r)dr3∫
N(r)dr3

(7.4)

A0
exp is the expected asymmetry when B0 = 1.5 T, and Aexp(r) is the measured asymmetry

with the neutrons at position r, where has a ĕeld of B0(r). e event rateN(r) is dependent
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on the neutron density ρ(r) and the solid angle deĕned by critical angle θc(r)

N(r) ∝ ρ(r) · 1
2
(1 − cos θc(r)) (7.5)

e neutron density ρ(r) can be considered as constant in the n-guide. From the n-guide
end to the separation point, it is assumed that the overlap of the e−/p+- and n-beams is
decreased linearly. Table 7.4 lists the integrated deviations DA over different ranges of the
decay volume.

B1 Total DA Beginning (0~1 m) Middle (1~7 m) End (7~8.4 m)

3 T -7.76×10−4 1.13×10−2 -1.37×10−4 -1.24×10−2

4 T -1.01×10−3 7.44×10−3 -1.56×10−4 -1.09×10−2

5 T -1.15×10−3 5.56×10−3 -1.66×10−4 -1.02×10−2

6 T -1.25×10−3 4.46×10−3 -1.72×10−4 -9.92×10−3

Table 7.4: Integrated deviations DA over the ranges of the decay volume, with the selector
ĕeld B1 from 3 T to 6 T.

e total DA stands for the correction on Aexp caused by B0 homogeneity in continuous
n-beam mode, and is on the level of 10−3 as shown in table 7.4.

However, the ΔAexp/Aexp from the beginning and the end part of decay volume make op-
posite contributions, thus result a cancellation of DA. To acquire a better understanding to
the systematical errors of B0 corrections, we deĕne the standard deviation σA ofAexp relative
to the theoretical value A0

exp (not relative to the average value) as

σA =
1

A0
exp

√√√√√√√
∫
[Aexp(r)− A0

exp]
2N(r)dr3∫

N(r)dr3
(7.6)

which can reĘect the possible scale of the systematic errors on the B0 homogeneity correc-
tions. e σA over different ranges in the decay volume are summarized in table 7.5.

B1 Total σA Beginning (0~1 m) Middle (1~7 m) End (7~8.4 m)

3 T 9.11×10−3 1.87×10−2 8.70×10−4 1.67×10−2

4 T 7.11×10−3 1.23×10−2 7.10×10−4 1.45×10−2

5 T 6.27×10−3 9.20×10−3 6.40×10−4 1.35×10−2

6 T 5.86×10−3 7.36×10−3 6.01×10−4 1.31×10−2

Table 7.5: Integrated standard deviations σA over the ranges of the decay volume, with the
selector ĕeld B1 from 3 T to 6 T.

As shown in table 7.4, in the 6 m middle range of the decay volume, the correction of Aexp
is on the order of 10−4. is range can be chosen as the effective decay volume for the pulse
n-beam mode measurements.
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For continuous n-beam, the correction is on the level of 10−3. If the experiment requires
the Aexp errors on 10−4 level, the measurement of B0 should obtain an accuracy on 10−3

according to the Deviation Ratio column in table 7.3.

7.3.4 Adiabatic criterion of e−/p+transports

e non-adiabatic transports of charged particles may cause the changes of their pitch an-
gles as introduced in Section B.2. e changes of pitch angles further lead to distortion of
the measured spectra when the magnetic mirror B0/B1 is applied.

In the precise measurement of PERC, the adiabatic criterion of e−/p+transports, namely the
ĕeld change in one helical pitch is required to be γ ≪ 1 [Dub08]. Figure 7.11 plots the
maximal values of the criterion γ along the e−/p+-beam.
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Figure 7.11: e maximal values of adiabatic criterion γ relative to the positions along the
e−/p+-beam. Assuming the e−/p+pitch angle is θ = 0ο, e−/p+momenta p = 1.19 MeV/c and
selector ĕeld B1 = 6 T.

As shown in ĕgure 7.11, the value of γ is below 2.1×10−2 from the middle of decay volume
to the middle of detector vessel. At the beginning of the decay volume, γ has the value of
0.14, which is caused by the ĕeld increase in this range. e non-adiabatic effect from this
range is unavoidable in experiments, and should be studied in the data analysis. At the
detector, γ increases to 0.18 due to the low magnetic ĕeld and the fast ĕeld decrease at the
end of PERC.

e non-adiabatic effects aer the selector coil do not inĘuence normal energy or asym-
metry measurements, but possibly inĘuence other measurements of post spectrometers,
e.g. proton retardation detector with electrodes. If we apply spectrometers sensitive to the
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e−/p+pitch angles, e.g. aSPECT or magnetic spectrometer, the adiabatic criterion should be
fulĕlled by other contributions from the post spectrometers.

7.3.5 R×B drift effects

In PERC instrument, the R×B dri effect are sufficiently suppressed by the high magnetic
ĕeld and the dromedary magnetic ĕeld geometry.

e maximal dri for e−/p+with momentum p = 1.19 MeV/c, emission angle θ0 = 45ο, and
selector ĕeld B1 = 3 T, is 0.06mm from the decay volume to the selector, and 0.16mm to the
detector. e negligible dri ensures our calculations of e−/p+-beam by magnetic lines.
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Chapter8

ExperimentalPropertiesofPERC

8.1 Experimental Properties Related toPERCMagnet
System

8.1.1 Inductances ofmagnets

e superconducting magnets in PERC have large inductances, and store much energy
when they generate high magnetic ĕelds

Wm =
1
2
∑
n

ImLmnIn (8.1)

where Lmn are the self- and mutual inductances between the coils, and Im,n are the currents
of them. Table 8.1 lists the simulated the self- and mutual inductances of the magnets in
PERC and the stored energies.

Coils Self-inductance (H) Mutual-inductance (H) Stored Energy (J)

Decay Coil 1.99×100 8.94×10−2 9.31×105

Bend Coil 1 2.21×10−1 2.02×10−1 7.46×104

Bend Coil 2 5.74×10−1 6.08×10−1 2.03×105

Selector Coil 4.72×100 6.47×100 1.93×106

Sele.Corr. 1 1.19×10−1 7.35×10−1 1.47×105

Sele.Corr. 2 1.19×10−1 7.39×10−1 1.47×105

Filter Coil 1 4.23×100 4.16×100 1.54×106

Filter Coil 2 4.23×100 4.16×100 1.54×106

Bend Coil 3 7.91×10−1 6.51×10−1 2.45×105

Detector Coil 4.97×10−1 1.52×10−1 1.10×105

Table 8.1: Self- and mutual inductances of the PERC magnets, and the stored energies in
them when B1 is 6 T. e Mutual-inductance denote the sum of the mutual inductances with
all other coils. e small correction coils on the decay coil are not considered here.

e whole magnet system stores 6.87×106 J energy in the standard operation mode.
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8.1.2 Superconductingwire and quenching effect

For the PERC instrument that produces strong magnetic ĕelds, much attention has to be
paid on the behaviours of the superconducting wires in the design of the magnet system.

Experimentally, the superconductor (SC) can suddenly lose the superconductivity and con-
vert into normal conductor due to the vibrations of the environments, so called as the su-
perconductor quenching.

e criterion of the quenching is related to the temperature T, the experienced magnetic
ĕeld B and the current density J. For the type II superconductor Niobium Titanium alloy
(NbTi), an empirical formula to describe the relations of the critical Bc and Tc is [Lub83]

Bc(T) = Bc(0)

[
1 −

(
T
Tc

)1.7
]

(8.2)

And the critical current density Jc is [Bot00]

Jc(B,T) = Jc(5T, 4.2K) ·
28.4
B

·
[

B
Bc(T)

]0.8

·
[
1 − B

Bc(T)

]0.89 [
1 − (

T
Tc
)1.7
]1.87

(8.3)

e ĕtting parameters in the equation are evaluated by [Bot00]. Tc(0) and Bc(0) are the
critical temperature and magnetic ĕeld, and are 9.35 K and 14.25 T respectively. From the
data sheet from EAS Bruker [EAS], we set the Jc(5T, 4.2K) as 2754 A/mm2, which is the
superconducting wire used in ATLAS magnets in LHC of CERN.

Figure 8.1 plots the critical surface of NbTi.

Once a segment of the superconductor quenches into normal conductor, the stored energy
in themagnet will producemuch heat on the quenched point, thus probably cause damages
on the magnet or other contacted material, e.g. the electrical insulations or cooling system.
Additionally, the heat can rapidly boil the cooling cryogen e.g. liquid He (if LHe bath is
used for cooling), then produce high pressure in short time and cause explosion in the
worst case.

To avoid the quenching as far as possible, the superconducting wires and the current den-
sities should be well deĕned. A conventional superconducting wire for magnets has a set
of twisted NbTi ĕlaments embedded inside a Cu matrix, which has better electrical and
thermal conductivity than normal NbTi. When the inner SC quenches, the Cu matrix can
share the current Ęow in the wire, and produce less heat, further transmit the heat away
faster than NbTi.

In the PERC design, we assume the superconducting wire has the cross-section of 3.1×2.2
mm2, and 3.2×2.4 mm2 including the insulation, with the ratio of Cu and SC as 10. Figure
8.2 shows the cross-section viewof the superconductingwire, and the critical current versus
magnetic ĕeld according to eqn. 8.2.
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8.1 Experimental Properties Related to PERC Magnet System

Figure 8.1: e critical surface of NbTi between superconductive and normal resistive states
as a function of temperature T, magnetic ĕeld B and current density J. e range beneath the
surface denotes the superconducting state. Tc(0) and Bc(0) are the critical temperature and
magnetic ĕeld respectively. e critical current density Jc(0) out of the plot, is dependent on
wire processing. Figure is from [Wil87].
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Figure 8.2: e superconducting wire assumed in PERC design. (a) Plot of the wire cross-
section. Figure is from [EAS]. (b) e critical current Ic of the wire versus the B ĕeld at the
temperature of T = 4.2 K. e Jc(5T,4.2K) on SC is assumed as 2754 A/mm2, the ratio of Cu
and SC in the wire cross-section is assumed as 10.
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e critical currents of PERC magnets can be calculated with the information of the Bmax
in table D.1. e nominal currents for the magnets in PERC are chosen to be at least 40%
less than the critical current.

To reduce the damages on magnets, every power supply has a security system to damp
the current when the magnets lose superconductivity. e security system can detect the
quenching electronically aer a time interval tD, then cuts off the power of magnet, at the
same time connects a discharge resistanceR in the circuit. Figure 8.3 (a) sketches themech-
anism of the security system.
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Figure 8.3: (a) Sketch of a security system for the current damping. (b) An example of the
current damping of the ĕlter coils as a function of time. e current-constant power supply
is cut off aer a time interval tD = 0.5 s, the total resistance R+r is assumed as 3Ω, inductance
Llk is from table 8.1. e current decreases to 10% at 8.2 s.

Assuming the quenched segment has a constant resistance of r, the voltage in the magnet
is

εm = I · (R+ r) = −
∑
n

Lmn
dIn
dt

(8.4)

If the magnets number l to k share one power supply, and other magnets do not quench,
the voltage will be

ε =
k∑

m=l

εm = −Llk
dI
dt
, withLlk =

k∑
m=l

k∑
n=l

Lmn (8.5)

e current in the magnet will decrease with time

I = I0e
−R+r

Llk
t (8.6)
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Figure 8.3 (b) plots the current damping of the two ĕlter coils. e total resistance R+r is
assumed as a constant 1.

Including the detection time tD, the total heat generated by the sector of quenched wire is

Q =
1
2
W r

R+ r
+ I 2

0 r tD (8.7)

with W the stored energy in table 8.1. e effects caused by the heat according to eqn. 8.7,
need to be well studied in the manufacture of the magnets and cooling system.

8.1.3 Magnetic shielding

e strong magnetic ĕeld from PERC is dangerous for people with cardiac pacemaker, and
possibly inĘuences other experiments nearby. e magnetic ĕeld outside PERC is required
to be shielded by non-linear material, and attenuated to 5 Gauss in a reasonable distance.
Figure 8.4 (a) sketches a design of the magnetic shielding of PERC.

(a)

5 m

5 Gauss

Isoline

(b)

Figure 8.4: (a) Sketch of the magnetic shielding of PERC. (b) Magnetic ĕeld distribution out
of PERC. e maximal distance from the 5 Gauss isoline to the PERC central axis is 5 m.

e magnetic shielding consists of several steal plates for the ĕeld screening, and four iron
pillows to guide the magnetic lines in a loop. e magnetic ĕeld outside PERC can be
decreased to 5 Gauss at 5 m distant from the PERC central axis, as shown in ĕgure 8.4
(b).

However, the non-linear material also inĘuences the delicate magnetic ĕeld inside PERC.
Figure 8.5 plots the relative changes of the magnetic ĕeld along the e−/p+-beam, caused by
the magnetic shielding.

1In reality, the heat generated in the quenched segment is transmitted along the wire, and cause the
temperature rise further the quenching of other segments. e propagation speed of quenching effect
is about 5-20 m/s. Furthermore, the resistivity of Cu also changes with the temperature. erefore, the
resistance r is not a constant, and the current damping in the real magnet is more complex.
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Figure 8.5: e relative changes of the magnetic ĕeld ΔB/B along the e−/p+-beam, caused by
the non-linear magnetic shielding.

e ĕgure 8.5 shows a maximally 3.7% change of the ĕeld by the shielding material. From
the simulation, the homogeneity of B1 in e−/p+-beam cross-section is changed by about
0.5%.

It is necessary to note, the properties of the shielding highly depend on the material purity
and manufacture processes, which are more complex than that in the simulation. e real
inĘuences of thematerial on the ĕeld inside PERC can bemore serious than expected. One
has to optimize the shielding conĕguration with highest efficiency, as well as minimize the
inĘuences from the non-linear material.

8.1.4 Forces and torques

e information of the magnetic forces and torques on the coils andmagnetic shielding are
necessary for the design of mechanic supports. Table 8.2 lists the forces and the torques on
the coils and on different parts of the shielding.

8.2 R×BDriftMomentumSpectrometer

In this section, we propose the method of a new kind of e−/p+momentum spectrometer,
which uses the R×B dri effect to disperse the e−/p+particles due to their momenta.
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Coils Fx (N) Fy (N) Fz (N) Torque (N·m)

Decay Coil 0.00×100 2.29×103 1.59×105 1.66×103

Bend Coil 1 0.00×100 6.26×104 1.40×105 -1.47×104

Bend Coil 2 0.00×100 -3.94×104 5.15×105 2.64×104

Selector Coil 0.00×100 4.47×104 2.74×104 -5.19×104

Sele.Corr. 1 0.00×100 -2.09×104 1.14×106 1.15×105

Sele.Corr. 2 0.00×100 -2.21×104 -1.13×106 -6.58×104

Filter Coil 1 0.00×100 -1.57×104 1.35×106 1.31×105

Filter Coil 2 0.00×100 -1.43×104 -1.34×106 -9.88×104

Bend Coil 3 0.00×100 2.68×103 -6.86×105 -1.74×104

Detector Coil 0.00×100 2.26×104 -1.60×105 -5.24×104

Shielding

Back Plate 0.00×100 0.75×100 2.29×103 6.72×100

Front Plate 0.00×100 1.23×101 -1.02×104 -1.15×102

Le Part -2.14×103 8.06×101 2.78×103 7.01×103

Table 8.2: e forces and torques on the coils and the shielding. e deĕnitions of x, y, z
directions are same as in ĕgure 6.1. e torque axis is located at the end of the n-guide, and
points to positive x-axis. e forces of the right part of shielding is symmetric to the le part.
e correction coils on the decay coil are not considered here.

8.2.1 Momentum analysis andmagnetic spectrometer

A magnetic spectrometer for the momentum measurements of e−/p+particles is desired
in the experiments with PERC. Besides the energy spectra, the momentum spectra can
supply another resolution to investigate the charged decay products, as well as realize the
measurements of both electrons and protons at the same time. e principle of a magnetic
spectrometer is sketched in ĕgure 8.6.

As shown in ĕgure 8.6, the magnetic spectrometer must ĕrstly shield the ĕeld of detec-
tor coil B2 at the end of PERC, and apply a vertical weak magnetic ĕeld B3. e inci-
dent e−/p+from PERC pass through a small aperture, then disperse in B3 ĕeld due to their
charges, momenta and incident angles. e position sensitive detectors for electrons and
protons are placed on both sides of the incident window. e dispersion distances of the
particles are

D = 2
p
qB

· f(θ) = 2
p
qB

cos θ (8.8)

where p and q are the momentum and charge of a particle. θ is the incident angle, as shown
in ĕgure 8.6 (b) 2.

Compare with energy resolving detectors, themagnetic spectrometer has the advantages:

2Eqn. 8.8 is valid for incident e−/p+in any direction.
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Figure 8.6: e principle of a magnetic spectrometer aer PERC.

• Versatile measurements.

As shown in ĕgure 6.6, the magnetic spectrometer can be used in nearly all measure-
ments of PERC.

• e−/p+detection at the same time.

In the magnetic spectrometer, electrons and protons are dispersed in different direc-
tions. e momenta of them can be measured at the same time, with coincidence
or without. For instance, the TOF of protons can be measured by using electrons as
trigger signals.

• Momentum analyses.

e magnetic spectrometer realizes the momentum analyses, which supply another
scale of the e−/p+spectra. Compare with the energy spectrum, the momentum spec-
trum has more resolutions in low energies range, as shown in ĕgure 8.7. As stated
in Section 2.3.3 , the measurements of low energy e− are especially needed for the
determination of the Fierz interference term bF.

• Backscattering suppression.

An ideal magnetic spectrometer can use digital pixel detector to measure the posi-
tions of the particles. e pixel detector only requires a deposition energy of particles
over a low threshold, hence the backscattering effect does not inĘuence the measure-
ment greatly.

• Background and environment insensitivity.

e digital pixel detector is much less sensitive to the environment e.g. temperature
and γ-ray than energy spectra detectors. e background can be strongly suppressed,
and the calibration of detector is not required frequently.
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Figure 8.7: Energy and momentum spectra of e− from free neutron decay, according to
eqn. 2.11. e momentum spectrum has more resolutions in the low energy range.

However, we found difficulties in eliminating the guiding ĕeld of PERC during the design
of the magnetic spectrometer. As shown in ĕgure 8.6 (c), the magnetic spectrometer must
drastically decrease the guiding ĕeld B2 from 0.2 T to about 10 mT in very short distance
at the incident window, typically in several mm [Dub08]. In addition, the ĕeld of PERC
must be totally shielded in the spectrometer.

From the simulation, we cannot ĕnd a proper non-linear material to decrease the guiding
ĕeld in very short distance, neither to shield the strong PERC ĕeld completely. e charged
e−/p+from PERC will follow the combination of residual B2 and B3 ĕelds, and hardly be
dispersed, as plotted in ĕgure 8.8 (a).

(a) (b)

Figure 8.8: Attempts to the magnetic spectrometer design. A pair of shielded Helmholtz coils
are placed aer PERC to generate a vertical analysing ĕeld B3. (a) Only with the non-linear
material (red part) around the spectrometer, it is not enough to completely shield the B2 ĕeld.
(b) Additionally with a set of correction coils on the detector coil, the B2 ĕeld can be rapidly
decreased. Whereas the pitch angles of e−/p+are strongly distorted. e e−/p+are emitted from
the le side with emission angle of 0ο. Aer they pass through the aperture, their pitch angles
are increased to about ±15ο in B3.

101



Chapter 8 Experimental Properties of PERC

If we additionally apply a set of correction coils, B2 can be fast decreased, but the pitch
angles of e−/p+are strongly distorted, as plotted in ĕgure 8.8 (b).

From the theoretical point of view, since the magnetic lines do not vanish, they can only
spread in vertical directions if the ĕeld decreases, as sketched in ĕgure 8.9.
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Figure 8.9: Sketch of e−/p+motion in the drastically decreased B2 ĕeld. e magnetic ĕeld
lines spread in vertical directions when the ĕeld strength decreases. For the adiabatic trans-
ports of e−/p+, the particles follow the magnetic lines to vertical directions. In non-adiabatic
transports, the e−/p+are bended in the vertical ĕeld. In both cases the pitch angles of the
particles are highly distorted.

When the e−/p+pass the spreaded ĕelds adiabatically, they will follow the magnetic lines. If
they move non-adiabatically, they will be bended by the vertical ĕeld due to Lorentz force.
In both cases, the pitch angles of the e−/p+particles are highly distorted in this area.

e distortions the e−/p+pitch angles strongly depend on the ĕeld distribution and the
e−/p+momenta, hence are not predictable nor controllable. erefore, the distribution of
particles on the detector can hardly represent their momenta.

8.2.2 Principle of R×B drift spectrometer

Because of the failure on the attempts to the design of the dispersivemagnetic spectrometer,
here we propose a method of R×B dri momentum spectrometer, which can realize the
momentum analyses of decay e−/p+without eliminating the guiding ĕeld of PERC.

As discussed in Section B.4, when a charged particle propagates in a curved magnetic ĕeld,
it has the dri effect perpendicular to the magnetic ĕeld B and the ĕeld curvature R. In
the static magnetic ĕeld, the velocity components of a particle parallel and vertical to the
magnetic ĕeld line v∥ and v⊥, can be expressed with the particle velocity v and pitch angle
θ

v∥ = v · cos θ , v⊥ = v · sin θ (8.9)
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8.2 R×B Dri Momentum Spectrometer

From eqn. B.11, the dri velocity vd of ĕrst order can be expressed as

vd =
mv2

qBR
(cos2 θ + 1

2
sin2 θ) · R× B

RB
(8.10)

where m is the mass of the particle. Suppose that we apply a uniformly curved magnetic
ĕeld, with the curvature R and the magnetic ĕeld B as constants. In this case, the curved
magnetic lines are distributed parallel and coaxial, as shown in ĕgure 8.10.

B
3

R

a

Figure 8.10: Sketch of the principle of the R×B dri spectrometer, in which a uniformly
curved magnetic ĕeld B3 is generated. e magnetic ĕeld lines are distributed parallelly and
coaxially, and are bended by an angle of α.

In the uniformly curvedmagnet ĕeld, the dri velocity vd is a constant according to eqn. 8.10,
and the second order contribution related to v̇d as shown in eqn. B.13 is zero. During a
propagating time of T, the dri distance D of a particle is the integration of vd

D(p, θ) =
∫
T
vddt =

p
qB

· α · f(θ) (8.11)

where α is the bending angle of the route of particle gyration center during the time T

α =
v∥T
R

(8.12)

as marked in ĕgure 8.10. f(θ) is a factor related to the particle pitch angle

f(θ) = 1
2

(
cos θ + 1

cos θ

)
(8.13)

Compare eqn. 8.11 with eqn. 8.8, the behaviours of R×B dri are similar as the particle
dispersion in the magnetic spectrometer. e dri and dispersion distances in both cases
are proportional to the particle momentum, and inversely proportional to the analysing
magnetic ĕeld and particle charge.

With this principle, we built up the magnet system of the R×B dri momentum spectrom-
eter in simulation, as shown in ĕgure 8.11 (a).
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Figure 8.11: (a) e design of the R×B spectrometer at the end of PERC, and the simulated
trajectories of e−/p+. (b) e front view of the simulated electron and (c) the proton trajec-
tories in spectrometer. e colors of the trajectories denote the particle momenta, that are
arranged continuously from 0 to 1.19 MeV/c.

At the beginning of the R×B spectrometer, we apply several connected coils to gradually
decrease the guiding ĕeld of PERC from 0.5 T to 0.15 T, with the ĕeld gradient satisĕes the
e−/p+adiabatic transports. Aer these coils, a series of tilted coils generate a 180ο bended
magnetic ĕeld. Along the central line of the tilted coils, the curvature of the magnetic ĕeld
line is R = 40 cm, and the ĕeld strength is kept as a constant B3 = 0.15 T. Figure 8.12 plots
the magnetic ĕeld from the end of PERC to the R×B spectrometer detector.
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Figure 8.12: e magnetic ĕeld strength along the central line of the coils from the end of
PERC to the detector of R×B spectrometer. e ĕeld is decreased gradually from B2 = 0.5 T
at the end of PERC to B3 = 0.15 T, and is kept as constant in the tilted coils. e zero position
denotes the beginning of the R×B spectrometer.

At the beginning of the tilted coils, we apply an aperture of 1×1 cm2 to deĕne the size of the
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8.2 R×B Dri Momentum Spectrometer

incident e−/p+-beam. e particles through the aperture follow the curved magnetic lines,
and turn 180ο then reach the detector on top. During the propagation, they dri along the
positive and negative x-axis according to their charges and momenta. e dispersion of
electrons and protons can be clearly observed in the simulation, as shown in ĕgure 8.11 (b)
and (c).

Hence theR×Bdri spectrometer, instead of eliminating the guiding ĕeld of PERC, evolves
the ĕeld smoothly and gradually to the analysing magnetic ĕeld. e charged particles can
be transported adiabatically during the processes, and the angular information of them can
be kept and measured.

Table 8.3 lists the parameters of the standard conĕguration of the R×B spectrometer de-
sign.

Parameter Comment Value Parameter Comment Value
B3 Analysing ĕeld 0.15 T B1 Selector ĕeld 6 T
R0 Field line curvature 40 cm θmax Max. pitch angle 9.1ο

w Aperture width 1 cm rmax Max. gyration radius 0.42 cm
h Aperture height 1 cm Dmax Max. dri 8.29 cm
α Bending angle π

Table 8.3: Parameters of the standard conĕguration of the R×B dri spectrometer.

w and h in table 8.3 are the width and height of the aperture along the x- and y-axes. θmax
and rmax are the maximum pitch angle and gyration radius of the decay e−/p+in the B3 ĕeld.
For the e−/p+from B1 = 6 T to B3 = 0.15 T, their pitch angles and gyration radii are limited
in

0 6 θ3 6 θmax = arcsin
√

B3

B1
, 0 6 r 6 rmax =

∣∣∣∣pmax
qB3

∣∣∣∣ sin θmax (8.14)

where pmax = 1.19 MeV/c is the maximum momentum of e−/p+from the free neutron decay
[PDG12].

With the standard conĕguration, the maximum dri Dmax for pmax is 8.29 cm.

8.2.3 Corrections on R×B drift spectrometer and e−/p+distribution

In the R×B spectrometer, the particle distribution on the detector is inĘuenced by the
properties of the particles and the instrument.

e−/p+pitch angle θ

Compare eqn. 8.11 with eqn. 8.8, both the dri and the dispersion have corrections related
to the pitch (incident) angle θ. However, because of the presence of the v⊥ component in
R×B dri in eqn. B.11, the inĘuence of the correction factor f(θ) in the R×B spectrome-
ter is much smaller than that in the dispersive magnetic spectrometer. In ĕgure 8.13, the
magnitudes of both correction factors are plotted.
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Figure 8.13: e incident angle factors f(θ) in the dispersive magnetic spectrometer and the
R×B dri spectrometer, versus the incident (pitch) angle θ from 0ο to 45ο.

For θ < 9.6ο, i.e., the solid angle less than 88 msr, the f(θ) in the R×B dri is negligi-
ble as less than 10−4 deviated from 1, while the deviation in the magnetic spectrometer
is 1.4×10−2. Hence the R×B spectrometer has large acceptance of e−/p+incident angles,
which is a signiĕcant advantage.

Gyration radius r and aperture width w

In the R×B spectrometer, the gyration radii of particles remain during the dris and the
detection. For a given momentum, the maximum gyration radius of the particle is

rc(p) =
∣∣∣∣ p
qB3

∣∣∣∣ · sin θmax (8.15)

rough the aperture, the size of the e−/p+-beam on the detector will be

Se−/p+-beam = W× H = (w+ 4rc(p))× (h+ 4rc(p)) (8.16)

as sketched in ĕgure 8.14 (a). erefore, the maximum deviation induced by the gyration
radius rc relative to the dri D is

4 rc(p)
D(p, θ3)

=
4
α

sin θmax

f(θ3)
≈ 4

α
·
√

B3

B1
(8.17)

which is related to the mirror ĕeld B1 and analysing ĕeld B3, and the bending angle α.

Beam hight H and curvature R

In the uniformly curved magnetic ĕeld, the magnetic ĕeld strength has a gradient along
the direction of R

∇× B = 0, B3 · R0 = B · R (8.18)
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B3 and R0 are the ĕeld strength and the curvature along the central line of the tilted coils.
e particles at different positions along R will experience deviated magnetic ĕelds, thus
have the dri

D =
p
qB3

· α · f(θ3) ·
R
R0

= D0
R
R0

= D0
R0 + y
R0

(8.19)

where y is the vertical position of the particle on the detector relative to the beam center.
e maximum deviation of the dri is

ΔD
D0

=
h+ 4rc
R0

=
H
R0

(8.20)

Hence the e−/p+-beam height relative to the ĕeld curvature H/R0 tilts the particles dis-
tribution on the detector, as sketched in ĕgure 8.14 (b). For a detector only sensitive to
x-position, the measured particle distribution is widened.

Particle distributions on detector

e corrections caused by r, H/R0 and w inĘuence the dispersion of the e−/p+particles in
the dri spectrometer. Figure 8.14 shows the sketchy patterns of electrons at the detector
affected by these factors.

w

direction of drift

w+4rc

0p = 1

2
max

p p=
max

p p=

2rc

(a) Electron distribution inĘuenced by w and
r.

∆D

H

direction of drift

0p = 1

2
max

p p=
max

p p=

y

x0

(b) Electron distribution inĘuenced by H/R0

Figure 8.14: Sketchy plots of the electron pattern on the detector with discrete momenta,
inĘuenced byw , r andH/R0. pmax denotes themaximum electronmomentum in free neutron
decay.

Figure 8.15 shows the simulated distributions of electrons on the detector, with discrete
momenta from 0 to 1.19 MeV/c.

e deviation of the dri caused by w is a constant, while that induced by r and H/R0 are
proportional to the dri distance. Hence at the low momentum range, the R×B spectrom-
eter has better performance.

Furthermore, in normal magnetic spectrometer, the particles with very small momenta
cannot be totally measured if their dispersion distances are smaller than the aperture width
D < w. While as shown in ĕgure 8.15, the R×B spectrometer doesn’t have this limit. It
can measure the full range of the momentum even when p → 0.
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Figure 8.15: Simulated electron distribution on the detector of the R×B spectrometer with
discrete momenta. pmax denotes the maximum electron momentum in free neutron decay
as 1.19 MeV/c. e particles with p → 0 can also be measured in the spectrometer. e
deviations caused by r an H are proportional to the dri distance D.

8.2.4 Transfer function

e motions of the e−/p+particles in the R×B spectrometer are clearly deĕned during the
dri processes. We are interested in the distribution of the e−/p+particles along the x-axis.
e transfer function, i.e., the relation between the momentum spectrum F(p) and the
particle distribution on the detector G(x), can be calculated and used in the data analyses.
In this section, we discuss the transfer function including the corrections of r, w, and H.
e negligible correction f(θ) is not considered here. And the higher order contributions,
e.g., the R deviation induced by vd, the r deviation induced by the B3 gradient along R, are
not taken into account in the transfer function.

Particle distribution from point source

We assume the e−/p+are homogeneously emitted in the decay volume of PERC. In addition,
the size of the e−/p+-beam at the end of PERC is much larger than the size of the aperture’s
open window. erefore, the particles that pass through the aperture, can be treated as
emitting from the open window of the aperture.

If the particles are emitted from a point source at position x = 0 with given momentum
and pitch angle, we can assume their gyration centers are homogeneously distributed on
the circumference with radius r(p, θ). As shown in ĕgure 8.16 (a), the distribution density
of the gyration centers along x-axis is

f(x, r) =
dNgyr.

dx
=

r(p, θ)
π
√
r2(p, θ)− x2

(8.21)

As shown in ĕgure 8.16 (b)
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Figure 8.16: (a) Sketch of the distribution of gyration centers of the particles from a point
source. (b) Gyration center distribution along x-axis.

With a certain gyration center, the particles are also homogeneously distributed in the cir-
cumference of r(p, θ). Hence their distribution density is the same as eqn. 8.21. eparticle
distribution according to the point source at x = 0 is then the integration

g(x, r) = dN
dx

=
1
π2

∫
f(x′, r)f(x− x′, r)dx′ = [f(r) ∗ f(r)](x) (8.22)

which is the convolution of f(x, r), as sketched in ĕgure 8.17 (a). Solving eqn. 8.22 results
in [Dub08PSF]

g(x, p, θ3) =
1

π2r(p, θ3)
K
(
1 − x2

4r2(p, θ3)

)
(8.23)

where K denotes the complete elliptical integral of the ĕrst kind. Figure 8.17 (b) shows the
particle distribution from the point source according to eqn. form:PSF

Angular distribution of particles in B3 ĕeld

We assume the unpolarized neutrons are applied in PERC experiments, thus the e−/p+are
isotropically emitted in the decay volume as shown in eqn. 2.10. eir angular distribution
in the ĕeld B0 is

W0(θ0) =
dN
dθ0

=
1
2
sin θ0 (8.24)

As stated in Section 4.3.1, when the particles propagate from B0 to B3, their angular distri-
bution is transformed to

W(θ3) =
dN
dθ3

=
1
2
B0

B3

sin θ3 cos θ3√
1 − B0

B3
sin2 θ3

with 0 6 θ3 6 θmax (8.25)

according to eqn. B.6.
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Figure 8.17: (a) Sketch of the distribution of the particles from a point source. (b) Particle
distribution along x-axis.

If the aperture is sufficiently thin, it does not distort the angular distribution of the particles.
We integrate eqn. 8.23 over θ3, the particle distribution along the x-axis from a point source
is then

L(x, p) =
∫ θmax

0
W(θ3) · g(x, p, θ3) dθ3 (8.26)

Figure 8.18 (a) plots the distribution L(x, p) of particles in the B3 ĕeld with different mo-
menta.
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Figure 8.18: e distribution L(x, p) of particles from a point source in the B3 ĕeld along the
x-axis, as given in eqn. 8.26. Different curves denote the particles with different momenta.
pmax is the maximum momentum of e−/p+in free neutron decay as 1.19 MeV/c.

Transmission function of aperture
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Since the distance from the aperture to the detector is much longer than the helical pitches
of the particles, we assume the particle distribution on the detector from any point in the
aperture follows eqn. 8.26.

Deĕne the transmission function of the aperture along the x-axis as

T(x) =

{
1 ; −w/2 6 x 6 w/2
0 ; x < −w/2 , x > w/2

(8.27)

We treat the particles as emitted from the aperture’s open window. On the detector, the
particles then have a distribution of

P(x, p) = [T ∗ L(p)](x) (8.28)

which is the convolution of the aperture function T(x) and the distribution L(x, p) of point
source.

Correction of H

For the correction of beam heightH, we consider the particle distribution along the y-axis.
For simplicity, we use the condition w = h, so the distribution along the y-axis is the same
as eqn. 8.28, i.e., P(y, p).

Since the factor H/R0 tilts the particle distribution on detector, P(y, p) is projected on the
x-axis. From eqn. 8.19, the momentum p is given, so D0 is constant. We set the position
D0 as zero point x=0, then we have

x = D− D0 =
D0

R0
y and dx = dyD0

R0
(8.29)

If the projection of P(y, p) on x-axis is written as Q(x, p), we have

P(y, p)dy = Q(x, p)dx (8.30)

so
Q(x, p) = dy

dx
P(y, p) = R0

D0(p)
· P
(
x · R0

D0(p)
, p
)

(8.31)

Transfer function

All together, we take the corrections related to r,w,H, as well as the driD(p) into account.
e total transfer function is then the convolution of the distributions in eqn. 8.28 and
eqn. 8.31

M(x, p) = [P(p) ∗ Q(p)](x− D(p)) (8.32)

For a given momentum spectrum F(p), the particle distribution on the detector can be
derived

G(x) =
∫ pmax

0
M(x, p) · F(p) dp (8.33)
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Figure 8.19: Examples of given F(p) and resulted G(x) according to eqn. 8.33. Figures (a)
and (b) denote discrete momentum and position distribution same as shown in ĕgure 8.15.
Figures (c) and (d) denote the theoretical momentum spectrum of electrons in free neutron
decay and their position distribution.

Figure 8.19 shows the examples of the givenmomentum spectra F(p) and the resultedG(x)
from Eq. 8.33.

In experiments, G(x) is measured by the position sensitive detectors. One is able to ĕt the
momentum spectrum F(p) to G(x) with eqn. 8.33.

Resolution of Momentum and Reconstruction of F(p)

Eqn. 8.33 is the Fredholm integral equation of ĕrst type, and M(x, p) is the kernel func-
tion. In principle, we are able to calculate F(p) directly from measured G(x) by solving the
equation. However,M(x, p) is so complicated that we can not ĕnd an analytical solution.
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8.2 R×B Dri Momentum Spectrometer

A numerical solvent of this problem is to convert the integral into the quadrature calcula-
tion, the F(p) and G(x) into arrays, thus convert the kernel function M(x, p) into a square
matrix [Del88, Pre07]. Eqn. 8.33 then can be written as

G = M · F (8.34)

and the momentum spectrum F can be reconstructed with the inverse matrix of M

F = M−1 · G (8.35)

In case that M is reversible, it should be a square matrix. erefore, the G and F have the
same number of rows, thus the same resolution. In the standard conĕguration, if G has a
resolution of 1 mm, the momentum spectrum F can reach a resolution of 14.4 keV/c.

However, one problem arises in this special case, that the kernelmatrixM is nearly singular.
e behaviour of this problem is that the reconstructed F is very sensitive to the errors of
G. A little deviation of G from theoretical value will result in huge oscillation of F. Figure
8.20 shows examples of the evaluated F, when we introduce small errors inG of ĕgure 8.19
(d).
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Figure 8.20: Examples of evaluation of F from G with eqn. 8.35. G is from ĕgure 8.19 (d).
When we introduce 10−3 and 10−2 deviations on one element of G, the resulted F oscillates
hugely.

e possible solution for that is to regularize the kernel matrix M. Some of the methods
are introduced in [Del88] and [Pre07].

High Order Aberrations of the Transfer Function.

e transfer function in this section only considers the motions of the e−/p+particles to the
ĕrst order. e higher order contributions including the acceleration v̇d × B in eqn. B.13
is related to B3 homogeneity, and introduce the dri D along R direction. If B3 Ęuctuate
around a average value, the v̇d term cancels itself. We think this aberration is small.
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Another aberration is the r variation due to ĕeld deviation ΔB3 along R. Since we have

B0r20 = Br2 and B0R0 = BR (8.36)

e maximum deviation of r is

Δr
r0

=

√
1 +

H
2R0

−
√

1 − H
2R0

= 2.3% (8.37)

Another aberration is the curvature R deviation. During the dris, the real curvature has
the contribution from the dri distance D

R = R0 +D (8.38)

Hence the face of R is no longer vertical to B. e R×B term can induce the dri along
minus R0 direction. From simulation in ĕgure 8.15, we can see the y positions of particles
decreases with the dri distance. is contribution introduces more complicated correc-
tions. For a rough estimation, the induced deviation of D is

ΔD
D0

= 1 − cos
D0

R0
= 2.5 × 10−2 (8.39)

As for other high order contributions, we need more precise description of the particle
motion in magnetic ĕeld, which is related to plasma physics.

8.2.5 Event rate estimation

If we apply the R×B dri spectrometer aer PERC, the event rate of the spectrometer Nd
is proportional to that of PERC NPERC

Nd = NPERC
B3 · w · h
B0 · s0

(8.40)

s0 and B0 are the e−/p+-beam size and magnetic ĕeld at the decay volume, with values of
5×5 cm2 (e−/p+-window considered) and 1.5 T respectively.

With the PERC event rates in table 6.2 and the standard conĕguration in table 8.3, the event
rates of the R×B dri spectrometer are listed in table 8.4. e selector ĕeld of PERC B1 is
set as 6 T. 3

3To reduce the inĘuences of gyration radius r, B1 should be as high as possible. e cases with B1 less
than 6 T are not considered in the spectrometer design.
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8.2 R×B Dri Momentum Spectrometer

Beam Mode Cont. Unpol. Cont. Pol. Pulse. Unpol. Pulse. Pol.
Event Rate 440 Hz 88 Hz 22 Hz 4.4 Hz

Table 8.4: Estimated event rate of R×B spectrometer aer PERC. e selector ĕeld B1 is set
as 6 T.

8.2.6 Conclusion

eR×Bdri spectrometer offers the opportunity ofmomentummeasurements of charged
particles in the instrument with guiding ĕelds, in which case the normal magnetic spec-
trometers cannot work well. In this proposed dri spectrometer, the guiding ĕeld is not
eliminated, but gradually evolved to the analysing ĕeld. e dris of the particles in the
uniformly curved magnetic ĕeld have similar behaviours as in the normal dispersive mag-
netic spectrometer.

e R×B spectrometer has the advantages:

• Adiabatic transports of particles.

As shown in ĕgure 8.12, from the guiding ĕeld to the detector of theR×B spectrom-
eter, the charged particles can be adiabatically transported. e angular distribution
of the particles can be kept and measured.

• Low momentum measurements.

As shown in ĕgure 8.15, the particles with very small momentum p → 0 can be
measured in the R×B spectrometer, while they cannot be totally detected in normal
magnetic spectrometer if their dispersion D < w.

• Large acceptance of incident angle.

As shown in ĕgure 8.13, when θ 6 9.6ο, corresponding to 88 msr solid angle, the
direct aberration induced by the e−/p+incident angle is very small as less than 10−4.

As a conceptual design of R×B spectrometer, the particle dris are considerably inĘuenced
by the systematics related to both the instrument and the particle properties. Table 8.5 lists
the maximum sizes of the corrections in the standard conĕguration.

Correction Comment Max. Size
4rc/D Gyration Radius 2.0×10−1

w/Dmax Aperture Width 1.2×10−1

H/R0 Aperture Height 6.7×10−2

ΔB3 Field Homogeneity 8×10−3

f(θmax) Incident Angle 8×10−5

O(vd) High Order Contribution 2.5×10−2

Table 8.5: Estimated maximum correction sizes on the e−/p+particles dispersion in the R×B
spectrometer.
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However, the motions of the e−/p+particles are clearly deĕned during the dris, thus the
transfer function of the particles can be well known. Experimentally, one is able to ĕt
the momentum spectrum F(p) to the measured particle distribution G(x), or numerically
evaluate F(p) from G(x). In the standard conĕguration, if the position detector has a reso-
lution of 1 mm, the momentum spectra can reach a resolution of 14.4 keV/c. Additionally,
by performing detector calibration with deĕned particle sources, the systematic errors can
be controlled at low level.

Besides, there is also room for improvement of the R×B spectrometer design. For further
development, we can decrease the corrections. By increasing the bending angle α, and
decreasing the analysing magnetic ĕeld B3, we can enlarge the dri D, and reduce the r
correction. But decreasing B3 also reduces the event rate, and introduce more difficulties
in homogenizing of the ĕeld. By increasing the curvature R, we can reduce the corrections
ofH and higher order contributions. Figure 8.21 shows the relation between the parameters
and the systematic effects.

Adverse Effects

Lower Event Rate

B
3

influence

Parameter Tunes

Smaller e-/p+ beam

Lower B
3

Larger R

Larger a

Beneficial Effects

Smaller w, h corrections

Larger D, higher resolution

Smaller correction of r

Figure 8.21:Diagram of the relations between the parameters of spectrometer and the caused
adverse and beniĕcial effects.

Additionally, more accurate transfer function can be calculated analytically, and results in
2-dimensional particle distribution on detector. In future investigation, the transfer func-
tion can also be determined numerically with a desired precision, e.g., precise simulation
of e−/p+trajectories.

As a summary, we list the open questions of the R×B spectrometer in future develop-
ments:

• Manufacture.

emanufacture of the systemwith series of tilted normal Cu coils or superconduct-
ing coils is difficult.

• Large corrections.

e corrections caused by gyration radius r and the incident beam heightH are large.

• Control of the magnetic ĕeld homogeneity.

e analysing ĕeld B3 should be homogeneous in the cross-section of e−/p+-beam,
and along the magnetic line. Considering the strong inĘuences from PERC, the ho-
mogeneity of B3 is difficult to be controlled.
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• High order contributions.

Precise calculations of the high contributions need to be done.

8.3 Possible Post Spectrometers of PERC

As introduced in Chapter 6, PERC can supply general-purpose e−/p+-beam that is able to
be used in various experiments by applying different post spectrometers aer PERC. In this
section, we give sketchy introductions to two possible post spectrometers. Detailed prop-
erties and reliabilities of these post spectrometers should be well studied in other works.

8.3.1 PERKEOIII

Because of the dromedary geometry of PERC instrument, it is difficult to achieve the real
time neutron polarization measurement during the e−/p+detection, as stated in Section 7.1.
One possible solution is to use one detector vessel of PERKEOIII as the post spectrometer.
Figure 8.22 shows the possible structure with PERKEOIII detector vessel aer PERC.

Figure 8.22: Geometry of PERC and PERKEOIII detector vessel as post spectrometer, and
the simulated trajectories of electrons from the decay volume.

Since the n-beam and e-beam have overlap in the PERC detector coil, only pulsed n-beam
can be applied in the experiment. Assuming PERC can supply the effective decay volume
of 6m (Section 7.3.3), and the backgroundB(E)measurement and neutron absorption take
twice time as S(E), then the measurement efficiency tsignal/ttotal can reach about 23%, com-
parable with the case of PERKEOIII that has tsignal/ttotal = 1.4 ms/10.6 ms = 13% (Section
4.2).

8.3.2 aSPECT

e instrument aSPECT is a retardation spectrometer for measurement of angular correla-
tion coefficient a that between ν̄e and p+ momenta in the neutron β decay [Zim00, Bae08,
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Chapter 8 Experimental Properties of PERC

Sim09, Kon11]. By applying static electrodes, aSPECT measures the spectrum of the de-
cay protons which pass a electrical barrier. If we rotate aSPECT by 90ο, there is possibility
to use aSPECT as the post spectrometer aer PERC. Figure 8.23 shows the geometry of
magnetic coils of the combined system, and the proton trajectories.

Figure 8.23: PERC system with aSPECT as post spectrometer. e magnets conĕguration of
aSPECT is supplied by Dr. G. Konrad of Atominstitut TU-Wien.

e magnetic ĕeld along the proton beam is plotted in ĕgure 8.24.
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Figure 8.24: Magnetic ĕeld strength along the proton beam from PERC selector coil to aS-
PECT.

As shown in ĕgure 8.24, there are two ĕeld minima in PERC detector coil and in aSPECT.
To eliminate the trapped protons, electrodes for E×B dris are probably needed in the
detector coil.
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Chapter9

SummaryandOutlook

e β-decay of free neutron, which played a prominent role in the developments of particle
physics and cosmology, also provides a unique platform for the researches in forefront of
physics nowadays. By investigating the observables in the free neutron decay precisely, a
lot of quantities in and beyond the Standard Model can be tested.

From the ĕrst PERKEO spectrometer developed in 1986, there has been three generations
of instruments and tens of experiments, which have done precise measurements of vari-
ous quantities in free neutron decay. For the PERKEOIII experiment in 2008-2009, the β
asymmetry, i.e. the electron angular correlation coefficient A was measured. It is the ĕrst
time for PERKEO series instruments to use pulsed neutron beam as the decay source. e
neutron pulses provide an additional time scale on the measurement, in which case the
data can be selected with speciĕed time ranges. erefore, systematic errors caused by the
edge effect and magnetic inhomogeneity are highly suppressed.

In the mean time, the properties of the neutron pulse and the magnetic ĕeld become im-
portant. From the simulation, the complicated properties of neutron beam are able to be
studied in detail. In the data analyses, we used the neutron simulation to determine the
time windows for data selections, also to calculate the corrections of magnetic mirror ef-
fect. With the information from neutron and magnetic ĕeld simulations, the corrections
are determined with high precisions.

With the statistics of 9 months measurements, we deduce the preliminary result of the co-
efficient A, further the ratio of the Axial-vector and Vector coupling strengths λ. Solely
from the statistics point of view, the PERKEOIII results are 5 times more precise than the
latest values.

As the next generation of decay product spectrometer, the beam station PERC aims to
measure the observables in free neutron decay with distortion-free on the level of 10−4.
To realize the precise measurements, as a unique feature, PERC has a speciĕed functional
magnetic ĕeld distribution, which is supplied by a set of superconducting magnets. With
the application of the magnetic mirror, we are able to select the e−/p+signals due to their
emission angles, and the measurements can obtain high efficiencies and suppressed error
levels.

In order to acquire the expected performance, the magnetic ĕeld system of PERC, the be-
haviours of the charged particles in the instrument, and the related systematics, are deli-
cately designed and studied.
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Chapter 9 Summary and Outlook

e magnets system of PERC shows a dromedary geometry, with which the background
can be highly decreased by the beamstop. However, the unsymmetric geometry also causes
considerable changes of e−/p+-beam due to the selector ĕeld variation. We study the prop-
erties of themagnetic ĕeld, the trajectories of e−/p+particles, as well as the related systematic
effects, and optimize the magnet system.

e practical and experimental factors are considered in the design of PERC, including
the necessary spaces in the magnets system, the inductances of the coils, the properties of
superconducting wire, magnetic ĕeld shielding and the magnetic forces and torques on the
components. ese factors also need to be taken into account in the manufacture of the
instrument.

Because of the strong magnetic ĕeld of PERC, we did not ĕnd a practical solution for
eliminating the guiding ĕeld in a magnetic spectrometer. In order to achieve the mo-
mentum analysis, we propose a method of R×B dri spectrometer, which disperses the
e−/p+particles due to their dri effects in the curved magnetic ĕeld. In the R×B spectrom-
eter, the strong ĕeld of PERC is not eliminated, but smoothly guided and bended, and the
e−/p+particles can be adiabatically transported and analysed. e e−/p+dispersion in R×B
spectrometer have similarities as that inmagnetic spectrometer, and theR×B spectrometer
has some features better than normal magnetic spectrometer.

In future developments, the detection system for electron and proton measurements can
be improved. e scintillator detector as used in PERKEOIII has the errors from calibra-
tion, position dependencies etc., and the Silicon detector normally has high backscattering
probabilities. To test the new physics on 10−4 level, the detector should also reach a higher
precision than now.

From the theories point of view, there is also opportunities to search other quantities which
are measurable in PERC, as well as new methods for the measurements.
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AppendixA

Introduction toV−ATheoryandFreeNeutron
Decay

e Fermi’s theory and the resultant V−A theory are kinds of phenomenological theories,
that represent the weak interaction as the contact couplings of charged currents. Compare
with later electroweak theory, the V−A theories have some limits

• e V−A theory is not a gauge theory, and the contact interaction is not renormal-
izable. e high order processes, e.g. the loop diagram can not be calculated.

• e V−A theory is only valid when the momentum transfer q ≪ mW.

• e V−A theory only explains the charged transition current. e phenomenons of
neutral currents, e.g. neutrino scattering, are not included in the theory.

However, in the processes of nucleus and neutron decays, the V−A theory works very
well.

In this chapter, we provide an introduction to the Fermi’s theory, and the deduction of the
V−A theory with helicity operator. From the deduction, we can get better understanding
of the principle of the current-current couplings, and see the possibilities of searching new
physics beyond Standard Model. e deductions are from [Gre00].

A.1 Fermi’s Theory andProperOperators

In Fermi’s theory, the neutron decay is described by the interaction term in Hamiltonian

Hint =
GF√
2

∑
i

Ci

∫
(ūpÔiun)(ūeÔiuν)dx3 =

GF√
2

∑
i

Ci

∫
JiHJiLdx3 (A.1)

up,n,e,ν are 4-component Dirac spinors of the four particles, the bars on them denote their
Dirac adjoints, which have the relations with their Hermitian conjugates

ūk = u†γ0, k = p, n, e, ν. (A.2)

JH and JL denote the hadronic and leptonic transition currents. e proper operators Ôi
that characterize the decay process, are weighted by constants Ci. Since uk are 4-spinors,
the Ôi should to be 4×4 spin matrices.
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Appendix A Introduction to V−Aeory and Free Neutron Decay

Further, the Hamiltonian should transform like the time component of the 4-momentum
vector. erefore, the Hint as an integration over the space, is required to be a Lorentz
scalar, hence the transition currents J must be proper quantities under Lorentz transfor-
mation. Under this general condition, it can be proven the operators Ôi must be one of the
16 possibilities, which are arranged in 5 categories

1, γμ, σμν, γμγ5, γ5 (A.3)

with σ and γ5

σμν =
i
2
[γμ γν], γ5 = iγ0γ1γ2γ3 (A.4)

It can be shown that, under the Lorentz transformation and space inversion (parity trans-
formation), the transition current with these operators Ji = ūÔiu behave as Scalar (S),
Vector (V), Tensor (T), Axial vector (A) and Pseudo scalar (P) quantities. Table A.1 lists
the categories of the operators and behaviours of the resulted transition currents.

Ôi ūÔiu under L & P Transform. Number of Matrics Ô′
i=P̂+ÔiP̂−

1 Scalar (S) 1 0
γμ Vector (V) 4 1

2γ
μ(1 − γ5)

σμν Tensor (T) 6 0
γμγ5 Axial Vector (A) 4 − 1

2γ
μ(1 − γ5)

γ5 Pseudoscalar (P) 1 0

Table A.1: Possibilities of the operators Ôi and their properties under Lorentz and Parity
transformations, and chirality projection.

e interaction Hamiltonian of the weak processes should be the combination of the 5
kinds of currents couplings.

A.2 Hadronic Current in LowEnergy Limit

In the nucleus or neutron decay, the nucleus, or the neutron and the proton move non-
relativistically. Hence the upper 2-spinors ϕ in the wave functions of the nucleus are much
larger than the lower 2-spinors χ.

Ψn =

(
ϕ
χ

)
, ϕ ≫ χ (A.5)

In case we neglect the small χ component, the hadronic current can be simpliĕed.

With the properties of the γ matrices 1

γ0 = β =

(
1 0
0 −1

)
, (γ0)† = γ0, γ0γ0 = 1, γ5 =

(
0 1
1 0

)
(A.6)

1Please distinguish the 4×4 tensor σμν matrix and the 2×2 Pauli matrix σk.
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A.2 Hadronic Current in Low Energy Limit

αk =

(
0 σk
σk 0

)
, γk = βαk, γ†k = −γk, k = 1, 2, 3. (A.7)

γ†5 = γ5, γ5γ5 = 1, {γμ, γ5} = γμγ5 + γ5γ
μ = 0, μ = 0, 1, 2, 3 (A.8)

we can derive the scalar hadronic current in low energy limit [GT36]

S =ūpun = (ϕ†
p, χ

†
p)γ

0
(
ϕn
χn

)
= ϕ†

pϕn − χ†pχn → ϕ†
pϕn (A.9)

e 4-component vector current is

V ={ūpγ0un, ūpγkun} =

{
(ϕ†

p, χ
†
p)

(
ϕn
χn

)
, (ϕ†

p, χ
†
p)αk

(
ϕn
χn

)}
={ϕ†

pϕn + χ†pχn, ϕ
†
pσkχn + χ†pσkϕn} → {ϕ†

pϕn, 0}
(A.10)

that only the zero component remains.

For the axial current

A ={ūpγ0γ5un, ūpγkγ5un} =

{
(ϕ†

p, χ
†
p)

(
χn
ϕn

)
, (ϕ†

p, χ
†
p)αk

(
χn
ϕn

)}
={ϕ†

pχn + χ†pϕn, ϕ
†
pσkϕn + χ†pσkχn} → {0, ϕ†

pσkϕn}
(A.11)

the zero component vanishes, but the 3-component spatial part remains.

For the tensor elements σ0k, when k = 1, 2, 3

σ0k = iαk = i
(

0 σk
σk 0

)
, when i = 1, 2, 3. (A.12)

e corresponding elements in the tensor are

ūpσ0kun = i(ϕ†
p, χ

†
p)γ

0
(

0 σk
σk 0

)(
ϕn
χn

)
= iϕ†

pσkχn − iχ†pσkϕn → 0 (A.13)

For the T elements σij when i, j = 1, 2, 3, it can be proven

σij =
(
σk 0
0 σk

)
, when i, j, k = 1, 2, 3. (A.14)

e corresponding elements are

ūpσijun = (ϕ†
p, χ

†
p)γ

0
(
σk 0
0 σk

)(
ϕn
χn

)
= ϕ†

pσkϕn − χ†pσkχn → ϕ†
pσkϕn (A.15)

All together, the tensor current is

T → ϕ†
pσkϕn (A.16)

e pseudo scalar current is

P =ūpγ5un = (ϕ†
p, χ

†
p)γ

0
(
χn
ϕn

)
= ϕ†

pγ
0χn + χ†pγ

0ϕn → 0 (A.17)

which vanishes in low energy limit of nucleus decay.
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A.3 Fermi andGamov-Teller Transitions andElectron
EmissionProbability

As a conclusion of above section, the transition currents in low energy neutron decay are
simpliĕed as

S,V → ϕ†
pϕn, A,T → ϕ†

pσkϕn, P → 0 (A.18)

e S, V transitions are named as Fermi transitions. In the Fermi transition, the nucleus
spin remains unchanged. Because of the spin conservation, the spins of e− and ν̄e are re-
verse, and can point to any directions.

e transitions in A,T currents are named as Gamov-Teller (GT) transitions. In contrast
to Fermi transition, the spin of the nucleus in GT transitions changes due to the operation
of σk. erefore, both e− and ν̄e must have the same spin direction as the initial neutron
spin. A sketch of the spin states of the particles in nucleus decay is shown in ĕgure A.1.
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Figure A.1: A rough sketch of the spin states (double arrows) of the particles in Fermi tran-
sition and Gamov-Teller transition. e small arrows denote the motion of e− and ν̄ when
assuming the leptons have negative helicities.

If we assume the emitted leptons have only negative helicity, the electrons momentum
should always be opposite to their spins, and the anti-neutrino momentum should be same
as their spins. erefore in Fermi transition, the electrons can be emitted arbitrarily to the
neutron spin, whereas in GT transition, the electron motions are limited in the opposite
direction to the neutron spin.

In the Wu’s experiments [Wu57], the 60Co(5~) nucleus in the decay

60Co(5~) → 60Ni(4~) + e−(~/2) + ν̄e(~/2) (A.19)

is changed by ~, hence the process is pureGT transition. Assume the 60Co spin is on the plus
z-axis, the electron momentum p has an angle θ to z-axis. e eigenfunction of electron
with negative helicity can be obtained by solving Dirac equation

φ(t) = N
(

χ
−aχ

)
ei(p·r−Et)/~, with a =

E−m0c2

cp
, χ =

(− sin θ
2

cos θ
2

)
(A.20)

Due to the spin conservation, the only part of wave function that can contribute to the
process, is the function which polarized in the same direction as 60Co nuclei, namely the
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plus z-direction. e function of electron with negative helicity thus has the momentum
in minus z-direction, i.e. the emission angle θ = π

χ(−)
θ=π =

(
−1
0

)
(A.21)

erefore, the probability of electron emission is then the overlap of the spinors (assuming
electrons are highly relativistic)

W(θ) = |⟨χ(−)
θ=π|χ

(−)
θ ⟩|2 ∝ sin2 θ

2
=

1
2
(1 − cos θ) (A.22)

as plotted in ĕgure A.2 (b). In this case, the electrons are mostly emitted opposite to the
nucleus spin, which is exactly the phenomenon discovered in Wu’s experiment.
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(c) Free Neutron Decay

Figure A.2: Sketches of electron emission probabilities in nucleus decay. (a) In Fermi tran-
sition, electrons are emitted isotropically. (b) In GT transition, electron are predominantly
emitted opposite to neutron spin, as discovered inWu’s experiment. (c) In case of free neutron
decay, the process is a combination of the two transitions, which are weighed by the coupling
constants gV and gA. e ratio λ=gA/gV determines the asymmetry of electron emissions.
Neutron spin states in the plots are in 0ο direction.

A.4 V−ATheory

Based on the Fermi’s theory and the assumption of maximal P-violation, the V−A theory
was developed in 1957-1958 with different methods. In this section, we derive the V−A
theory with the helicity operator Λ.

From the experiments [Wu57] and [Gol58], it was found only leptons of negative helicities
participate in the weak interaction. e helicity operator in quantum theory is

Λ̂ =
Σ̂ · p
p

, p = |p| (A.23)
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Σ̂i are 4×4 Pauli matrices

Σ̂k =

(
σk 0
0 σk

)
, k = 1, 2, 3. (A.24)

It can be proven, the helicity operator has only±1 eigenvalues, for the positive and negative
helicity eigenstates.

Λ̂u(±) = ±u(±) (A.25)

An arbitrary wave function can be decomposed into two components with positive and
negative helicities

u = u(+) + u(−) (A.26)

We can deĕne the projection operators

P̂± =
1 ± Λ̂

2
(A.27)

to project the components of positive and negative helicity out of the arbitrary spinor

P̂+u = u(+), P̂−u = u(−) (A.28)

However, neither Λ̂ nor P̂± are Lorentz invariant. It can be understood when we change
the observing frame. When a real particle moves with a velocity of v < c in the direction of
its spin, it has positive helicity. If one chooses a observing frame that moves faster than the
particle vob > v, the particle will be observed as moving opposite to its spin, thus results in
negative helicity.

To solve that problem, we can take the consideration that the e− and the massless νe (or
with very small mass) are highly relativistic, so E ≈ p ≫ m0. With the Dirac equation

(α · p+ βm0)u = Eu, α = γ5Σ̂ = Σ̂γ5 (A.29)

and properties of γ matrices in eqn. A.8, the helicity projections on spinor can be approxi-
mated to

P̂±u =
1
2
(1 ± Λ̂)u =

1
2

(
1 ± Σ̂ · p

p

)
u =

1
2

(
1 ± γ5

α · p
p

)
u

=
1
2

(
1 ± γ5

E− βm0

p

)
u ≈ 1

2
(1 ± γ5)u

(A.30)

us the projection operators are formulated as

P̂+ =
1
2
(1 + γ5), P̂− =

1
2
(1 − γ5) (A.31)

which are Lorentz invariants, so called as the projection operators on states of positive and
negative chirality.
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It is necessary to note that, the projection operators are deduced when electrons and neu-
trinos have high velocities. When the leptons have low velocities, the chirality projection
operators P̂± considerably differ from the helicity projection operators. erefore, the
statement that the electrons always have negative helicity is only approximately correct.
However, in nuclear and neutron β decays, the contributions of positive helicity currents
are usually too small to be detected.

We apply P̂− on the lepton wave function to obtain the negative helicity component. For
its Dirac adjoint, the projector is transformed as

ū → (P̂−u) = (P̂−u)†γ0 = u†P̂†
−γ0 = u†

(
1 − γ5

2

)†

γ0 = u†γ01 + γ5
2

= ūP̂+ (A.32)

Hence the leptonic current under the projection is

ūeÔiuν → (P̂−ue)Ôi(P̂−uν) = ūeP̂+ÔiP̂−uν = ūeÔ′
iuν (A.33)

with the modiĕed operators as
Ô′

i = P̂+ÔiP̂− (A.34)

With the calculations with eqn. A.8, the results of the modiĕed operators are listed in table
A.1.

As it is shown in the table, under the chirality projections, only the V and the A operators
remain non-zero. Further, the two modiĕed operators have the same structure: the vector
operator γμ minus the axial vector operator γμγ5.

As a result, for any combinations of Ôi, only V and A currents can ĕnally appear in the
Hamiltonian, and they always result in the same V−A structure in the leptonic current.
is is the so called V−A theory.

In the neutron decay, the Hamiltonian contributions from V and A are weighted by the
coupling constants gV and gA in the hadronic current, and stand for the strengths of Fermi
and Gamov-Teller transitions, as shown in ĕgure A.2. e ratio of the couplings λ = gA/gV
that induced by strong interactions should be measured in experiments.

A.5 Angular CorrelationCoefficients in FreeNeutron
Decay

Considering the le- and right-handed V,A, S,T currents, the angular correlation coeffi-
cients can be derived from eqn. 2.57
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ξ =|CV|2 + |CV|2 + |CS|2 + |CS|2 + 3|CA|2 + 3|CA|2 + 3|CT|2 + 3|CT|2 (A.35)
Aξ =2 · Re(2CAC

∗
A − CVC

∗
A − CVC∗

A − CSC
∗
T − CSC∗

T − 2CTC
∗
T) (A.36)

aξ =|CV|2 + |CV|2 − |CA|2 − |CA|2 − |CS|2 − |CS|2 + |CT|2 + |CT|2 (A.37)

B =B0 + bν
me

Ee
, with (A.38)

B0ξ =2 · Re(−2CAC
∗
A − CVC

∗
A − CVC∗

A + CSC
∗
T + CSC∗

T − 2CTC
∗
T) (A.39)

bνξ =2 · Re(2CTC
∗
A + 2CTC∗

A − CSC
∗
A − CSC∗

A + CVC
∗
T + CVC∗

T) (A.40)
bFξ =2 · Re(CSC∗

V + C∗
SC

∗
V − 3CTC∗

A − 3CTC
∗
A) (A.41)

Other coefficients can be found in [Jac57]
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MotionofChargedParticles inStaticMagnetic
Field

e motions of charged particles in the non-uniform electromagnetic ĕeld are extremely
complicated. Fortunately, in an adiabatic condition, we are able to obtain approximations of
the particle behaviours. More information about this topic can be found in Plasma Physics
[Din05].

B.1 HelicalMotionof ChargedParticles inMagnetic
Field

Due to Lorentz force, a charged particle moves helically in the static magnetic ĕeld. e
gyration radius r is proportional to the momentum component p⊥ that vertical to the mag-
netic line. Deĕne the pitch angle θ as the angle between magnetic ĕeld B and momentum
p, the gyration radius is

r = p× B
qB2 =

p⊥
qB

, p⊥ = p · sin θ (B.1)

B and q are the magnetic ĕeld and the charge of the particle. In a static magnetic ĕeld,
the vertical component of momentum p⊥ rotates around the magnetic ĕeld line, and the
parallel component p∥ determines the propagation speed. If there are no external forces
or dri effects on the particle, the gyration center of the particle will always stay on the
same magnetic line. With this property, we are able to denote the particle trajectories with
magnetic lines.

B.2 Adiabatic Condition andAdiabatic Invariant

If the magnetic ĕeld experienced by charged particles changes negligibly in the course of
one revolution of the helical motion, the motions of the particles are adiabatic. e varia-
tion of magnetic ĕeld in one helical pitch should fulĕl the criterion:

γ =

∣∣∣∣ΔBB
∣∣∣∣ = 2π p cos θ

qB2

∣∣∣∣∂B∂r
∣∣∣∣≪ 1 (B.2)
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where ΔB is the ĕeld variation in one helical distance, r denotes the position on the route
of particle gyration center.

During the adiabatic motion, the magnetic moment of the particle gyration μ is an invari-
ant:

μ =
1
2mv2

⊥

B
= const. (B.3)

With eqn. B.1, the invariant can be equivalently expressed as:

L = r× p = const. , ϕ = B · πr2 = const. ,
p2
⊥
B

= const. (B.4)

which indicate the angular momentum L and magnetic Ęux of gyration circle ϕ are con-
served.

In the non-adiabatic transport of particles, the magnetic moment is not conserved, and the
pitch angles will be changed with certain probabilities [Var01].

B.3 MagneticMirror Effect andMagnetic Bottle

In a static ĕeld, if the external force is not doing work on the particle (e.g. Lorentz force),
the energy of a particle remains conserved.

p2 = p2
∥ + p2

⊥ = const. (B.5)

Together with eqn. B.4, we can see both p⊥ and p∥ change with the B-ĕeld. e pitch angle
θ of the particle helical motion is a function of B-ĕeld:

sin2 θ
B

= const. or sin θ =

√
B
B0

sin θ0 (B.6)

So when a charged particle moves along an increasing magnetic ĕeld, the longitudinal mo-
mentum p∥ is transferred to the transverse component p⊥, and the pitch angle θ increases.
When p∥ decreases to zero, namely θ increases to 90ο, p∥ will change the sign and the parti-
cle will start to move to the reverse direction. e reĘection effect caused by the magnetic
ĕeld gradient is so called as magnetic mirror effect, as sketch in ĕgure B.1.

e critical pitch angle θcrit., which is the maximal pitch angle for the particle to pass
through the magnetic mirror Bmirr. from B, can be given as:

θmirr. = 90ο, θcrit. = arcsin
√

B
Bmirr.

(B.7)

Any charged particles that emitted inBwith pitch angle θ > θcrit. will be reĘected back, while
other particles are allowed to pass the Bmirr. barrier. e solid angle of transited particles
(loss cone) is then given as:

Ω = 2π(1 − cos θcrit.) (B.8)
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B.4 Dris of Charged Particles in Curved Magnetic Field

Magnetic 

Lines
Particle 

Trajectory

(a) Magnetic mirror

Magnetic 

Lines

(b) Magnetic bottle

Figure B.1: Sketches of the magnetic mirror effect and magnetic bottle. e gray lines denote
the magnetic lines, green curves denote the trajectories of the charged particles.

With two magnetic mirrors, it can form a magnetic bottle to trap the charged particles, as
shown in ĕgure B.1. e charged particles emitted in the low ĕeld region with the pitch
angle θ > θcrit. can be reĘected by magnetic mirrors from both sides, and keep oscillating
inside the minimum range of the magnetic ĕeld .

Due to uncontrollable inĘuences, e.g. variations of magnetic ĕeld, external forces, non-
adiabatic motions, dri effects, collisions with air molecule etc., the trapped particle has
probabilities to escape from the magnetic bottle, with the energies or pitch angles dis-
torted by the inĘuences. A theoretical calculation for particle escape probability due to
non-adiabatic motion is referred in [Var71]

In neutron decay experiments, themagnetic ĕeldminima on the e−/p+or neutron beam can
act as magnetic bottles and trap e−/p+inside them. e traps of e−/p+can cause signal losses,
and the escaped e−/p+can also reach the detector at an unpredictable time, thus distort the
measured results. erefore, any minima of the magnetic ĕeld on e−/p+or neutron beam
should be avoided as far as possible.

B.4 Drifts of ChargedParticles in CurvedMagnetic Field

A charged particle has a dri effect when it is propagating in a curved magnetic ĕeld. e
approximate dri velocity vd caused by B-ĕeld curvature can be formulated on ĕrst order
as:

vd =
mv2

∥

qRB
R× B
RB

(B.9)

R is the curvature of the magnetic line, v∥ is the particle velocity along themagnetic ĕeld. If
we don’t consider the electrical current that passes the area of particle’s motion, the curved
magnetic ĕeld has a gradient along the direction of R according Maxwell equations:

∇× B = 0,
dB
dR

= −B
R

(B.10)
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e magnetic ĕeld gradient will cause another dri contribution from the perpendicular
velocity v⊥. e total dri velocity is then written as:

vd =
m
qRB

(
v2
∥ +

1
2
v2
⊥

)
R× B
RB

(B.11)

Eqn. B.11 is an approximate description on the ĕrst order. It works when the gyration
radius of particle rgyr is much smaller than the radius of the curved magnetic ĕeld, and the
changes of the ĕeld strength is negligible during one helical cycle:

rgyr. ≪ R, rgyr|∇B| ≪ B (B.12)

To the second order, this formula has a contribution from the variation of vd [Erz09]

vd =
m
qRB

(
v2
∥ +

1
2
v2
⊥

)
R× B
RB

− m
B2 (v̇d × B) (B.13)

As shown in eqn. B.11, the dri caused by curvedmagnetic ĕeld (R×B dri) has a direction
perpendicular to the magnetic ĕeld and the ĕeld curvature.
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AppendixC

CompareofMagneticFieldResults from
DifferentSimulationPrograms

In the design of magnetic ĕeld systems, we mainly use two programs for simulation: the ĕ-
nite element simulation programCST Studio [Cst], andmagnetic ĕeld calculation program
magĕeld3.c developed by F. Glück [Glu11].

e program CST Studio is a commercial program driven with ĕnite element method, and
widely used in high and low frequency electromagnetic ĕeld simulations. In static ĕeld
simulation, it is able to calculate the magnetic ĕeld, trajectories of particles, non-linear
material and forces. Whereas the ĕnite element method is not very good at deĕning the
accurate magnetic ĕeld on a speciĕc point, hence can hardly simulate the magnetic lines.
Additionally, the results from CST Studio are dependent on the boundary conditions and
the size of calculation domains.

emagĕeld3.c program is based on C++, and can logically calculate the 3Dmagnetic ĕeld
generated by circular magnets on any speciĕed point with high precision. With this feather,
we can deduce secondary results from the simulated ĕelds, e.g. the precise distribution of
magnetic lines etc.

For the design of PERC, which has only circular magnets, we used both programs for dif-
ferent purposes. e results from the programs based on different calculation methods are
compared. e ĕgures below show the relative deviations of the simulated magnetic ĕelds
from both programs. e relative deviation is deĕned as

ΔB
Bmag

=
BCST − Bmag

Bmag
(C.1)

In the ĕgures, the deviations are plotted along the central line of the e−/p+-beam and along
the vertical central line of the selector coil.

As shown in the ĕgures, the deviations are smaller than 5×10−3.
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Figure C.1:e relative deviations of the simulated magnetic ĕelds from both programs along
the central line of the e−/p+-beam.
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Figure C.2: e relative deviations of the simulated magnetic ĕelds along the central line in
y-axis of the selector coil. Zero point denotes the center of selector coil.
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ParametersofMagnetsofPERC

Table D.1 lists the technical parameters of the magnets of PERC. In the table, some items
should be noted:

1. e Pos.y and Pos.z denote the positions of the centers of the magnets along y- and
z-axes. e zero point is located at the center of the n-guide end, directions of y and
z are the same as plotted in ĕgure 6.2.

2. e items Length and rin, rout denote the lengths and the inner, outer radii of the coils
including necessary insulations.

3. In the winding process of the superconductingmagnets, every layer of the wires loses
half turn of winding at each ends of the coil for mechanic ĕller. Hence the real lengths
of the coils are one winding shorter than the product lengths in the table.

4. e correction coils on decay coil Dec.Corr. 2 and 3 have negative current, and indi-
cate removing windings from the decay coil. ey do not have the half turn losses.

5. e geometry values denote that in the 4.2 K temperature. e thermal expandsmust
be considered in manufacture.

6. e current density is the current density over the cross-section of onewire, i.e. I/(3.2×2.4
mm2).

7. e current of Filter Coils are varied from 0 A to 612 A to tune B1 from 3T to 6T in
experiment.

8. e Max. B-ĕeld denotes the highest magnetic ĕelds that the coils can experience,
which are necessary to determine the nominal current (Section 8.1.2).
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