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Abstract

The decay of the free neutron offers an important possibility to test
the Standard Model of particle physics with high precision mea-
surements. Various parameters determining the decay rate of the
neutron are linked over the ratio λ of the weak coupling constants.
Hence, measurements of these parameters can be compared and
checked for consistency.

The spectrometer aSPECT has been designed to determine the
electron-antineutrino correlation coefficient a with a final accuracy
of 0.3 %. The working principle of the spectrometer is the energy
selection of decay protons by a potential barrier. For the counting,
the protons have to be accelerated by a system of high voltage elec-
trodes on the detector.

So far, unexpected background problems disturbed the measure-
ments. Therefore a new value for a could not be presented. Field
emission of electrons from the electrode surfaces is most likely a rea-
son for the background problems. In this Master thesis, the shape
of the high voltage electrodes has been investigated. Based on these
simulations, a new detector electrode has been built, which reduces
the field at the electrode’s surface by about 30 % and therefore the
probability for field emission.

For the evaluation of a, the magnetic field inside the spectrometer
has to be known with high (10−4) precision. For this reason the
magnetic field is mapped before and after beam times (and in ir-
regular intervals) with a Hall effect sensor. The measurement data
of the magnetic field mapping and of the Hall probe calibration in
2011 have been analyzed and compared with former measurements.
The data analysis shows that the measurement of the magnetic field
with the Hall probe limits the achievable accuracy in a to ’only’
0.26 %, while a lack of probe calibration (including long-term drift)
presently limits the accuracy to 0.67 %.



Zusammenfassung

Hochpräzisionsmessungen zum Zerfall des freien Neutrons bi-
eten die Möglichkeit, das Standardmodell der Teilchenphysik zu
überprüfen. Viele verschiedene Zerfallsparameter des Neutrons
werden über das Verhältnis λ der Kopplungskonstanten der
schwachen Wechselwirkung verknüpft. Dementsprechend können
die Messergebnisse verglichen und auf Konsistenz überprüft werden.

Das Spektrometer aSPECT wurde gebaut um die Elektronen-
Antineutrino-Korellationskoeffizienten a mit einer Genauigkeit
von 0.3 % zu bestimmen. Die Zerfallsprotonen werden hierfür
mittels einer Potentialbarriere nach ihrer Energie selektiert. Um
die Protonen, die diese Barriere überwinden, zu zählen, werden
diese mittels eines Systems von Hochspannungselektroden auf
detektierbare Energien beschleunigt.

Bisher konnte kein neuer Wert für a veröffentlicht werden, da
unerwartete Untergrundprobleme die Messungen verfälscht haben.
Wir gehen davon aus, dass hierfür unter anderem Elektronen-
Feldemission von den Oberflächen der Elektroden verantwortlich
ist. Im Rahmen dieser Diplomarbeit wurde die Form der Hochspan-
nungselektrode einer genauen Untersuchung unterzogen. Basierend
auf den Ergebnissen der Simulationen wurde eine neue Detek-
torelektrode gebaut: Die Feldstärke an deren Oberfläche konnte um
30 % gesenkt werden und dementsprechend die Wahrscheinlichkeit
für Feldemission.

Zur Bestimmung von a muss das Magnetfeld innerhalb des Spek-
trometers mit hoher Genauigkeit (10−4) bekannt sein. Daher wird
das Magnetfeld mit Hilfe einer Hall-Sonde vor und nach Strahlzeiten
(und in unregelmäßigen Abständen) vermessen. Die Magnetfeldmes-
sungen und die Probenkalibrierung von 2011 wurden analysiert und
mit früheren Messungen verglichen. Die Analyse hat gezeigt, dass
die Messgenauigkeit der Sonde die Bestimmung von a auf 0.26 %
einschränkt, während die unzureichende Probenkalibrierung (inklu-
sive Langzeitmessungen) derzeit eine Bestimmung von a mit einer
Genauigkeit von 0.67 % erlaubt.
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Chapter 1

Introduction

’The Standard Model (SM) of particle physics is a mathematical
theory that describes the weak, the electromagnetic and the strong
interaction between leptons and quarks’ [11]. Though the SM has
been extremely successful throughout the last decades, there are
some unsolved problems like for example the strong CP problem.
A possible solution has been proposed in Ref. [30]. Furthermore
the SM is incomplete. Hence the masses of leptons and quarks,
as well as some other constants, are parameters of the theory [9]
and have to be determined by experiments. Since dark matter and
dark energy form more than 95 % of the universe, the SM is only
valid for the remaining 4.9 % of ordinary matter [20]. For those
reasons physics beyond the SM has become an important branch of
research. Besides high-energy physics experiments with large accel-
erators, high-precision measurements provide access to subatomic
physics. Current low-energy experiments dealing with the decay of
the free neutron offer an approach to subatomic physics and physics
beyond the SM.

1.1 The beta decay of the free neutron

A free neutron (n) decays with a mean lifetime of (880.0 ± 0.9)s [7]
into a proton (p), an electron (e−) and an electron-antineutrino (ν̄e).
This process of the weak interaction is known as β−-decay:

n −→ p + e− + ν̄e + 782.3 keV (1.1)
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Figure 1.1: Neutron β−-decay at the quark level: The W− boson is the Standard
Model particle that mediates the weak interaction [23].

Since the neutron and the proton are baryons, they consist of three
quarks. Considering the quark flavors of the neutron (udd) and of
the proton (uud), the decay reads at the quark level as

d −→ u + e− + ν̄e + 782.3 keV (1.2)

and is illustrated in Fig. 1.1. In the SM the differential decay rate
can be written as [21]

d3Γ

dEe dΩe dΩν

=

=
1

2(2 π)5
G2

F|Vud|2 (1 + 3|λ|2) pe Ee (E0 − Ee)2

× [1 + a
~pe · ~pν
Ee Eν

+ b
me

Ee
+
〈~σn〉
σn
· (A ~pe

Ee
+B

~pν
Eν

+ ...)]

(1.3)

where GF is the Fermi weak coupling constant, Vud the upper left
element of the Cabibbo- Kobayashi-Maskawa (CKM) quark-mixing
matrix and λ = gA/gV the ratio of the weak axial-vector gA to the
vector coupling constant gV . ~pe, ~pν , Ee and Eν are the momenta and
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Figure 1.2: Illustration of the angular correlation coefficients a, A, B and C. ~σn

is the neutron spin, ~pi are the momenta of the proton, electron and
electron-antineutrino, respectively [23].

the total energies of the electron and of the electron-antineutrino,
respectively. Furthermore, E0 is the electron spectrum endpoint to-
tal energy, me the electron mass and ~σn the neutron spin. a, A
and B are the angular correlation coefficients and are illustrated in
Fig. 1.2, b is the so called Fierz interference term. In the SM, the
Fierz interference term is zero. Since the terms containing A and B
in Eq.(1.3) are proportional to the neutron spin ~σn, one needs to de-
termine these coefficients by measurements with polarized neutrons.
For the determination of the electron-anti neutrino correlation coef-
ficient a, the neutrons are not polarized. The current relative errors
on a, A and B are 4 %, 0.9 % and 0.3 % [7].
The spectrometer aSPECT has been designed to measure the cor-
relation coefficient a with high(0.3 %) accuracy [18]. The aSPECT
Collaboration also plans a measurement [33]of the proton asymme-
try parameter C [17]:

C = −xC(A+B) , (1.4)

where xC = 0.27484 is a kinematical factor. Since the current mea-
surements in 2013 with aSPECT aim to determine a, the focus of
the following theoretical introduction is on this coefficient.
In the SM, the Fierz interference term b=0 and the angular corre-
lation coefficients depend only on the ratio λ = gA/gV :
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a =
1− |λ|2

1 + 3 |λ|2
, A = −2

|λ|2 + |λ|
1 + 3 |λ|2

, B = 2
|λ|2 − |λ|
1 + 3 |λ|2

, C = xC
4λ

1 + 3 |λ|2

(1.5)

Since several neutron decay parameters depend only on the ratio
λ, one can determine λ from different parameters and compare the
derived values. This offers an important test of the validity of the
SM.
Another important test of the SM is the unitarity check of the CKM
quark-mixing matrix: The neutron lifetime τn shows the following
proportionality:

τn ∝
[
|Vud|2 (1 + 3|λ|2)

]−1
. (1.6)

Hence, one can derive |Vud| by measuring τn and λ. So far, a precise
determination of |Vud| is not possible from neutron β−-decay as the
measurements of the neutron lifetime τn are inconsistent [7].

1.2 The proton recoil spectrum

As mentioned in Sect. 1.1, during the last and upcoming beam times
with aSPECT, the correlation coefficient a is to be determined with
increasing precision. Considering Eq. (1.3), one sees that the term
comprising a is proportional to the scalar product of the momenta
of the electron and of the electron-antineutrino. Consequently, this
term is proportional to the cosine of θ, the angle between the electron
and the electron-antineutrino, cf. Fig. 1.3.
The electron-antineutrino interacts only weak. Hence, it is hard
to detect and subsequently its momentum is difficult to determine.
From a measurement of electron and proton momenta one could
determine a. This, however, is not the approach of aSPECT: With
the aSPECT spectrometer we measure the proton recoil spectrum.
The shape of the proton recoil spectrum depends on the electron-
antineutrino correlation coefficient a, as illustrated in Fig. 1.4.
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Figure 1.3: For unpolarized cold neutrons the decay rate Eq (1.7) is proportional
to the cosine of the angle between the electron and the electron-
antineutrino [23]

Figure 1.4: The proton recoil spectrum in neutron β−-decay. To demonstrate the
sensitivity on the electron-antineutrino correlation coefficient a, the
green line shows the spectrum for the recommended value for a [7] and
the blue line for a different value of a.
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Figure 1.5: For kinematical reasons, the proton’s kinetic energy depends an the angle
between the electron and the electron-antineutrino.

In the SM, the Fierz interference term b = 0. Hence, the differential
decay rate for unpolarized neutrons is given by:

d2Γ

dEedθe,ν

∝ (1 + a
ve

c
cos(θ)) (1.7)

If the momenta of the electron and of the electron-antineutrino point
to the same direction, the proton’s kinetic energy is big. Vice versa,
for opposite directions, the proton’s kinetic energy becomes small,
as can be seen from Fig. 1.5. This is simply a consequence of energy
and of momentum conservation. Hence, for a positive value of a,
the first case would be preferred; and for a negative value of a, the
second case would be preferred.
The theoretical proton recoil spectrum as a function of a has been
calculated by Nachtmann [28]1 and Dawber et al. [12]:

1A sign error in this formula has been found by C. Habeck [19].
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ωp(T ) ∝ g1(T ) + a · g2(T ) (1.8)

with

g1(T ) = (1− x2

σ(T )
)2
√

1− σ(T )[4(1 +
x2

σ(T )
)− 4

3

σ(T )− x2

σ(T )
(1− σ(T ))]

(1.9)

g2(T ) = (1− x2

σ(T )
)2
√

1− σ(T )[4(1 +
x2

σ(T )
− 2σ(T ))− 4

3

σ(T )− x2

σ(T )
(1− σ(T ))] ,

(1.10)

where T is the proton’s kinetic energy and

σ(T ) = 1− 2Tmn

∆2
, x =

me

∆
, ∆ = mn −mp = 1293.333(33) keV/c2 .

(1.11)

Here, mn and mp are the neutron’s and the proton’s mass, respec-
tively. The functions g1, g2 and g1 + a g2 are plotted in Fig. 1.6.
For a=0 the theoretical proton recoil spectrum is only proportional
to g1. For a non-zero value of a, the spectrum is shifted to lower
or higher energies, depending on the sign of a: A positive value for
a shifts the spectrum to higher energies, a negative value to lower
energies.

In order to determine a, we measure the shape of the proton spec-
trum and extract a from a two parameter fit to the theoretical spec-
trum. Equation (1.8) is only an approximation for the proton recoil
spectrum. For the investigation of systematic effects (cf. Chap. 2),
this description of the proton recoil spectrum is sufficient. For the
data analysis, additional corrections are applied. A complete list
of these corrections can be found in Ref. [23], see also [15]. In
the following chapter the measurement principle of aSPECT will be
explained.
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Figure 1.6: The theoretical proton spectrum for the recommended value of a =
−0.103 [7]
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Chapter 2

The retardation
spectrometer aSPECT

The design goal of the spectrometer aSPECT is the measurement of
the proton recoil spectrum in neutron β−-decay, in order to deter-
mine the electron-antineutrino correlation coefficient a with a final
accuracy of 0.3 %. Protons, emitted in the decay of the free neu-
tron, gain a maximum kinetic energy of approximately 751 eV. Such
energy is too low to trigger a signal at a detector. Therefore, the
protons have to be accelerated to detectable energies, in the order of
10-30 kV. Necessarily, the energy determination needs to take place
before the acceleration. In aSPECT, the energy determination is
achieved through an electrostatic filter. The set-up, the working
principle and the achievable measuring accuracy of aSPECT are
presented in this chapter.

2.1 Working principle of a MAC-E filter

The measurement principle of aSPECT is that of a MAC-E (Mag-
netic Adiabatic Collimation combined with an Electrostatic Filter)

filter [31]. Charged particles moving in a magnetic field ~B follow

the magnetic field lines. The Lorentz force ~F :

~F = q
[
~E + (~v × ~B)

]
(2.1)

forces them to gyrate around a magnetic field line. Here, q is the par-
ticle’s charge, ~v its velocity and ~E an external electric field. Equat-
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Figure 2.1: Scheme of a MAC-E filter [5]: Protons from the decay volume are guided
through magnetic field lines (blue) to the analyzing plane. The analyz-
ing plane is an imaginary plane, where both the magnetic field and the
electric potential have a local maximum.

ing the Lorentz force and the centripetal force in absence of an
electric field ~E, one obtains for the gyration radius r:

r =
mv⊥
qB

, (2.2)

where m is the particle’s mass and v⊥ the part of the particles’s
velocity perpendicular to the magnetic field. By reducing the mag-
netic field along the trajectories of the particles the transversal com-
ponent of their momenta is mostly converted into the longitudinal
component. This transformation needs to be adiabatic. Otherwise
the mathematical description of the integral proton spectrum is im-
possible. The condition for adiabatic transport in a magnetic field

∆B/B << 1 (2.3)

has to be fulfilled on all trajectories. Additionally to the magnetic
field, an electrode system generates an electric field which serves as
an electrostatic filter. Only particles with sufficient longitudinal ki-
netic energy can pass the electrostatic potential and will be detected
afterwards. The adiabatic condition for the electric field ~E is the
same as for the magnetic field ~B:

∆E/E << 1 (2.4)
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2.2 The aSPECT spectrometer

This description of the spectrometer aSPECT is based on Fig. 2.2 [23].
Unpolarized, cold neutrons (green) enter the spectrometer from the
left. The neutron beam is shaped by a collimation system (for de-
tails see [8]) before it enters the decay volume (pink), where only a
small fraction of the neutrons decays due to the long neutron life-
time. The decay protons (red) are guided by the strong magnetic
field within the spectrometer. Protons emitted in the positive z-
direction are directly guided towards the analyzing plane (brown).
On the other hand, protons emitted in the negative z-direction are
reflected by an electrostatic mirror (black) in order to avoid a loss of
proton count rate and accomplish 100 % acceptance. The analyzing
plane is an imaginary plane, where the electrostatic filter has its
maximum. Only protons with sufficient longitudinal kinetic energy
will overcome this electrostatic barrier and will then be accelerated
onto the detector (black). To scan the shape of the proton recoil
spectrum, the potential of the analyzing plane electrode, UA, can
be varied between 0 and +800 V. The maximum kinetic energy of
the decay protons is approximately 751 eV. Hence, measurements at
780 V are used to characterize the background. To post-accelerate
the protons to detectable energies (and to ensure that they overcome
the magnetic mirror right in front of the detector) a high negative
potential has to be applied to the detector. For the current set-
up, using a silicon drift detector (SDD), an acceleration voltage of
-15 kV is sufficient [32]. By varying the analyzing plane voltage and
plotting the proton count rate versus the voltage one obtains the
integral proton spectrum (for details see Sect. 1.2). Actually, the
electrostatic filter is not a single electrode as shown in Fig. 2.2, but
a system of seven electrodes in order to accomplish adiabatic trans-
port. The lower dipole electrode (blue) sweeps out decay protons
that do not overcome the potential barrier. Otherwise they would be
trapped between the analyzing plane and the decay volume. With
the upper dipole electrode the neutron (proton) beam is aligned on
the detector. These dipole electrodes hereafter will be referred to as
~E × ~B electrodes.
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Figure 2.2: Scheme of the spectrometer aSPECT [23]: green: unpolarized, cold neu-
tron beam; pink: decay volume (DV); red vectors: decay protons; gray:
electrostatic mirror (for 100 % acceptance); blue: lower ~E × ~B electrode
(sweeping out decay protons, which cannot pass the electrostatic filter);
brown: electrostatic filter, referred to as analyzing plane (AP); purple:
upper ~E × ~B electrode (aligning the neutron (proton) beam on the de-
tector (black)).
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Figure 2.3: The transmission function describes the probability for a proton to over-
come the electrostatic barrier, depending on its kinetic energy T . The
function is plotted for three different values of the barrier voltage UA.

2.3 The adiabatic transmission function

The transmission function describes the probability for a proton to
overcome the potential barrier, depending on the proton’s kinetic
energy T0 [18]1:

Ftr(T0;UA) =


0 , T0 ≤ Tmin

tr

1−
√

1− B0

BA
(1− e(UA−U0)

T0
) , Tmin

tr < T0 ≤ Tmax
tr

1 , T0 > Tmax
tr

(2.5)

with

Tmin
tr = e(UA − U0) and Tmax

tr =
e(UA − U0)

1− BA

B0

. (2.6)

Here, B0, BA and U0, UA are the magnetic fields respectively the
electrostatic potentials in the decay volume (DV) and in the an-
alyzing plane (AP). Since all of these parameters, except for UA,

1The derivation of the transmission function has been performed in Ref. [18] and many
previous theses as, e.g, Refs. [5] and [23] and is not be repeated here.
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are kept constant during a measurement of the electron-antneutrino
correlation coefficient a (except for systematic tests), the transmis-
sion function Ftr(T0;UA) varies only with the potential applied in
the AP. Figure 2.3 shows the transmission function for different an-
alyzing plane voltages UA.

From now on, we assume that U0 = 0 in order to simplify the cal-
culations.

2.4 Evaluation of a from the proton recoil
spectrum

From the transmission function Eq. (2.5) and the theoretical proton
recoil spectrum ωp the proton count rate at the detector can be
deduced. It depends only on the analyzing plane potential UA:

Np(UA) = N0

∫ Tp,max

0

dTFtr(T0;UA)ωp(T0) . (2.7)

Hereafter, we will use Eq. (1.8) for the theoretical proton spectrum
ωp . N0 is the full proton count rate for 0 V in the analyzing plane.
In accordance with Nachtmann (cf. Eq. 1.8), the proton recoil spec-
trum depends linearly on the correlation coefficient a and therefore
does the proton count rate. By measuring the proton count rate for
different AP potentials and subsequently applying a two parameter
fit (with fit parameters N0 and a) to the measurement data, the
value of a can be determined.

Alternatively, one can determine a from the specific count rate ra-
tio [34]:

rh(UA) =
Np(UA)

N0

. (2.8)

By substituting Eq. (2.7) and Eq. (1.8) into Eq. (2.8) we get:
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rh(UA) =

∫ Tp,max

0
dTFtr(T ;UA)g1(T ) + a

∫ Tp,max

0
dTFtr(T ;UA)g2(T )∫ Tp,max

0
dTg1(T ) + a

∫ Tp,max

0
dTg2(T )

.

(2.9)

Solving this equation for a yields:

a =

∫ Tp,max

0
dTFtr(T ;UA)g1(T )− rh(UA)

∫ Tp,max

0
dTg1(T )∫ Tp,max

0
dTFtr(T ;UA)g2(T )− rh(UA)

∫ Tp,max

0
dTg2(T )

. (2.10)

2.5 Measuring accuracy

As mentioned before, aSPECT measures the proton count rate at
several barrier voltages to determine the correlation coefficient a
with an accuracy of 0.3 %. a is then derived from a two parameter
fit. Nevertheless we use Eq. (2.10) for an error estimation: The aim
is to determine the dependency of the relative uncertainty in a on
uncertainties of the potential barrier voltage UA and of the magnetic
field ratio

rB =
BA

B0

. (2.11)

By substituting the transmission function Eq. (2.5) into our expres-
sion for a Eq. (2.10) we obtain:

a =

∫ Tmax
tr

Tmin
tr

(1 −
√

1 − B0
BA

(1 − eUA
T

))g1(T )dT +
∫ Tp,max

Tmax
tr

g1(T )dT − rh(UA)
∫ Tp,max

0
g1(T )dT∫ Tmax

tr

Tmin
tr

(1 −
√

1 − B0
BA

(1 − eUA
T

))g2(T )dT +
∫ Tp,max

Tmax
tr

g2(T )dT − rh(UA)
∫ Tp,max

0
g2(T )dT

(2.12)

In order to calculate the relative uncertainties in a, we have to dif-
ferentiate Eq. (2.12):

∆a

a
=
∂a

∂x

∆x

a
(2.13)
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where x is the potential barrier voltage UA respectively the magnetic
field ratio rB.
We note that the integration limits in Eq. (2.12) are variable. Hence,
we have to use the Leibniz integral rule for variable integration lim-
its:

d

dx

∫ b(x)

a(x)

f(y, x)dy =

∫ b(x)

a(x)

∂

∂x
f(y, x)dy +

db(x)

dx
f(b(x), x)− da(x)

dx
f(a(x), x)

(2.14)

2.5.1 Dependence on the analyzing plane voltage

According to Eq. 2.12, we calculate a for a special value of the spe-
cific count rate ratio rh(UA) = const. Therefore the last term in the
numerator of Eq. (2.12) as well as in the denominator are indepen-
dent of UA.

According to Eq. (2.14) the derivative of the first integral in the
numerator of Eq. (2.12) yields

d(Numerator)

dUA

= −
∫ Tmax

tr

Tmin
tr

e

2rBT
√

1− B0

BA
(1− eUA

T
)
g1(T )dT

(2.15)

Detailed calculations are in App. A.

Analogous, the derivative of the denominator yields

d(Denominator)

dUA

= −
∫ Tmax

tr

Tmin
tr

e

2rBT
√

1− B0

BA
(1− eUA

T
)
g2(T )dT .

(2.16)
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Figure 2.4: Relative uncertainty in a for an uncertainty in the analyzing plane volt-
age UA of 7, 10 and 30 mV. The relative uncertainty in a strongly de-
pends on UA. Input data: rB = BA/B0 = 0.203 and a = −0.103.

In order to differentiate Eq. (2.12), the quotient rule must be used.
For the final result we obtain:

da

dUA
=

{[∫ Tmax
tr

Tmin
tr

(1 −
√

1 − B0

BA
(1 − eUA

T
))g1(T )dT +

∫ Tp,max
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Figure 2.4 shows the result for a deviation in UA of 7, 10 and 30 mV
2. An absolute uncertainty in the AP voltage UA of 30 mV yields
a relative uncertainty in a of about 0.5 %. In order to reach the
design goal of 0.3 % in a, it is necessary to keep the uncertainty in
UA below 10 mV, since there is also a dependency on the magnetic
field ratio rB, see Sect. 2.5.2.

2.5.2 Dependence on the magnetic field

The same calculations have been performed for the magnetic field
ratio rB. The derivatives of the numerator and the denominator are:
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(2.19)

For the total derivative we obtain:
2For the computation of the integrals, the numerical integration function of Mathematica

8.0 has been used, similar to Ref. [23]
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Figure 2.5: Relative uncertainty in a depending on the relative uncertainty in the
magnetic field ratio rB = BA/B0. Input data: rB = 0.203 and a =
−0.103.
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The relative uncertainty in a is plotted in Fig. 2.5. In order to reach
the design goal of the spectrometer of 0.3 % in a, the relative un-
certainty in rB has to be kept below 1× 10−4.

For a special set of barrier voltages, UA= 50, 250, 400, 500, 600 V,
the relative change in a has been investigated for different uncer-
tainties of the magnetic field ratio rB [5] [22]. From Fig. 2.6, we
derive an approximate relation between the relative uncertainties in
rB and a:

∆a

a
≈ 10 · ∆rB

rB

. (2.21)

Since rB is the ratio of BA to B0, we need to investigate the influence
of both fields on the ratio rB. For this we use the Gaussian error
propagation [29]:
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and obtain

∆rB =

√
(
∂rB

∂BA

∆BA)2 + (
∂rB

∂B0

∆B0)2 =

√
∆B2

A

B2
0

+
B2
A

B4
0

∆B2
0 (2.23)

This formula can be expressed more elegantly:

∆rB
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∆B0
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)2 . (2.24)

Figure 2.7 illustrates the relation between the relative uncertainty
in the magnetic field ratio ∆rB/rB and the absolute uncertainties in
the magnetic fields, ∆BA and ∆B0, in a contour plot. In order to
reach the design goal of aSPECT of 0.3 % in a, the relative error in
rB has to be kept below 1×10−4. This is guaranteed in the dark blue
area of Fig. 2.7. Hence, the absolute uncertainties of the magnetic
field in the AP and in the DV need to be below about 1 and 5 Gauss,
respectively.
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Figure 2.6: Relative uncertainty in a depending on the relative uncertainty in the
magnetic field ratio rB [5] [22]

Figure 2.7: The relative uncertainty in the magnetic field ratio rB depending on the
absolute uncertainties in BA and B0. (Input data: BA = 0.44 T and
B0 = 2.17 T.)
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Chapter 3

Improvement of the upper
electrode system

During early beam times with the spectrometer aSPECT strong dis-
charge phenomena at the detector electrode have been observed [6].
Those discharges not only made it impossible to reach the design
goal of the aSPECT experiment, but also caused severe damages
to several detectors. By improving the shape of the detector elec-
trode [23] and changing the type of the detector [32], strong dis-
charges could be suppressed. However, a strongly reduced back-
ground signal was still present [8]. This has been identified as pos-
itive ions from the residual gas [32]: Electrons emitted from the
metal surfaces of the electrode system possess the capability to ion-
ize atoms or molecules of the residual gas, which will then be accel-
erated on the detector and miss-counted like decay protons. Hence,
further improvements in the electrode and in the vacuum system of
the spectrometer have been inevitable.
This chapter deals with the optimization of the upper electrode sys-
tem, including the detector electrode, and the investigation of the
background during an off-line measurement in summer 2012 at the
Institut Laue-Langevin (ILL) in Grenoble, France.
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Figure 3.1: The upper electrode system of the aSPECT spectrometer. From left
to right: the grounded top plate e15b of the lower electrode system
(containing DV, AP lower ~E × ~B and the mirror electrode), both sides
of the upper ~E × ~B dipole electrode e16A and e16B, respectively, the
detector electrode e17 and the insulator, connected on top to the ground
potential of the aSPECT magnet. The detector electrode is surrounded
by two heat shields (red) to reduce the heat transfer to the cryostat. The
large, transparent cylinder indicates the cold bore tube of the cryostat
(which continues on the left and on the right side). Figure 3.7 shows the
detector electrode e17 in more detail.

3.1 Motivation for a re-design of the upper elec-
trode system

Main part of the upper electrode system1, shown in Fig. 3.1 , is the
detector electrode. The detector electrode surrounds the proton de-
tector and part of its electronics, and post-accelerates the decay pro-
tons onto the detector. For the currently used silicon drift detector
(SDD), a potential of -15 kV has turned out to be a good compro-
mise between signal-from-background separation and background

1The indication ’upper’ is based on the fact that the associated electrodes are inserted
from the top of the aSPECT magnet, while the ’lower’ (actual) electrode system is inserted
from the bottom.
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performance [32]. However, during the last beam time in summer
2011 at ILL, discharge phenomena have been observed again. In
addition, all measurements (2005/06 at Forschungs-Neutronenquelle
Heinz Maier-Leibnitz (FRM II) in Garching, Germany, and 2008 and
2011 at ILL) revealed an AP voltage dependent background, while
the extraction of the electron-antineutrino correlation coefficient a
from the measured proton recoil spectra assumes no dependency.
The common position is that it is a result of Penning traps inside
aSPECT.
After a brief description of the observed background behavior, I will
give a short introduction to Penning traps and Penning discharges.

3.1.1 Background problems during earlier beam times

A fundamental prerequisite for the determination of the electron-
antineutrino correlation coefficient a from the proton recoil spectra
is that the background, measured at UA = 780 V, is independent
of the AP voltage. However, during the 2005/06 and 2008 beam
times at FRM II and ILL, respectively, an AP voltage dependent
background has been observed [6, 8, 27]. Figure 3.2 shows that for
the 2008 beam time, the background and its AP voltage dependence
have been effectively suppressed.
The common position is that the AP voltage dependence is the re-
sult of Penning traps (see Sect. 3.1.2 for details) inside the aSPECT
spectrometer. Hence, an additional neutron shutter was installed
several meters in front of the spectrometer to investigate the back-
ground count rates also without neutrons and, subsequently, with-
out the charged neutron decay products. Figures 3.3 and 3.4 show
examples of the temporal evolution of the background count rates
during the 2008 and 2011 beam times, respectively. As can be seen
from Fig. 3.3, in 2008, the background count rate could be strongly
suppressed with reasonable settings of the lower ~E× ~B electrode e8
(cf. Fig. 3.6).
In 2011, this was not the case: Figure 3.4 shows a typical temporal
evolution. For the background measurement with shutter closed (no
neutrons), the AP voltage was ramped up to 780 V at t = 10 s and
ramped down again to 0 V at t = 175 s. Before the AP is back again
at 0 V, the background reaches a peak with a height of about 90 s−1.
After that, the background count rate drops back to its initial value
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Figure 3.2: Background count rate without neutron beam depending on AP voltage,
taken from [23]. The red squares stem from the worst data set of the
2006 beam time at FRM II, whereas the green circles stem from the 2008
beam time at ILL. See the text for details. Error bars show statistical
errors only.

(sub-Hz). During measurements with neutrons, a similar AP voltage
dependent peak appears. For this measurement the AP voltage was
ramped up at t=10 s and ramped down again at t=90 s. The reason
for the much higher and the much stronger AP voltage dependent
background, compared to 2008, could not be clearly identified. The
obvious suspicions are a too high gas pressure (see also Sect. 3.4)
and the high-voltage electrodes.
To reach a relative accuracy in a below 0.1 %, the background count
rate has to be known with a precision of 10 mHz [8,23]. Hence, im-
provements of the aSPECT spectrometer for the recent beam time in
summer 2013 were inevitable. The improvement of the high-voltage
electrodes is discussed later in Sects. 3.2 and 3.3; the results of an
off-line background measurement in summer 2012 are presented in
Sect. 3.5.
For a more detailed background characterization of the beam times
in 2008 and 2011 see Refs. [8, 23, 24].
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Figure 3.3: The temporal evolution of the background count rate measured at UA =
780 V, for two different settings of the lower dipole electrode e8, during
the 2008 beam time; taken from [23]. To illustrate, the dashed blue lines
show when the neutron shutter was opened and later closed again. Error
bars show statistical errors only.

Figure 3.4: The temporal evolution of the background count rate measured at UA =
780 V, with (red) and without (black) neutrons. The figure shows a
typical example of the 2011 beam time at ILL [25]. See the text for
details. Error bars show statistical errors only.
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3.1.2 Penning traps and Penning discharges

This chapter is basically following the presentation of F. Glück [16].
Most discharge phenomena are explained by ionization processes
through electrons. The source for ionizing electrons may however
vary. An unintended source for electrons are metal surfaces, where
electrons can tunnel through the potential barrier. Such electrons do
not have sufficient kinetic energy to ionize atoms or molecules of the
residual gas. Hence, ionization will occur, only if the electrons are
accelerated by an electric field. When electrons, which have gained
the ionization energy, collide with neutral atoms or molecules of the
residual gas, not only ions will be produced but also secondary elec-
trons. In this way, an electron avalanche will be triggered. The ion
cloud between two electrodes can then reduce the resistance of the
residual gas and discharge phenomena will occur. Additionally to
electron field emission, secondary electron emission from the metal
surface through cosmic rays and gammas cannot be excluded. The
crucial factors that influence the probability for discharges are the
mean free path of the electrons within the residual gas and the dis-
tance between anode and cathode. At low gas pressure and small
distance between the electrodes, the electrons will not collide with
residual gas atoms or molecules and ionization and consequently dis-
charges will not be initiated. This simple mechanism of discharge
occurs only at bad vacuum conditions and is known as Townsend
discharge.
Discharge processes in aSPECT cannot be explained by the
Townsend discharge as the gas pressure is too low (<10−8 mbar)
and therefore the mean free path of the electrons is too long. In
aSPECT, the so called Penning discharge is responsible for discharge
phenomena. Additionally to the electric field, we have a strong
magnetic field inside the aSPECT spectrometer. As discussed in
Sect. 2.1 charged particles gyrate around magnetic field lines. If the
magnetic and the electric field are arranged in the right direction,
charged particles can be stored. This kind of particle trap is known
as Penning trap. Figure 3.5 shows typical a Penning trap. If the
magnetic field lines connect the anode and the cathode, no storage
of particles is possible as the electrons or ions will impact on one
of the electrodes without increasing the duration of stay within the
residual gas. In this case, the electric and the magnetic field lines
are parallel. However, if a magnetic field line connects two parts of
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Figure 3.5: Typical arrangement of Penning traps, taken from [16]. The sketch
shows a cathode-to-cathode Penning trap (upper part) and a vacuum-
to-vacuum Penning trap (lower part).

a cathode or two different cathodes and the potential in between is
more positive, because of an anode, charged particles can be stored
and even accelerated [16]. As the time spent in the traps and the
kinetic energy of electrons can be increased in Penning traps, the
probability for ionization and subsequently discharges increases and
therefore occurs even in good vacuum conditions.

Penning traps are not necessarily identical to the ones shown in
Fig. 3.5. Great effort has been invested to identify and subsequently
eliminate Penning traps inside aSPECT. Figure 3.6 indicates those
Penning traps that have been identified after the first measurements
with aSPECT at FRM-II, cf. Ref. [6]. For the 2008 beam time, the

Penning traps at the electrostatic mirror (e1) and at the upper ~E× ~B
electrode (e16) have already been eliminated. Though it would be
desirable to remove all Penning traps in aSPECT, it is not possible
as some are required for the operation of a retardation spectrometer,
like in the AP.
Since some Penning traps cannot be removed, the probability for
field emission from the electrodes’ surfaces must be suppressed to
a minimum. Field emission usually occurs at electric fields above
1 GV/m [16]. In aSPECT, the maximum electric field appears at the
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Figure 3.6: Sketch of the aSPECT experiment: Penning traps for electrons (orange)
and for positive ions (red), taken from [23]. The traps at e1 and e16 have
already been removed [23].

surface of the detector electrode, but does not exceed some MV/m.
However, simulations of the electric field assume perfectly smooth
surfaces. Furthermore, simulations of sharp edges and small radii
with the finite element method are always limited by the minimum
size of mesh elements. Assuming that any surface is a structure con-
taining of separated tiny peaks, which generate much higher electric
fields, field emission cannot be excluded. Therefore the surface of
the (high-voltage) detector electrode is electro-polished.

Scratches that can easily be caused during mounting or transport
can result in discharge phenomena. Therefore a second detector
electrode should always be available during a beam time, as a spare
part. For the 2013 beam time, we have decided to build an improved
version of the detector electrode. As motivated above, the design
of the electrode was changed in order to reduce field emission. The
changes are summarized in the following Sect. 3.2.

3.2 Re-design of the detector electrode

The motivation for a re-design of the detector electrode e17 (cf.
Fig. 3.1) has been given in Sect. 3.1. This electrode post-accelerates
all decay protons which overcome the potential barrier in the ana-
lyzing plane onto the proton detector. For this, a negative potential
of -15 kV is applied. Figure 3.7 shows the set-up currently used, in-
cluding the detector and its electronics as well as the insulator which
separates the high-voltage side of the detector from the ground po-
tential side of the aSPECT magnet. The electrode itself consists of
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Figure 3.7: Sketch of the detector electrode e17; adapted from [32]. The electrode
consists of three main parts, from left to right: the detector cup, a
stainless steel tube and the top cover. For details see the text.

three main parts: the detector cup, an approximately 35 cm long
tube containing parts of the electronics, and (the parts of) the top
cover. The detector cup is a solid stainless steel part. Its purpose,
besides the shaping of the electric field, is the radiative shielding
of the detector, mainly from gammas. The stainless steel tube at-
tached to it contains the preamplifier of the detector. As shown
later in Fig. 3.14 the cup and the tube are mounted via a cylin-
drical, hollow insulator. The top cover parts of the electrode cover
the sharp-edged welding seam of the insulator as well as the con-
nection screws. For upcoming beam times, an improved version of
the detector electrode has been built, which also serves as a spare
part for the current electrode. In particular, the use of two different
electrodes is very useful to test the stability and the reproducibility
of the background. In this section the improvements on the shape
of the detector electrode are presented.

3.2.1 Re-design of the detector cup

The detector cup surrounds the proton detector and shields it from
radiation. Main part of the radiation are gammas which are gener-
ated by neutrons, cosmic rays or neighboring experiments. The de-
tector cup as part of the detector electrodes e17 is held at a potential
of -15kV. As shown in Fig. 3.1, the detector electrode is surrounded
by grounded heat shields to minimize the heat input from the detec-
tor electrode to the cold bore tube of the aSPECT magnet. In the
direction of the AP the dipole electrode e16 is mounted which ad-
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Figure 3.8: Electric field of the detector cup currently used in a z-y plane at x=0:
The cup has a cylindrical shape with rounded edges on the inner and
the outer sides. Here the rounding has a radius of 1 cm. In the red areas
the simulation yields an electric field of up to 1×106 V/m. Input data:
U16A = −4200 V, U16B = −200 V and U17 = −15 kV.

Figure 3.9: Electric field of the re-designed detector cup in a z-y plane at x=0: The
outer side of the cup has an elliptical shape. This way, the electric field
has been reduced significantly. Compared to Fig. 3.8 no red areas are
present. Input data: U16A = −4200 V, U16B = −200 V and U17 =
−15 kV.
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Figure 3.10: Photographs of the re-designed detector cup.

justs the neutron (proton) beam on the detector. Typical values for
the potentials are -4200 V and -200 V for side A and B, respectively.
The small distances to the heat shields cause strong gradients of the
electrostatic potential. Hence, a strong electric fields emerges at the
surface of the detector cup as can be seen from Fig. 3.8.

To minimize the probability for field emission from the detector cup,
the electric field should be as small as possible. But the changes that
can be made to the cup are strongly limited. On the one hand, the
radial distance to the heat shields and to the electrode e16 should
not be further reduced. On the other hand, the tube containing
the preamplifier should be as light as possible and compatible with
the insulator and parts of the detector electronics. Hence, the di-
mensions of the tube have not been changed. Since the connection
between the tube and the cup has to be smooth, the outer diameter
of the cup at the transition is fixed. The rest of the cup could be
changed.
The optimization of the detector cup has been performed with COM-
SOL Multiphysics 4.2a [10], a finite element analyzing software pack-
age. A variety of shapes has been simulated in order to find the best
solution. The final shape is shown in Fig. 3.9. An elliptical shape
on the outer side of the cup yields the best result. A simple ex-
planation for this effect is the small curvature of the cup close to
the grounded heat shields. The comparison between Fig. 3.8 and
Fig. 3.9 shows that red areas, which mark electric fields between
8×105 and 1×106 V/m, are no longer present on the surface of the
re-designed cup. The simulated maximum of the electric field has
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been reduced by almost 30 %. Figure 3.10 shows photographs of
the re-designed detector cup.

3.2.2 Re-design of the top cover

The detector electrode e17 is mounted on the detector mechanics
(see later in Fig. 3.14) via an insulator, see Fig. 3.7. The flange
of the insulator on the electrode side and therefore the connection
screws are on the electrode potential of -15 kV. In order to suppress
field emission, the sharp-edged welding seam of the flange as well
as the upper end of the electrode tube must be covered . The parts
fulfilling this purpose are referred to as the top cover of the detector
electrode e17.
The current top cover shown in Fig. 3.11 (left) consists of three
parts: one large ring, which is simply put over the end of the elec-
trode tube, and two half rings, which cover the welding seam. Before
mounting the detector electrode on the insulator, the large ring must
be put over the insulator, since it does not fit over the detector cup
and cannot be mounted afterwards. Necessarily the inner diameter
of this ring is bigger than the outer diameter of the insulator flange.
After mounting the electrode the remaining half rings are placed an
top of the larger ring and cover the welding seam and the connec-
tion screws of the insulator. A slit between the two half rings is
inevitable. In the current design this slit is not covered and points
to the heat shields. In contrast, the re-designed top cover shown
in Fig. 3.11 (right) not only yields a significantly lower electric field
but also has no slit pointing to the direction of the heat shields. The
assembly works totally analogous. However, the small ring (consist-
ing of two half rings) is pushed inside the larger ring.
The electric fields of both top covers are shown in Fig. 3.12. The
higher field of the current top cover is concentrated in two areas (one
on each of the two rings) and has a maximum above 1×106 V/m.
The re-designed top cover is surrounded by a larger area in which
the field varies between 0.7 and 0.8×106 V/m (yellow and orange
area), but does not exceed this value. For these simulations the slits
in the smaller ring of the old top cover have been neglected. Even
taking into account the slits for the new top cover, the maximum
electric field has been reduced by about 20 %. Figure 3.13 shows
photographs of the re-designed top cover.
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Figure 3.11: Illustration of the assembly of the old (left) and of the new (right) top
cover. The large ring covers the end of the tube, the two half-rings the
welding seam and the connection screws of the insulator.
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Figure 3.12: Electric field of the old (left) and of the new (right) top cover. The
maximum electric field has been reduced by about 30 %. The old top
cover has two areas of high electric field (at each ring), the new top
cover has a larger orange area of a reduced electric field. Input data:
U17 = −15 kV.

Figure 3.13: Photographs of the re-designed top cover of the electrode e17: left and
middle: outer ring, right: two half rings which are pushed inside the
outer ring.
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3.2.3 Influence of the position on the electric field

The detector electrode e17 is mounted on a membrane bellow, in
order to make it retractable in the z-direction. The reason for this
is the following: During earlier beam times with aSPECT problems
with the detector occurred now and then. In order to save time, the
detector should therefore be accessible without venting the whole
vacuum system. A sketch of the so-called detector mechanics is
shown in Fig. 3.14. For the removal, the electrode is pulled up
above an ultra-high vacuum (UHV) shutter. Then the shutter is
closed and the electrode can be removed without breaking the UHV
in the cold bore tube. In the measurement position the distance
from the lower end of the electrode e17 (the detector cup) to the
suspension point is approximately 1.5 m. Consequently the x-y
centering of the detector electrode is not perfectly guaranteed, due
to the tolerances of the mounting system. The influence of an x-y
displacement of the detector cup on the electric field is investigated
in this section.
Figures 3.15 and 3.16 show the dependence of the maximum electric
field on a displacement in the x- and in the y- direction, respectively.
For each direction a maximum displacement of the detector cup of
1 cm has been assumed. The electric field increases rather linear
with the displacement. At the maximum displacement of 1 cm, the
electric field has increased by about 20 %. For a displacement in the
y-direction the electric field increases to a higher level. The reason
for this is the opening angle of the dipole electrode. At a displace-
ment of about 1 cm the electric field of the new detector cup reaches
the electric field of the old detector cup, in center position. For x-
and y- direction, the difference between the old and the new cup
stays rather constant. The slight asymmetry between the negative
and the positive displacement in the x-direction (Fig. 3.15) is most

likely caused by the upper ~E× ~B electrode, in the asymmetric stan-
dard configuration (U16A = −4200 V and U16B = −200 V)2.
Simulations of the electric field for the old and the new detector cup
in the center position and at the maximum displacements of x=-1cm
and y=1cm are shown in Figs. 3.17 and 3.18.

Nevertheless, the maximum electric field of the old detector cup in
2The different values for the electric field in the center position as well as the anomalies in

Fig. 3.15 can be explained by the quality of the simulations (error of about 2-3×10−4)
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Figure 3.14: Sketch of the detector mechanics, taken from [23]: the detector elec-
trode e17 can be removed from the spectrometer without breaking the
main vacuum. For this purpose the electrode is mounted on a mem-
brane bellow. After pulling up the electrode the UHV shutter is closed.
In the measurement position, the distance from the lower end of the
electrode e17 (the detector cup) to the suspension point is about 1.5 m.
Therefore the perfect x-y-centering is not guaranteed.

the center position is higher than the maximum electric field of the
new detector cup displaced by 1 cm in the x- or y-direction.
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Figure 3.15: Maximum electric field at the surface of the detector electrode as a
function of the displacement in the x-direction. Input data: U16A =
−4200 V, U16B = −200 V and U17 = −15 kV.

Figure 3.16: Maximum electric field at the surface of the detector electrode as a
function of the displacement in the y-direction. Input data: U16A =
−4200 V, U16B = −200 V and U17 = −15 kV.
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Figure 3.17: Electric field of the current detector cup in the x-y plane with the
highest field value (at z = 2.18 m). From left to right, for a displace-
ment of 10 mm in the negative x-direction, for the center position and
for a displacement of 10 mm in the positive y-direction. Input data:
U16A = −4200 V, U16B = −200 V and U17 = −15 kV.

Figure 3.18: Electric field of the re-designed detector cup in the x-y plane with the
highest field value (at z = 2.22 m). From left to right, for a displace-
ment of 1 0mm in the negative x-direction, for the center position and
for a displacement of 10 mm in the positive y-direction. Input data:
U16A = −4200 V, U16B = −200 V and U17 = −15 kV.
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3.3 Improvement and repair of the upper ~E× ~B
electrode

The purpose of the upper ~E × ~B electrode is the adjustment of the
neutron (proton) beam on the detector. Its position can be seen
in Fig. 3.1. The dipole electrode consists of two half cylinders to
which different potentials can be applied. To further investigate the
probability for field emission from this electrode, simulations of the
electric field for ’different shapes’ of the electrode have been per-
formed, which are presented in Sect. 3.3.1.

An offline-measurement in summer 2012 at ILL has been dedicated
to the study of the spectrometer background. Unfortunately, it
turned out that a glass insulation was broken and subsequently had
to be repaired. An epoxy resin with insufficiently known UHV per-
formance has been used. To ensure best possible UHV conditions
for the background measurements (see also Sect. 3.4) a test pumping
station with the option of baking out has been built. The results of
the vacuum tests are also discussed in this chapter.

3.3.1 Investigation of the electric field at the edges

In order to get an impression of the electric field at the upper
~E × ~B electrode e16, further simulations with COMSOL Multi-
physics 4.2a [10] have been performed. For this, the standard config-
uration of U16A = −4200 V and U16B = −200 V has been assumed.
As expected, the maximum electric field occurs at the edges of the
electrode side to which the higher potential of -4200 V is applied.

The electrode has been built from stainless steel sheet, with sharp
edges. Subsequently the sharp edges have been removed/rounded.
The exact radius of curvature is unknown. Thus, Fig. 3.19 shows a
simulation for a rather small curvature, while Fig. 3.20 shows one
for a diameter over the whole thickness of the electrode. For both
shapes, the maximum electric field is almost the same. The actual
shape might be somewhere in between and hence the maximum elec-
tric field also the same. Compared with the detector electrode, the
maximum electric field is about half a magnitude smaller at the
edges of the upper ~E × ~B electrode.
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Figure 3.19: Electric field at one edge of the upper ~E × ~B electrode e16 in the x-z
plane at y = 0: edge rounded with a rather small radius. Input data:
U16A = −4200 V, U16B = −200 V and U17 = −15 kV.

Figure 3.20: Electric field at one edge of the upper ~E × ~B electrode e16 in the x-z
plane at y = 0: edge rounded with the radius half of the electrode
thickness. Input data: U16A = −4200 V, U16B = −200 V and U17 =
−15 kV.
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Figure 3.21: Electric field at one edge of the upper ~E × ~B electrode e16 in the x-z
plane at y = 0: sharp edge, no curvature. Input data: U16A = −4200 V,
U16B = −200 V and U17 = −15 kV.

Figure 3.22: Electric field at one edge of the upper ~E × ~B electrode e16 in the x-z
plane at y = 0: sharp edge, curvature that could appear when badly
manufactured. Input data: U16A = −4200 V, U16B = −200 V and
U17 = −15 kV.
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To see whether sharp edges can have an extreme influence on the
electric field, further shapes have been simulated, see Figs. 3.21 and
3.22. Keeping the same mesh size, no field increase could be ob-
served. Please note that any sharp edge is limited by the minimum
size of mesh elements.
Finally, we conclude that the electric field at the upper ~E × ~B elec-
trode e16 is approximately half of that at the detector electrode
e17. However, sharp edges may cause unexpected high fields. But,
as long as a smooth curvature is guaranteed, a re-design of the upper
~E × ~B electrode is not necessary; with respect to the magnitude of
the electric field.

3.3.2 Outgassing tests for STYCAST 2850 FT with cata-
lyst 9

The connection cables of the upper ~E × ~B electrode are isolated
through glass tubes, cf. Fig. 3.23. During the assembly of the
aSPECT spectrometer for an off-line measurement at the ILL, in
summer 2012, it turned out that a glass insulation was broken close
to the electrode. For lack of a new glass tube, it was decided to
repair the glass with an epoxy resin (STYCAST 2850 FT with cata-
lyst 9). Since no sufficient information about the UHV performance
of the epoxy resin was available, it was decided to build up a CF-test
pumping station3. This is to ensure best possible UHV conditions
for the background measurements (see also Sect. 3.4) The repaired
electrode was mounted inside a CF200-tube. On one end of the
tube, a rather powerful turbo-molecular pump was mounted. On
the other end, a mass spectrometer (Pfeiffer PrismaPlusTM QMG
220F) was installed, in order to analyze the residual gas composition
inside the test chamber. The vacuum pressure was monitored with
a full range vacuum gauge (Pfeiffer PKR 261). In order to reach
good vacuum conditions it is a common procedure to increase the
temperature within the vacuum system. This procedure is known
as bake-out and accelerates the outgassing from surfaces. For the
bake-out, we used heating tapes, wrapped around the test chamber,
and isolated the whole set-up through aluminium foil.

3CF systems use only copper gaskets and therefore better vacuum conditions can be
achieved than with KF systems, which use rubber gaskets
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Figure 3.23: Photograph of the upper ~E × ~B electrode: The glass insulation of the
connection cables easily breaks at the elbow, close to the electrode.
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Figure 3.24: Mass spectrum taken before the start of the bake-out of the test cham-
ber containing the repaired ~E × ~B electrode. The dominant peak at
amu 18 is the main peak of water. For further details see Figs. 3.25
and 3.26.

.

Figure 3.25: Zoom of Fig. .3.24, to mass number 25-100: The peaks at amu 39,
41, 43, 55 and 57 are most likely remnants of pumping oil. This is
confirmed by peaks at amu 71 and 85 [14].
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Figure 3.26: Zoom of Fig. .3.24, to mass number 100-200: The peaks at amu 149
and 167 are the main peaks in the mass spectrum of diethylhexylph-
thalate [13], a commonly used plasticiser, which is most likely be a part
of the epoxy resin.

During the bake-out mass spectra have been taken and analyzed off-
line. A mass spectrum recorded before the start of the bake-out is
shown in Figs. 3.24, 3.25 and 3.26. The high peak at mass number
(m) 184 indicates that water is dominant in the chamber. Litera-
ture research and comparison of typical ingredients of epoxy resins
with the dominant peaks at higher mass numbers (between m= 25
and 100) did not show a high level of agreement. Most likely those
peaks are caused by remnants of pumping oils [14]as confirmed by
the peaks at m= 39, 41, 43, 55 and 57 [14]. This hypothesis is fur-
ther confirmed by other peaks at m=71 and 85 with a distance of
14 amu, what is also typical for pumping oils and lubricants [14].
Though the turbo pump used should be oil-free, earlier careless use
may have caused some pollution. However, this assumption should
not be over-estimated as the ionization probability for hydrocarbons
is rather high, compared to, e.g., water [14]. The only peaks which
can be associated with the epoxy resin are the peaks at m=149
and 167. These peaks are the largest peaks of diethylhexylphtha-
late [13] which is a commonly used plasticiser. To make absolutely

4The term mass number is not perfectly correct, since the mass spectrometer measures the
ratio of mass to charge.
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sure diethylhexylphthalate is a part of the epoxy resin, a reference
measurement before the repair of the glass insulation would have
been necessary. On the other hand, Figs. 3.27 and 3.28 show one
of the last mass spectra taken. It contains the typical peaks one
expects for water: 1 (H+), 2 (H+

2 /H++), 16 (O+), 17 (OH+) and
18 (H2O). Furthermore, the small peak at m=28 is associated with
molecular nitrogen (N2). Here, we exclude carbon monoxide (CO),
as it is not only gives a peak at m=28, but also at m=14 (C) and
m=44 (CO2). Hydrogen (water) is hard to pump and is expected
to be the last molecule still present in UHV. The same accounts for
the noble gas nitrogen. An air leak can not be excluded, because of
the peak at m=16 (O+), while the typical peaks at m=14 (N) and
m=32 (O2) are missing.

The dominant peaks of water, pumping oils and the plasticiser were
subjected to detailed analysis. The height of the peaks at m= 18,
43 and 149 has been extracted from the mass spectra in order to
investigate the associated concentrations over time throughout the
bake-out. Since no mass spectra were taken during the night, the
data are incomplete. For this reason, the results of the detailed anal-
ysis are summarized quantitatively: The height of all of the three
peaks increases with rising temperature. After two hours of heating,
a temperature of about 80 ◦C has been reached5. At this point, the
associated ion current of all three mass numbers starts to decrease,
even though the temperature further increases up to about 100 ◦C.
The temperature has been kept constant at this level over the night.
In the morning after about 20 hours of heating, the peaks at m=
43 and 163 cannot be discriminated from the background any more.
At this point, an electric breakdown paused the heating. During
the ’unplanned second’ bake-out a similar increase of concentration
with temperature has been observed for the peaks at m= 18 and 43,
however, at a significantly lower level. The peak at m=149, associ-
ated with a plasticiser, has not been observed any more.

The test station was pumping for approximately two days. A fi-
nal pressure of less than 5×10−9 mbar (lower limit of the vacuum
gauge) was achieved. The final pressure and the final mass spec-

5We note that the temperature has been measured on the outer surface of the CF-tube.
The temperature inside the test chamber is not necessarily the same.
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Figure 3.27: Mass spectrum after two and a half days of pumping and one and a
half day of bake-out. Compared to Fig. 3.24, the maximum ion current
decreased by about three orders of magnitude and the plasticiser and
the pumping oils have vanished.

.

Figure 3.28: Zoom of Fig. 3.27 to mass number 0 to 50. In the mass spectrum no
remnants of pumping oils (at mass numbers 39, 41 and 43 are visible).

.
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tra indicate that the epoxy resin used is appropriate for the use in
UHV systems (at least after moderate bake-out). Furthermore, the
outgassing tests confirmed that the repair of the glass insulation did
not endanger the background measurements envisaged (for details
see Sect. 3.4 and [24]).

During the off-line measurements in 2012 there have been no alter-
natives to the repair of the glass insulation. Hence, the outgassing
tests were mandatory. For the beam time in summer 2013, the
stainless steel connection cable and the glass insulation have been
exchanged by Kapton-insulated wires.

3.4 Discharge tests at worsened vacuum condi-
tions

As mentioned above, in summer 2012 off-line background measure-
ments with the spectrometer aSPECT have been performed at ILL.
The whole spectrometer has been assembled in the configuration
which has been used during the beam time in 2013. The purpose
of these off-line measurements was to find out whether further im-
provements of the spectrometer yielded the expected results: further
decrease of the background signal observed in earlier beam times [6],
[8] and elimination of the reasons for the dramatically increased
background count rate during the 2011 beam time [24]. On the
one hand, some changes have been applied to the electrode system,
compared to the beam time in 2011. On the other hand, the vac-
uum system has been improved by adding additional turbo molec-
ular pumps (cascaded) and replacing the internal non-evaporable
getter pumps (SAES C400 DSK cartridges) close to the analyzing

plane/lower ~E × ~B and the mirror electrode. We note that the col-
limation system and the online NMR magnetometer have not been
installed.

As soon as good UHV conditions (p ≈ 2 × 10−9 mbar) have been
established, we started with the background measurements. For the
first tests, the detector has not been installed in order to prevent
its destruction, which could be caused be unexpected discharges.
By applying specific potentials at the upper ~E × ~B electrode and
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Figure 3.29: Behaviour of main pressure and leakage current at the detector elec-
trode during the bake-out of the spectrometer aSPECT. A correlation
is evident.

different voltages at the analyzing plane electrode, we tried to pro-
voke discharges at the detector electrode. But, no discharges have
been observed. The leakage current at the detector electrode stayed
constant for all voltage settings.

In order to see, if discharges could be initiated at higher pressure,
we started to increase the temperature within the spectrometer by
wrapping heating tapes around various side ports. Since the super-
conducting coils could quench, if the magnet temperature increases
above a certain value, the pressure could only be increased by ap-
proximately one order of magnitude. Still, no discharges have been
observed. However, a correlation between the pressure and the leak-
age current at the detector electrode is evident as can be seen from
Fig. 3.29). The influence of the pressure on the leakage current
seems to decrease rapidly below a pressure of about 5× 10−9 mbar,
cf. Fig. 3.30.
During the 2012 background measurements, similar discharge tests
have been performed, in which the vacuum has been worsened by the
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Figure 3.30: Zoom of Fig.3.29: During the bake-out of the spectrometer aSPECT
the pressure starts to increase, while the leakage current at the detector
cup does not change until the first green line is reached. Then the
leakage current instantly alternates with the pressure. The fast reaction
can be clearly seen at the blue lines. Beyond the second green line
the dependency seems to decrease again, at a pressure of about 5 ×
10−9 mbar.
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introduction of Helium into the spectrometer through a needle valve.
In principle, the advantage of this method is, that higher pressures
can be achieved and that the pressure valve can be set more precisely.
The latter could not be achieved in summer 2012, because of a not
fine enough needle valve. Furthermore, the internal getter pumps
can be over-saturated. Penning traps eliminated by these getter
pumps could be present again and the chance for discharges might
increase. Our rudimentary tests with Helium also could not provoke
discharges. These and all other background measurements with the
detector installed have been subject to detailed analysis and are
presented in [24].
In summary, our off-line background measurements showed that the
aSPECT spectrometer has been improved sufficiently and is now
ready for a new measurement of the electron-antineutrino correla-
tion coefficient a. In addition, the background measurements re-
vealed a clear correlation between gas pressure and leakage current.
Based on the positive experience with the off-line background mea-
surements, I propose to repeat those tests with the re-designed de-
tector electrode (for details see Sect. 3.2).

3.5 Latest status of the background measure-
ments

As mentioned above, the aSPECT spectrometer has been improved
sufficiently for the latest beam time in summer 2013 at ILL. Fig-
ure 3.31 shows the temporal evolution of the background count rate
during a measurement of this beam time. Compared to Figs. 3.3 and
3.4, the background count rate dropped below the level of the 2008
beam time. This confirms the results of the off-line measurements
presented in the last section (see also Ref. [24]).

Furthermore, the installation of an additional ~E× ~B electrode inside
the AP, instead of the AP electrode e15 (cf. Fig. 3.6), nearly elimi-
nated the AP voltage dependence of the background count rate [26].
More details are to be found in the Ph.D. thesis of R. Maisonobe [24].
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Figure 3.31: The temporal evolution of the background count rate measured at UA =
780 V, typical example of the latest beam time in summer 2013 at ILL;
taken from [26]. To illustrate, the dashed gray lines show when the
neutron shutter was opened and later closed again. The comparison
with Figs. 3.3 and 3.4 shows that the background count rate dropped
below the 2008 level.
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Chapter 4

Evaluation of the magnetic
field measurements in 2011

In Sect. 2.5.2, the influence of the uncertainty in the magnetic field
ratio rB = BA/B0 Eq.(2.11) on the relative error in the electron-
antineutrino correlation coefficient a has been discussed. For the
goal accuracy of 0.3 %, the magnetic field ratio rB has to be known
with a relative accuracy of 1 × 10−4. To this end, the magnetic
field of the aSPECT magnet has been measured as part of F. Ayala
Guardia’s Ph.D. thesis [5] in winter 2007/08 with a Hall-effect sen-
sor (and later a proton (3He) NMR magnetometer). Due to a lack
of Hall probe calibration, the relative uncertainty in the magnetic
field ratio exceeded 1× 10−3, too much for a 1 % measurement of a.
Hence, the magnetic field measurement has been repeated in spring
2011. The data of this measurements have not until now been an-
alyzed as there have been considerable doubts about the quality of
this measurement, due to the instability of the hall probe in used.
For the latest beam time in summer 2013, the aSPECT Collabora-
tion had to decide whether or not another magnetic field measure-
ment is necessary. Therefore, the data of 2011 are analyzed now,
as a part of this Master thesis. In this chapter, a short descrip-
tion of the systematics of the Hall probe are given. Furthermore
the corrections which must be applied to the measurement data are
explained. Finally, the 2011 measurement will be compared with
earlier measurements and the relative error in a due to the uncer-
tainty in rB will be estimated. All magnetic field measurements
presented in this chapter were taken in the ’standard’ configura-
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Table 4.1: Specifications of the MPT-141 Hall probe [1]: The systematic errors and
corrections have been calculated for the 3.0 T range in the decay volume
(DV) and both for the 0.6 T and 3.0 T range in the analyzing plane (AP).
Input values: 0.44 T (AP) and 2.18 T (DV). For the probe cable, the
actual length of 10 m was inserted.

DV AP, 3 T R. AP, 0.6 T R.
[Gauss] [Gauss] [Gauss]

Absolute Accuracy:
± 0.006 % of full scale at 25◦C ±1.8 ±1.8 ±0.36
± 0.01 % of reading at 25◦C ±2.18 ±0.44 ±0.44
Temperature stability:
scale factor:
± 10 ppm of reading/◦C, max ±0.22/◦C ±0.04/◦C ±0.04/◦C
± 5 ppm of reading/◦C, typical ±0.11/◦C ±0.02/◦C ±0.02/◦C
zero drift (max): ± 0.1/◦C ±0.1/◦C ±0.03/◦C
±(1 µT+0.0003 % of full scale)/◦C
effect of probe cable: -3 ppm/◦C -0.65/◦C -0.65/◦C -0.13/◦C
of reading/meter of probe cable

tion Imain = 70 A, I3 = 35 A, I5 = 15 A, I12 = −I13 = 25.5 A and
I14 = I15 = 0 (for details see [4]).

4.1 Accuracy and stability of the MPT-141 Hall
probe

In this section, the influence of the Hall probe accuracy on the mag-
netic field measurement will be discussed. Table 4.1 summarizes the
associated information from the data sheet of the Hall probe used;
a Group 3 Technologies miniature Hall probe, MPT-141 [1] (for
the data sheet see App. B). The probe can measure in four different
ranges: 0.3T( range 0), 0.6T( range 1), 1.2T( range 2) and 3.0T(
range 3). Since the magnetic field of aSPECT varies between 0.44T
in the AP, 2.18T in the DV and 4.4T at the proton detector, the 3.0
Tesla and the 0.6 Tesla range have been used for the measurements.

First, we neglect the temperature effects( see later in Sect. 4.2). For
reasons of measurement stability, it was discussed to only use the
3.0 Tesla range, both for the analyzing plane(AP) and for the decay
volume(DV). In the DV only the 3.0T range can be used as in other
ranges the probe would be out of range. By using Equ.(2.24), the
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Figure 4.1: Test calibration measurements of the MPT-141 Hall probe performed by
Group 3 in October 2011 (see. App. B); upper limits of the magnetic
field: range 1: 0.6 T, range 2: 1.2 T, range 3: 3.0 T. The drift since
the calibration in 2006 is similar to the drift between 2002 and 2006 (for
details see Ref. [5] and the text): In range 1, the deviation in the AP
region is approximately 3 Gauss, in Range 3 in the DV it is approximately
11.5 Gauss.
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absolute accuracy of the Hall probe yields an uncertainty in rB of:

∆rabsolute uncertaintyB =

{
±1.10× 10−4 , AP in 3.0T range

±0.52× 10−4 , AP in 0.6T range
(4.1)

The Hall probe exhibits long-term drift and therefore has been cal-
ibrated in 2002 and in 2006. In this time period, the 3.0T range
of the probe drifted by about 10 Gauss in the DV and 4 Gauss in
the AP, respectively. In a lack of probe calibration in 2008, these
values have been used for the error estimation of the 2008 data [5].
Consequently, a further calibration for the analysis of the 2011 mea-
surements was absolutely necessary. In 2006, the last corrections
have been implemented in the read-out electronics of the probe. In
2011, test( the ’standard’ calibration of the probe was impossible,
due to the broken temperature sensor of the probe) measurements
have been performed by the probe manufacturer four months af-
ter the magnetic field measurements inside aSPECT. In the data
analysis, these serve as an estimation for the error by the lacking
calibration. Figure 4.1 shows the deviation between the reference
values and the indicated values (read-out ’corrected’ by 2006 cal-
ibration). For the first calibration in 2002, 15 different magnetic
field values have been measured. The manufacturer then provided
a scaling factor and the zero off-set, which allow the calculation of
the corrections for any value of the magnetic field. As mentioned
above, in 2011, a ’standard’ calibration was impossible. Hence, the
test field points

21014.2 Gauss and 4000.68 Gauss

close to the magnetic field in the DV (21700 Gauss) and in the AP
(4415 Gauss) have been chosen. Missing a number of calibration
field points to extract scaling factor and zero off-set, we first must
investigate the fact that the test field points are not exactly our
measurement points. Therefore, we compare the absolute correction
of the associated values in 2006 with respect to the 2002 calibration.
The result is summarized in Table 4.2.
Obviously, the influence is rather small.
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Table 4.2: Influence of the fact that the test field points of 2011 are not exactly our
measurement points.

B [Gauss] ∆B2006 calibration [Gauss], ∆B2006 calibration [Gauss],
3 T range 0.6 T range

4000.68 +3.53 −2.26
4015 +3.69 −2.54

∆B2011 field point ±0.16 ±0.28

21014.2 10.17 −
21700 10.13 −

∆B2011 field point ±0.06 −

Since there were four months between the 2011 magnetic field mea-
surements and the 2011 probe calibration, we must consider the drift
of the probe in this time period. For this, we take the drift between
2006 and 2011 and scale it down to four months. This results in
additional uncertainties:

∆B2011 calibration =


±0.20 Gauss , AP in 0.6 T range

±0.06 Gauss , AP in 3 T range

±0.77 Gauss , DV

(4.2)

By summing up the probe inaccuracies Table 4.1 (neglecting temper-
ature effects) and the calibration influences Table 4.2 and Eq. (4.2)
we obtain

∆Baccuracy & stability =


±1.28 Gauss , AP in 0.6 T range

±2.46 Gauss , AP in 3 T range

±4.81 Gauss , DV

(4.3)

and consequently

∆raccuracy & stability
B =

{
±0.74× 10−4 , AP in 0.6 T range

±1.22× 10−4 , AP in 3 T range
(4.4)

by substituting Eq. (4.4)into Eq. (2.24).
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4.2 Temperature effects and zero offset

The read-out device (DTM-151) of the Hall probe compensates the
temperature drift of the probe. The temperature scale factor and the
zero drift given in Table. 4.1 have to be added to the systematic error
bar, as they are uncertainties of the temperature compensation. For
the temperature scale factor, we assume the maximum and not the
typical value, because we like to get a worst case estimation. During
the magnetic field measurements in 2011, for the determination of
the magnetic field ratio rB, a maximum temperature difference of
about 2◦C from the calibration value of 25◦C occurred. Combin-
ing the accuracy, stability, temperature effects and zero offset, this
yields:

∆Bsys. =


±1.42 Gauss , AP in 0.6 T range

±2.74 Gauss , AP in 3 T range

±5.45 Gauss , DV

(4.5)

and consequently

∆rsys.
B =

{
±0.83× 10−4 , AP in 0.6 T range

±1.36× 10−4 , AP in 3 T range
(4.6)

Additionally, the length of the cable from the Hall probe to the
read-out device has to be taken into account. This correction is di-
rectly applied to the measurement data and does not influence the
error estimation. In addition, the zero offset Ozero of the probe was
measured inside a µ-metal box at the beginning of every measure-
ment sequence. It has to be subtracted from the measurement data.
Taking into account the zero offset and the temperature correction
Ccable due to the cable length, one obtains:

B = Breadout −Ozero − Ccable (4.7)

As mentioned above, during the calibration of the Hall probe in Oc-
tober 2011, it turned out that the temperature compensation was
open circuit. Therefore we need to know, whether this malfunction
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Figure 4.2: Continuous magnetic field measurement in 2011 with the Hall probe
MPT-141 in the 0.6 T range: measurement time approximately 15.5
hours. The measured field drifts only by 0.2 Gauss, while the tempera-
ture decreases by 2◦C.

Figure 4.3: Continuous magnetic field measurement in 2008 with the Hall probe
MPT-141 in the 0.6 T range, taken from [5]: The measured field drifts
by approximately 0.7 Gauss, while the temperature decreases by 2◦C.
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Figure 4.4: Continuous magnetic field measurement in 2011 with the Hall probe
MPT-141 in the 3.0 T range: The measured field drifts by approximately
5 Gauss, while the temperature decreases by 2.5◦C.

Figure 4.5: Continuous magnetic field measurement in 2008 with the Hall probe
MPT-141 in the 3.0 T range, taken from [5]: The measured field drifts
by approximately 8 Gauss, while the temperature increases by 2.5◦C.
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was already present during the 2008 and/or 2011 measurements.
In 2011, two long-term measurements have been performed, one in
the 0.6 Tesla and one in the 3.0 Tesla range shown in Fig. 4.2 and
Fig. 4.4, respectively. Comparing these continuous measurements
with similar ones in 2008, shown in Fig. 4.3 and Fig. 4.5, respec-
tively, one can see that the drifts are quite comparable. However,
the drifts of the order of 2.5 Gauss/◦ C or more cannot be explained
by the uncertainties in the temperature correction for the probe and
the probe cable (cf. Table 4.1). Hence, it is obvious that the temper-
ature correction did not work properly, the mounting of the probe
is not sufficiently stable or the functionality of the teslameter is not
well understood. In the first case we can estimate the additional
errors to

∆Btemp. =

{
0.2 Gauss , AP in 0.6 T range

4.0 Gauss , DV and AP in 3 T range
(4.8)

and

∆rtemp.
B =

{
±0.39× 10−4 , AP in 0.6 T range

±1.88× 10−4 , DV and AP in 3 T range
(4.9)

This is too high for an 1 % measurement of a. Hence, it is of utter-
most importance, to test the long-term stability of the Hall probe,
temperature stabilized and in the dependence of the ambient, probe
and cable temperature. The second case can be almost entirely ex-
cluded, as the unintended lowering of the probe in the AP would
correspond to a decrease of the magnetic field, while in the DV to
an increase, both in contrast to Figs. 4.2 and 4.5.

4.3 Decrease of the magnetic field

The main magnetic field is generated by superconducting coils which
show the highest stability in persistent mode1. In this mode, the
current in the coils and therefore the magnetic field decreases slowly
with time after the ramping-up procedure [5]. The effect has been

1In persistent mode, the superconducting coils are short- circuited and separated from the
power supply after ramping, whereas in normal mode the coils are constantly energized.
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Figure 4.6: Temporal decrease of the magnetic field ratio rB caused by the decrease
of the magnetic field in persistent mode, taken from [5].

measured with a Nuclear Magnetic Resonance (NMR) magnetome-
ter and can be expressed as [5]:

B(t) = B − ∆B

∆t
t (4.10)

with

∆B

∆t
=

{
(−0.571± 0.014) Gauss/d , AP

(−2.81 ± 0.07) Gauss/d , DV
(4.11)

where t is the time between switching-off the main heater, after
ramping up the coils, and the measurement itself.
We note that the normal conducting correction coils are not oper-
ated in persistent mode. Therefore their current and magnetic field
are constant. However, the influence on Eq. 4.11 has been cal-
culated and is negligible [5]. For absolute field measurements the
corrections Eqs. (4.10) and (4.11) must be applied to the data. For
the calculation of rB the measurement data are usually recorded
within half an hour. Furthermore the correction for the DV and AP
have the same direction. In summary, the influence on the magnetic
field ratio has been calculated in Ref. [5] and is very small, as we
can see in Fig.4.6. Therefore the decrease of the magnetic field with
time has been neglected for the calculation of rB.
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Figure 4.7: The magnetic field profile along the z-axis of the aSPECT spectrometer.
The blue points show a measurement with the Group3 Hall probe in
comparison with a simulation (black). See the text for details. The
profile was measured at Imain = 70 A, I3 = 35 A, I5 = 15 A, I12 =
−I13 = 25.5 A and I14 = I15 = 0.

4.4 Shape of the magnetic field

Obviously, the Hall probe (Group3 MPT-141) used for the mapping
of the aSPECT magnetic field is limited to a maximum magnetic
field of 3.0 Tesla. Hence, ’precision’ measurements of the magnetic
field at height of the proton detector (z ≈ 2.2 m) have failed up to
now [4,5], as can also be seen from Fig. 4.7.
For the magnetic field measurements in 2011, the field has therefore
also been mapped with an high-linearity Hall probe Arepoc HHP-
SF 662 (for details see B.7 and [2]). At T = 300 K and B = 0− 1 T,
the linearity error of this probe is < 0.5 %. The Arepoc HHP-SF
probe is suitable for operation at a temperature range of 1.5−350 K
in magnetic fields up to 5 Tesla. Figure 4.8 shows the magnetic field
measured with this probe in comparison with a simulation of the
aSPECT field. In the AP, no obvious deviation from the simulation
is visible, contrary to the DV and the high-field region around the
proton detector.
However, the Arepoc probe differs by only a few % from the sim-
ulations, whereas the Group3 probe differs by up to 34 %, as can
be seen from the comparison of Figs. 4.7 and 4.8 as well from the
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Figure 4.8: The magnetic field profile along the z-axis of the aSPECT spectrometer.
The red points show a measurement with the Arepoc Hall probe in com-
parison with a simulation (black). See the text for details. The profile
was measured at Imain = 70 A, I3 = 35 A, I5 = 15 A, I12 = −I13 = 25.5 A
and I14 = I15 = 0.

residuals shown in Fig. 4.9. In this way, the simulated maximum of
the aSPECT magnetic field (at height of the proton detector) could
be confirmed to about 6 %, which is sufficient for, e.g., calculations
of the edge effect (for details see Ref. [23]).
In the AP, the experimental data points perfectly match the simu-
lated field values, to < 0.3 % in accordance with the probe specifi-
cations (see App. B). In contrast, in the DV, the experimental data
points exceed/fall below the simulated field values by > 0.5 %. For
the Group3 probe, the deviation of ’only’ 0.7 % has already been ob-
served in earlier magnetic field studies. But, it can be attributed to
the moderate knowledge of the magnetization curves of the aSPECT
field return yoke (for details see Ref. [23]). For the Arepoc probe,
the deviation of 3.7 % can be attributed to a lack of probe calibra-
tion, more precisely a scaling factor for magnetic fields above 1 Tesla.
In addition, the position of the maximum of the magnetic field has
been confirmed to z = 2.20(1) m.
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Figure 4.9: The residuals of the measured magnetic field profiles, presented in
Figs. 4.7 and 4.8, from a simulation of the aSPECT magnetic field. Ob-
viously, the Arepoc probe differs by only a few % from the simulations,
whereas the Group3 probe differs by up to 34 %, See the text for de-
tails. The profiles were measured at Imain = 70 A, I3 = 35 A, I5 = 15 A,
I12 = −I13 = 25.5 A and I14 = I15 = 0.

4.5 Determination of the magnetic field ratio rB

The importance of the precision knowledge of the magnetic field ra-
tio rB for a precise measurement of a with the spectrometer aSPECT
has been discussed in Sect.2.5.2. Based on the experience gained
during the magnetic field measurements in 2005 [4], 2006 and 2008 [5],
the following measurement procedure has been proposed [5]:

1. Select the appropriate scale for the region to measure (3 T
range for the DV and 0.6 T range for the AP).

2. Zero the Hall probe inside a zero-field region (here µ-metal
box).

3. Measure the remaining zero offset after zeroing the probe inside
the µ-metal box.

4. Measure the magnetic field at the regions of interest in steps
of 1 cm along the (z-)symmetry axis, recording the field, the
temperature and time.
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Figure 4.10: Calculated values for rB from the 2011 magnetic field measurements in
the 3.0 T range (DV) and in the 0.6 T range (AP), on- and off-axis.
Error bars show systematic errors only. For elucidation of the much
better reproducibility, the mean value with its statistical error bar is
also shown (black line and gray bars).

5. Measure the drift of the probe (zero offset) inside the µ-metal
box2.

6. Apply all corrections.

For measurements taken according to this procedure, the systematic
error in rB is then given by Eq. (4.6). Taking into account the 2011
test measurements, the following corrections are applied in the DV
(cf. Sect. 4.1):

Bcorrected[Gauss] = Bmeas[Gauss] + 11.4 Gauss (4.12)

and in the AP
2This value has not been used to correct the measurement data but serves to exclude ’bad’

data.
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Table 4.3: Mean value and statistical error of rB calculated for the values shown in
Fig. 4.10, systematical error according to Eq.(4.6) and the influence of
both errors on the correlation coefficient a (for details see Sect. 2.5.2).

rB statistical error(σ) systematic error ∆a/a[%]
0.20280 0.37× 10−4 0.83× 10−4 0.44

Bcorr[Gauss] = Bmeas[Gauss]−

{
3.02 Gauss , AP in 0.6 T range

0.92 Gauss , AP in 3.0 T range

(4.13)

Furthermore the offset and temperature correction Eq.(4.7) has been
applied to the data.

The magnetic field has been measured on-axis as well as off-axis at
radial distances of 15 mm and 35 mm. The results are plotted in
Fig. 4.10. Obviously, the values of rB vary for less than the system-
atic error bars. In Table 4.3 the mean value, the statistical and the
systematic error of rB as well as the influence on a are presented.

In order to measure in two scales/ranges, the probe has to be re-
moved from the magnet and zeroed in the µ-metal box. This in-
creases the time between the measurements in the AP and in the DV
unnecessarily. The probe’s time and temperature drift will there-
fore increase. On the other hand, an additional uncertainty in the
mounting of the probe will occur. For those reasons it was decided
to change, respectively improve, the data recording as follows [3]:

• use only one scale/range of the Hall probe (necessarily the 3 T
range)

• evaluate rB only from measurements performed in a short time
period

The results of the magnetic field measurements only in range 3 are
plotted in Fig. 4.11 and summarized in Table 4.4. The much smaller
statistical error can be understood as a confirmation of the improved
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Figure 4.11: Calculated values for rB from the 2011 magnetic field measurements in
the 3.0 T range, on- and off-axis. Error bars show systematic errors
only. For elucidation of the much better reproducibility, the mean value
with its statistical error bar is also shown (black line and gray bars).

Table 4.4: Mean value and statistical error of rB calculated for the values shown in
Fig. 4.11, systematic error according to Eq. (4.6) and the influence of both
errors on the correlation coefficient a (for details see Sect. 2.5.2).

rB statistical error(σ) systematic error ∆a/a[%]
0.20270 1.85× 10−5 1.36× 10−4 0.67

way of data taking (and not only attributed to double the number of
measurements). But, neglecting the additional uncertainty in rB by
the positioning/mounting of the probe, measurements in one range
only are inferior to measurements in two ranges by nearly double
the systematic error, cf. Table 4.3.
Finally, the results presented above are compared with each other
and with the results of the 2008 measurements. All on- and off-axis
measurements are shown in Fig. 4.12. The 2008 measurements have
been performed in two ranges of the Hall probe (in the 0.6 and in the
3.0 T range). The closest calibration of the probe has been carried
out in 2006. In the data analysis prior to the 2011 test calibration
measurements, therefore a calibration error of
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∆B2008 ’calibration’ =

{
±4 Gauss , AP in 0.6 T range

±10 Gauss , DV
(4.14)

has been assumed [5]. For this estimation, the drift between 2002
and 2006 served as a reference. Adding the systematic error calcu-
lated from Table4.1 the total systematic error is approximately

∆B2008, syst. =

{
±5 Gauss , AP in 0.6 T range

±14 Gauss , DV
(4.15)

The resulting systematic error in rB has been used for the error bars
of the 2008 data shown in Fig. 4.12. As can be seen, these error bars
overlap with those of all 2011 measurements, but not with the mean
value of the range 3 only measurements. This might indicate that

• the systematic error due to a missing calibration in 2008 is still
underestimated

• the systematic uncertainty due to the non-’standard’ calibra-
tion in 2011 is underestimated

• the influence of a potential malfunction of the temperature cor-
rection is underestimated and/or cannot be neglected

• the systematic uncertainty due to the re-positioning of the
probe for measurements in two ranges cannot be neglected,
neither in 2008 nor in 2011

In this thesis, the 2008 data are therefore not used for the calcula-
tion of rB.

Although it has been decided not to use the measurements in differ-
ent ranges [3], the mean value and the statistical error for all 2011
measurements have been calculated in order to get an idea of the
error magnitude, and are presented in Table 4.5.
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Figure 4.12: Calculated values for rB from 2008 and 2011. Obviously, the 2008
values are much higher, which is most likely caused by the missing
calibration. Error bars show systematic errors only. For elucidation
of the much better reproducibility, the mean value with its statistical
error bar is also shown (black line and gray bars).

Table 4.5: Mean value and the statistical error of rB for the values shown in Fig. 4.10
and Fig. 4.11, as well as the influence on the correlation coefficient a.

rB statistical error(σ) ∆a/a[%]
0.20273 0.53× 10−4 0.26
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4.6 Conclusion

The magnetic field measurements in 2008 and in 2011 yield deviating
results such that they cannot be used both to announce a value for
the magnetic field ratio rB (for details see Sect. 4.5). The 2008 value
is most likely much worse due to a lack of probe calibration within a
reasonable time frame. Nevertheless, the test measurements of the
probe in October 2011 do not exhibit the same quality as the cali-
brations before. As expected the statistical error for measurements
in different probe ranges is much higher than for measurements in
the same range. This confirms the decision to only use data from
single range measurements. However, the systematic error then in-
creases and might limit the total error unnecessarily. In Ref. [5] it
has been suspected that for the measurement of a ratio of magnetic
fields in the same probe range it could be enough to consider the
statistical error only. In my opinion, a detailed characterization of
the Hall probe is mandatory to confirm this hypotheses. The total
error of rB presented in Table 4.4, results in a relative error in the
correlation coefficient a of

∆a

a
= 0.67% (4.16)

This is difficult to be accepted, even for an 1 % measurement of
a. Hence, another measurement of the magmatic field including a
new calibration of the Hall-probe after the beam time in 2013 was
mandatory. The new calibration confirms the large long-term drift
of the probe (about 18 Gauss in the DV, cf. App. B). The sys-
tematic error for the 2011 magnetic field measurements could still
be underestimated due to the broken temperature correction (cf.
Sect. 4.2). For the 2013 magnetic field measurements, the tempera-
ture correction has been repaired and the probe has been calibrated.
Therefore, the systematic error will decrease, which will be sufficient
for an 1 % measurement of the correlation coefficient a. In order to
get closer to the design goal of the aSPECT spectrometer, which is
to determine a with a relative error of 0.3 %, a detailed character-
ization of the Hall probe is mandatory. As mentioned before, the
probe accuracy still limits the relative error in a to 0.26 %.
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Chapter 5

Summary and Outlook

The spectrometer aSPECT has been built to measure the electron-
antineutrino correlation coefficient a with a relative accuracy of
0.3 %. For the determination of a from the proton recoil spectrum,
the analyzing plane voltage UA and the magnetic field ratio rB need
to be known with high precision. The influence of uncertainties in
these quantities on the relative error in a has been calculated in
detail. For the magnetic field ratio rB, a linear dependence between
the relative uncertainties in a and rB has been derived. This has
been used to estimate the quality of the magnetic field measure-
ments in 2011.

Severe background problems during earlier beam times prevented
the aSPECT Collaboration from presenting a new value for a so
far. After the 2011 beam time, further improvements of the spec-
trometer were inevitable. Several improvements of the electrode
system and of the vacuum system yielded reasonable results during
off-line background measurements in 2012. For future beam times,
the (high-voltage) detector electrode has been re-designed as part of
this thesis. In the new design, the high electric field at the surface
of this electrode, responsible for field emission of electrons, has been
significantly reduced. The new detector electrode has been finished
in summer 2013 and can be used for upcoming measurements.

Currently, the data of the 2013 beam time is being analyzed. To
this end, the magnetic field ratio rB needs to be determined. The
magnetic field of the aSPECT magnet has been mapped with a
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Hall effect sensor, in 2005/06, 2008 and 2011. As part of this the-
sis, the 2011 measurements have been evaluated and compared with
the former measurements and their results. The analysis revealed
that a lack of ’standard’ probe calibration presently limits the rel-
ative accuracy in rB to ∆rB/rB = 6.76 × 10−4, what corresponds
to ∆a/a = 0.67 %. This made it necessary to repeat the magnetic
field measurements including probe calibration after the beam time
in summer 2013.
The analysis of the probe specifications showed that the measure-
ment of the magnetic field with the Hall probe limits the achiev-
able accuracy in rB to ∆rB/rB = 2.56 × 10−4, what corresponds to
∆a/a = 0.26 %. For an 1 %-measurement of a, this is sufficient. To
reach the goal accuracy in a of 0.3 %, an on-line proton NMR mag-
netometer has been developed [5], with ≤ 2×10−5 relative precision,
which currently is being improved and has been tested during and
after the 2013 beam time.
In addition, the comparison with the 2008 magnetic field measure-
ments confirmed that large systematic errors have to be assigned to
the 2008 data, because of the missing probe calibration.
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Appendix A

Detailed calculations on the
measuring accuracy

At first, we will calculate the derivative of the numerator of Eq. (2.12)
with respect to UA:

d(Numerator)

dUA

=
d

dUA

(

∫ Tmax
tr

Tmin
tr

(1−
√

1− B0

BA

(1− eUA

T
))g1(T )dT︸ ︷︷ ︸

I

+

∫ Tp,max

Tmax
tr

g1(T )dT︸ ︷︷ ︸
II

− rh(UA)

∫ Tp,max

0

g1(T ))︸ ︷︷ ︸
III

(A.1)

Both integration limits of the first integral and the lower integration
limit of the second integral depend on UA. Therefore, we have to
use Eq. (2.14).
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d(I)

dUA

=
d

dUA

∫ Tmax
tr

Tmin
tr

(1−
√

1− B0

BA

(1− eUA

T
))g1(T )dT =

=

∫ Tmax
tr

Tmin
tr

∂

∂UA

(1−
√

1− B0

BA

(1− eUA

T
)g1(T ))dT

+
d

dUA

(Tmax
tr )(Ftr(T

max
tr ;UA)g1(Tmax

tr ))

− d

dUA

(Tmin
tr )(Ftr(T

min
tr ;UA)g1(Tmin

tr )) (A.2)

with the transmission function at the integration limits

Ftr(T
min
tr ;UA) = 0

Ftr(T
max
tr ;UA) = 1 (A.3)

and the derivatives of the integration limits

d

dUA

(Tmax
tr ) =

e

1− BA

B0

d

dUA

(Tmin
tr ) = e (A.4)

this yields:

d(I)

dUA

= −
∫ Tmax

tr

Tmin
tr

e

2rBT
√

1− B0

BA
(1− eUA

T
)
g1dT +

e

1− BA

B0

g1(Tmax
tr )

(A.5)

The integrand of the second integral does not depend on UA, but
the lower integration limit does. Therefore, we get only one term

d(II)

dUA

=
d

dUA

∫ Tmax
tr

Tmin
tr

g1(T )dT = − e

1− BA

B0

g1(Tmax
tr ) (A.6)
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by substituting Eqs. (A.15), (A.4) and

d

dUA

(Tp,max) = 0. (A.7)

The integrand of the third integral, as well as the integration limits,
do not depend UA. Therefore we obtain

d

dUA

(rh(UA)

∫ Tp,max

0

g1(T )) = 0. (A.8)

By summing up Eq. (A.5), Eq. (A.6) and Eq. (A.8) we finally obtain:

d(Numerator)

dUA

= −
∫ Tmax

tr

Tmin
tr

e

2rBT
√

1− B0

BA
(1− eUA

T
)
g1(T )dT

(A.9)

The calculation for the derivative of the denominator of Eq. (2.12)
with respect to UA yields the same result, except for the proportion-
ality to g2:

d(Denominator)

dUA

= −
∫ Tmax

tr

Tmin
tr

e

2rBT
√

1− B0

BA
(1− eUA

T
)
g2(T )dT .

(A.10)
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Now we calculate the derivative of the numerator of Eq. (2.12) with
respect to rB.

d(Numerator)

drB

=
d

drB

(

∫ Tmax
tr

Tmin
tr

(1−
√

1− 1

rB

(1− eUA

T
))g1(T )dT︸ ︷︷ ︸

I

+

∫ Tp,max

Tmax
tr

g1(T )dT︸ ︷︷ ︸
II

− rh(UA)

∫ Tp,max

0

g1(T ))︸ ︷︷ ︸
III

(A.11)

The upper integration limit of the first integral and the lower inte-
gration limit of the second integral are the same and depend on rB.
Therefore, we have to use Eq. (2.14) again:

d(I)

drB

=
d

drB

(

∫ Tmax
tr

Tmin
tr

(1−
√

1− 1

rB

(1− eUA

T
))g1(T )dT ) (A.12)

=

∫ Tmax
tr

Tmin
tr

∂

∂rB

(1−
√

1− 1

rB

(1− eUA

T
))g1(T )dT (A.13)

+
d

drB

(Tmax
tr )(Ftr(T

max
tr ; rB)g1(Tmax

tr ))

− d

drB

(Tmin
tr )(Ftr(T

min
tr ; rB)g1(Tmin

tr )) (A.14)

with the transmission function at the integration limits

Ftr(T
min
tr ; rB) = 0

Ftr(T
max
tr ; rB) = 1 (A.15)

and the derivatives of the integration limits

d

drB

(Tmax
tr ) =

eUA

(1− rB)2
(A.16)
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d

drB

(Tmin
tr ) = 0 (A.17)

this yields:

d(I)

drB

= −
∫ Tmax

tr

Tmin
tr

1− eUA

T

2r2
B

√
1− 1

rB
(1− eUA

T
)
g1(T )dT +

eUA

(1− rB)2
g1(Tmax

tr )

(A.18)

The integrand of the second integral does not depend on rB, but the
lower integration limit does. Therefore, we get only one term

d(II)

drB

=

∫ Tp,max

Tmax
tr

g1(T )dT = − eUA

(1− rB)2
g1(Tmax

tr ) (A.19)

The integrand of the third integral, as well as the integration limits,
do not depend rB. Therefore we obtain

d(III)

drB

=
d

drB

(rh(UA)

∫ Tp,max

0

g1(T ))) = 0 (A.20)

By summing up Eq. (A.18), Eq. (A.19) and Eq. (A.20) we finally
obtain:

d(Numerator)

drB

= −
∫ Tmax

tr

Tmin
tr

1− eUA

T

2r2
B

√
1− 1

rB
(1− eUA

T
)
g1(T )dT

The calculation for the derivative of the denominator of Eq. (2.12)
with respect to rB yields the same result, except for the proportion-
ality to g2:

d(Denominator)

drB

= −
∫ Tmax

tr

Tmin
tr

1− eUA

T

2r2
B

√
1− 1

rB
(1− eUA

T
)
g2(T )dT
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Appendix B

Data sheets and calibrations
of the Hall-effect sensors
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Figure B.1: Data sheet of the MPT-141 Hall-effect sensor
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Figure B.2: 2006 calibration of the MPT-141 Hall-effect sensor.
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Figure B.3: Continuation of Fig. B.2.
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Figure B.4: 2011 calibration of the MPT-141 Hall-effect sensor.
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Figure B.5: 2013 calibration of the MPT-141 Hall-effect sensor.
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Figure B.6: Continuation of Fig. B.5.
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Figure B.7: Data sheet of HHP-SF 662
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[27] R. Muñoz Horta, First measurements of the aSPECT spec-
trometer, PhD thesis, Johannes Gutenberg-Universität, Mainz,
2011.

[28] O. Nachtmann, Z. Phys., 215 (1968), p. 505.

[29] L. Papula, Mathematik für Ingenieure und Naturwis-
senschaftler, Band 3, Vieweg, Braunschweig, fourth ed., 2001.

[30] R. Peccei and H. R. Quinn, CP conservation in the presence
of pseudoparticles, Phys. Rev. Lett., 38 (1977), pp. 1440–1443.

[31] A. Picard et al., Nucl. Instr. and Meth., B 63 (1992), p. 345.

[32] M. Simson, Measurement of the electron antineutrino angu-
lar correlation coefficient a with the neutron decay spectrometer
aSPECT, PhD thesis, Technische Universität, München, 2010.

[33] O. Zimmer, Vud from neutron beta decay, arXiv: 1301.1854,
(2013).

[34] O. Zimmer et al., Nucl. Instr. and Meth., A 440 (2000),
p. 548.

93



Acknowledgements

I take this opportunity to express my thanks to all the people that
supported me throughout the last months. I am particularly grateful
for the assistance given by my supervisors. Furthermore, I wish to
acknowledge the help provided by all other members of the Institute
of Atomic and Subatomic Physics . Last but not least, I like to thank
all my family and friends for great quarter of a century.

94


	Abstract
	Introduction
	The beta decay of the free neutron
	The proton recoil spectrum

	The retardation spectrometer aSPECT
	Working principle of a MAC-E filter
	The aSPECT spectrometer
	The adiabatic transmission function
	Evaluation of a from the proton recoil  spectrum
	Measuring accuracy
	Dependence on the analyzing plane voltage
	Dependence on the magnetic field


	Improvement of the upper electrode system
	Motivation for a re-design of the upper electrode system
	Background problems during earlier beam times
	Penning traps and Penning discharges

	Re-design of the detector electrode
	Re-design of the detector cup
	Re-design of the top cover
	Influence of the position on the electric field

	Improvement and repair of the upper  electrode
	Investigation of the electric field at the edges
	Outgassing tests for STYCAST 2850 FT with catalyst 9

	Discharge tests at worsened vacuum conditions
	Latest status of the background measurements

	Evaluation of the magnetic field measurements in 2011
	Accuracy and stability of the MPT-141 Hall probe
	Temperature effects and zero offset
	Decrease of the magnetic field
	Shape of the magnetic field
	Determination of the magnetic field ratio rB
	Conclusion

	Summary and Outlook
	Appendices
	Detailed calculations on the measuring accuracy
	Data sheets and calibrations of the Hall-effect sensors
	Bibliography

