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Abstract
Optimization and Realization

of a Neutrino Asymmetry Measuremen t in the
Decay of Polarized Neutrons

We report on the precisionmeasurement of the neutrino asymmetry B. This correlation
betweenneutron spin and momentum of the neutrino is obtained in the � -decay of freepo-
larizedneutronsusingthe spectrometerPERKEO II. Comparedto the last B-measurement
we improved the setup at several points: We usedtwo supermirror polarizersin a crossed
geometry and obtained a polarization e�ciency of 99.7(1) %. In addition, a new data
acquisition systemallowed to reducesystematice�ects.

Furthermore, we developed a Monte Carlo Simulation software for a better understanding
of systematic e�ects and background. Corrections on asymmetry B spectra due to the
magnetic mirror e�ect are obtained and we can show that the consideredcorrectionsare
small and lessthan 0.04% in the region of interest.

Zusammenfassung
Optimierung und Durc hf •uhrung

einer Neutrino-Asymmetrie Messung
im Zerfall polarisierter Neutronen

Wir berichten •uber die Pr•azisionsmessungder Neutrino Asymmetry B. Diese Korrela-
tion zwischen dem Neutronenspinund dem Impuls der Neutrinos, soll im � Zerfall freier,
polarisierter Neutronenmit dem Spektrometer PERKEO II bestimmt werden. Im Vergle-
ich zur letzten B Messungwurde das Experiment an mehrerenStellen verbessert: Durch
die Verwendung zweier gekreuzter Polarisatoren erhielten wir eine Polarisationse�zienz
von 99.7(1) %. Zudem verwendetenwir ein neuesSystemzur Datenaufnahme,wodurch
systematischesE�ekte verringert wurden.

Weiterhin wurdeeineMonte Carlo Simulation programmiert, um systematischeE�ekte und
denUntergrund besserverstehenzu k•onnen. Wir erhaltenKorrekturen auf die Asymmetrie
B Spektren aufgrund desmagnetischen Spiegele�ekts. DieseKorrekturen sind kleiner als
0.04% im relevanten Energiebereich.
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Chapter 1

In tro duction

The Standard Model of particle physics includes the theories of electromagnetic,weak
and strong interactions. Every experiment that veri�es predictions madeby the Standard
Model con�rms this very succesfultheory. But there are alsomany open questions: Why,
for example, is parity maximally violated. Hencephysicists are searching for \Ph ysics
beyond the Standard Model".
Alternativ e modelstry to explain the present world with theoriesthat are alsovalid at the
beginningof the universe.Many of thesetheoriesclaim, that the early universewasright-
left symmetric, and parity violation arisesdue to spontaneoussymmetry breaking. Then
small amounts of right handedcurrents would still be present today, and parity would not
be violated maximally.

PERKEO II is a high precisionexperiment to examineneutron decay: It checks predictions
of the Standard Model and searches for \new physics". The topic of this thesis is the
measurement of the neutrino asymmetry B with PERKEO II1: This coe�cien t describes
the correlationbetweenneutron spin and neutrino momentum. It is thereforevery sensitive
to admixtures of right handedcurrents, and a precisedetermination of the asymmetry B
givesconstraints on theoriesbeyond the Standard Model. Thereforewe mademuch e�ort
to increasethe precisionof the measurement: The setupof the experiment wasimproved to
reducecorrectionsand uncertainties, and simulations weremadefor a better understanding
of systematice�ects.

Chapter 1 gives a short introduction to the theory and introducesPERKEO II. The ex-
periment itself is described in Chapter 2. Here we present the improvements of the setup
comparedto the experiment donein 2001[Kre04] [Kre05a],and describe the alignment of
the neutron beam to the magnetic �eld. The Monte Carlo Simulation software (Chapter
3) was developed for a better understanding of systematic e�ects and background. We
simulate the in
uence of the magneticmirror e�ect and the edgee�ect on the spectra and
give correctionson the measuredspectra. The last chapter presents an outlook on the new
spectrometerPERKEO II I, designedto determinethe correlation coe�cien ts with highest
accuracy.

1During the samemeasuringcampaignwith the sameapparatus, alsoelectron asymmetry A and proton
asymmetry C has beenmeasured

3



Chapter 2

PERKEO Overview

In this chapter we will give a brief overview on phenomenologyand theory of the neutron
decay and weak interactions as given in the Standard Model of particle physics. We
introduce the correlation coe�cien ts (asymmetries)occurring in neutron decay and show
possibledeviations due to \Ph ysicsbeyond the Standard Model". In the secondpart we
describe PERKEO II, the experiment we usedto measurethe neutrino asymmetry B.

2.1 Theory

2.1.1 The Neutron and the Neutron Decay

The Beginning: Among the particles of the StandardModel, the neutron discoveredby
Chadwickin 1932certainly belongsto one of the most studied and best known baryons.
The neutron is a spin-1

2 particle consistingof the three valencequarks (u,d,d). Its massin
natural units (�h = c = 1) is mn = 939.57MeV [PDG04] and a free neutron decays with a
meanlifetime of � n = 885.7(8)s [PDG04]into a proton, an electronand an antineutrino

n � ! p + e� + � e: (2.1)

The expected spectrum of the electron energyis given by the density of states � (seee.g
[Pov01])

d� (E0; Ee) =
V 2

4� 4
Ee

q
E 2

e � m2
e � (E0 � Ee)2dEe (2.2)

with the phasespacefactor

f (E0) = Ee

q
E 2

e � m2
e � (E0 � Ee)2, (2.3)

whereV denotesa normalizing volume. E0 represents the total kinetic energy, that means
the sum of the electronkinetic energyEe and the neutrino energyE � (� is assumedto be

4
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Figure 2.1: The uncorrected phase space factor f (E0) of the � -spectrum.

massless).Neglectingthe proton recoil the endpoint energyis Ee;max = 782 keV [Pov01].
The spectrum f (E0) is called Fermi spectrum and is shown in �gure 2.1.

To obtain a realistic spectrum several theoretic correctionshave to be taken into account:
The outer radiative correction � R (E), the proton recoil R0(E) and the Fermi correction
FC (E) to account for the attractiv e Coulomb force betweenproton and electron [Bae96].
The Fermi spectrum f (E0) now reads

F (E0) = f (E0) � (1 + � R (E))(1 + R0(E))FC (E) (2.4)

2.1.2 Neutrino Helicit y, Electro weak Uni�cation and Quark-
Mixing

The hadronicvertex n � ! p+ W canbe described on the quark level asa d ! u transition
which is shown in the Feynmangraph �gure 2.2. The probability for this quark transition is
described in Vud, a quantit y occuring in weakinteractions(seebelow). Vud may beobtained
in neutron � -decay by measuringthe electron asymmetry A, a coe�cien t also measured
with PERKEO II [Mun05]. Furthermore, the measuredcoe�cien t B is sensitive to the
neutrino's helicity, and may give constraints on left-right symmetric models. Therefore,
we describe the phenomenologyof weak interactions and introducequark-mixing.

Weak in teraction: Fermi gave the �rst theoretical explanation for neutron � -decay. He
postulated an e�ective four-fermion point interaction, in analogy to the electromagnetic
interaction mediated by photons. The total matrix element is made up of the hadronic
and the leptonic weak current (both vector currents) matrix elements [Ait89]

M = hpjj � jnihe� ejj � j0i (2.5)



6 CHAPTER 2. PERKEO OVERVIEW

Figure 2.2: Feynman diagram of neutron � -decay.

wherej � is the four-vector of the transition current, n and p are the quantum mechanical
states of the neutron and the proton. Due to the very low energy release,one might
ignore all momentum dependenciesin the matrix element and can reduce M in good
approximation to a constant, the socalledcouplingconstant GF . Although Fermi followed
electromagneticinteractions, there were two important di�erences that made his theory
imperfect: On the onehand, it is hard to seewhy the e� e pair, which variesits e�ectivemass
from processto process,should be comparableto the 
 -quantum emitted in a radiative
transition. On the other hand, the electromagneticcoupling constant � is dimensionless,
other than GF (which hasthe dimesionEnergy� 2). To avoid thesedi�erences, theoreticians
assumedthat the weak interaction is mediatedby new bosons,namely the W

�
bosonsas

mediatorsof the chargedweak current and the Z 0 bosonto describe neutral currents.

The new matrix element is given by

M / g2 �
� g�� + q� q�

M 2
W

q2 � M 2
W

, (2.6)

with the momentum tranfer q� = (p� � p0
� ) and MW � 80 GeV for the W-bosonmass. g

is the characteristic coupling strength of weak interactions; it is introducedanalogto the
coupling constant e in electromagneticinterations. Sincethere is a very small momentum
transfer in neutron decay, q2 � M 2

W , onecan disregardall terms including q. This results
in a constant propagator term which is related to the Fermi constant GF given above via

GFp
2

=
g2

8M 2
W

: (2.7)

The Fermi constant GF can be determinedpreciselyin muon decay experiments to a value
of GF = 1:166� 10� 5 GeV� 2 [PDG04].

V-A Theory: Many ingenious experiments con�rmed parity violation and evidenced
that the neutrino's helicity is always negative or left-handedand antineutrinos are always
right-handed. The measuredneutrino asymmetry B is associated to the neutrino's helic-
it y,therefore we give a short mathematical description of this e�ect: One introducestwo
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projection operatorsPR and PL (the index standsfor the projection on right- or left-handed
particles) which a�ect a Dirac spinor u in the way

u = (
1 + 
 5

2| {z }
PR

)u + (
1 � 
 5

2| {z }
PL

)u � uR + uL : (2.8)

Theseoperators yield the existenceof a vector and an axial-vector current in weak inter-
actions1 with coe�cien ts cV and cA . Parity is maximally violated for jcV j = jcA j. In fact
cV = � cA = 1, hencethe theory is called V-A-theory.

Wehavealsoto account for the compositestructure of the neutron. In � -decay experiments
onecanmeasurethe absolutevalueof the strength of the vector and axial coupling, termed
gV and accordingly gA . Sinceone �nds gV = 1, strong interactions do not seemto a�ect
vector coupling, what is called the "Conserved Vector Current" (CVC) hypothesis. On the
other hand the axial current is a�ected sinceonemeasuresgA = 1:27("P artially Conserved
Axial Current" (PCAC) hypothesis). Adding the factors gA and gV in the n � ! p + W
vertex factor we get

M �
GFp

2

 

u(p)
 � (1 +
gA

gV

 5)u(n)

!
�
u(e)
 � (1 � 
 5)u(� e)

�
, (2.9)

whereu represents the particle spinor and u the adjoint spinor: u = uy
 0.

One has to distinguish betweenthe following two transitions mediated by vector or axial
currents: Fermi transitions or vector transitions conserve the nucleonspin in � -decay and
the emissionof the decay products is isotropic. Observing this transition, no asymmetry
will be noticeableand parity will be conserved (see�gure 2.3).
Gamow-Teller transitions or axial transitions can causea spin
ip of the hadron. This
caseviolates parity sincethere is a favoured electronemissiondirection due to momentum
conservation.

Electro weak Uni�cation and Quark Mixing: Sinceonly left-handedfermions(right-
handedantifermions) couple to the W-boson,the theory of electroweak uni�cation intro-
ducesSU(2)-doubletsfor left-handedleptonsand the Cabibbo-rotated left-handedquarks:

Leptons :

 
� e

e

!

L

,

 
� �

�

!

L

,

 
� �

�

!

L

Quarks :

 
u
d0

!

L

,

 
c
s0

!

L

,

 
t
b0

!

L

.

A Cabibbo-rotated quark d0 is a superposition of the masseigenstatesd, s and b.

d0 = Vud d + Vus s + Vub b. (2.10)

1
 � alone yields a vector current, whereas
 � 
 5 givesan axial vector, see(2.9).
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F: * � ! * l + 1p
2

�

* #+# � +" * "
�

n p e� � e e� � e

GT: * � ! * l + 1p
2

�

* #+# + +" * "
�

n p e� � e e� � e

* � ! +l * # * "

n p e� � e

Figure 2.3: The Fermi (F) and Gamo w-T eller (GT) transitions in neutron decay.
The spin of the particle is indicated by the double arro w, the smaller arro w shows
the prefered direction of emission. The second GT transition yields to an anisotrop y
in the decay. (Figure based on [Rei99 ].)

This rotated quark is required to keep the coupling of the weak interaction g constant
sinceif the eigenstated would turn to u the coupling g would decreaseby about 4%. The
Cabbibo rotation therefore implies universality of the coupling constant g. In generalthe
unitary 2 3� 3 Cabibbo-Kobayashi-Maskawamatrix (CKM matrix) describes the mixing of
the quark masseigenstates:

0

B
@

d0

s0

b0

1

C
A =

0

B
@

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

C
A

0

B
@

d
s
b

1

C
A : (2.11)

jVqq0j2 givesthe probability that quark q0 changesinto quark q. The unitarit y of the matrix
implies for the elements of a row

X

j

jVij j2 = 1, i = u; c;t and j = d;s;b: (2.12)

We can thereforecheck the unitarit y condition by determining thesematrix elements.

There are di�erent ways to determinethe individual matrix elements. The element Vud for
examplecan be obtained from the � -decay of neutrons. Combining this with experimental
results for Vus and Vub

3 onecan con�rm or reject the theory [Abe02].

2Unitarit y meansV yV = 1 where V y is the transposedconjugate of V , i.e. V y = T V � .
3Vus is measuredin semileptonic K-decays, B-mesondecays give Vub .
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The � -decay Matrix Elemen t and Lagrangian: Due to quark mixing, the matrix
element (2.9) for the decay is changedto

M = �
GFp

2
Vud u(p)
 �

 

1 +
gA

gV

 5

!

u(n) u(e)
 � (1 � 
 5) u(� e): (2.13)

This matrix element doesnot yet account for the momentum transfer q� from the hadron
to the leptons. If we implement currents occuring naturally in the quark model to describe
q� , the Lagrangian for the neutron decay reads[Abe00]

L =
1
2

GFp
2

u(p)

 


 � (1 + �
 5) +
gwm

2mp
� �� q�

!

u(n) u(e)(1 � 
 5)u(� ): (2.14)

gwm = � p � � n is the di�erence between the magnetic moment of the proton and the
neutron, the so called weak magnetism. � = gA

gV
is the ratio of the coupling constants and

mp indicates the proton mass.

2.1.3 Observ ables in Neutron Decay

The decay probability w(E) for a neutron is given by Fermi's Golden Rule

w(E)dE = 2� jMj 2 � d� (E0; E), (2.15)

whered� (E0; E) is given in (2.2) and the matrix element for unpolarized neutrons is

jMj 2 = g2
V + 3g2

A : (2.16)

Combining (2.2), (2.15), and (2.16) we get

w(E)dE / G2
F V 2

ud f (E0) (g2
V + 3g2

A ): (2.17)

The observablesof the experiment are the energiesof the decay products and their relative
emissiondirections. Jacksongave a parametrization for the transition probability in case
of polarized neutrons [Jac57]:

d! / G2
F jVud j2 f (E0) (g2

V + 3g2
A ) dE d
 e d
 �

�
�

1 + a
pep �

EE �
+ b

me

E
+ hsn i

�

A
pe

E
+ B

p �

E �
+ D

pe � p �

EE �

��

, (2.18)

wherepe and p � are the momenta of electron and anti-neutrino, E and E � their energies
and hsn i is the neutron spin. The parametersa, A, B and D are calledangular correlation
coe�cien ts: a is the correlation betweenthe momenta of electron and neutrino, A is the
correlationbetweenneutron spin and electronmomentum, and B is the correlationbetween
neutron spin andneutrino momentum. The socalled\triple coe�cien t" D is the correlation
betweenpe, p � and hsn i . b is the Fierz interferenceterm, which includesscalarand tensor
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type terms, i.e. mixed products of vector and scalarcoupling strength gSgV and axial and
tensor coupling strength gT gA (seealso subsection2.1.4). Parity is violated when A and
B are nonzero.A non-vanishingcoe�cien t D would violate time reversal invariance.

All coe�cien ts are functions of � = gA
gV

and assumingV-A-theory, which assumesno scalar
and tensor type terms at all, they can be written as

a =
1 � j� j2

1 + 3j� j2
A = � 2

j� j2 + Re(� )
1 + 3j� j2

B = 2
j� j2 � Re(� )

1 + 3j� j2
D =

2 Im(� )
1 + 3j� j2

. (2.19)

The measuredelectronasymmetryA(E) in (2.18) is in
uenced by weakmagnetism,proton
recoil and gA gV interferenceterms, expressedin a formula given by Wilkinson [Wil82]:

A(E) = A � (1 �
� R

A
)

�

1 + Awm

�

A1
Ee;max + me

me
+ A2

Ee + me

me
+ A3

me

Ee + me

��

; (2.20)

with

Awm =
� + 2� + 1

� (1 � � )(1 + 3� 2)
me

mn
� � 1:7 � 10� 3 (2.21)

A1 = � 2 �
2
3

� �
1
3

� 2:1

A2 = � 3 � 3� 2 +
5
3

� +
1
3

� � 8:6

A3 = 2� 2(1 + � ) � � 0:85

The weak magnetism coe�cien t gwm has to be corrected due to inner radiation, this is
accounted for in � � 1:85 [Bae96]. The electron's kinetic energy is given by Ee, its
maximum value by Ee;max .

2.1.4 Deviations from V-A-Theory

The Fierz-T erm: This term, expressedby the coe�cien t b in formula (2.18), incorpo-
rates scalarand tensor terms (gS and gT ) in the Lagrangianand is thereforeequal to zero
in the pure V-A-theory. But onecan derive expressionsfor the angular correlation coe�-
cients a, A and B assumingnon vanishing scalarand tensor terms. The appearing ratios
� = gS=gV and � = gT =gA in this expressionscan be calculated for di�erent valuesof a,
A and B, giving restrictions to the admixture of gT and gS. These restrictions exclude
� = � = 0 at the level of onestandard deviation concerningthe experimental data [Yer00].
A new PERKEO II I spectrometer is designedto determine correlation coe�cien ts with
very high accuracy(seechapter 5). Small e�ects like the �erz term may be observed with
this insrument.
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Figure 2.4: Exclusion plot for values of the left-righ t-symmetric (L-R) mo del. The
coloured regions are allo wed with 70 %, 90 %, and 95 % con�dence level. On the axis
of abscissa the mixing angle � is shown, the mass ratio � = m1

m2 is plotted on the y-axis.
Since there are no righ t handed curren ts in the Standard Mo del it corresp onds to
the poin t � = � = 0. [Figure from [Kre04 ]]

Righ t-handed Curren ts: The Standard Model (SM) cannot explain the origin of par-
it y violation observed in weak decays. Sometheoretic models extending the SM give rea-
sonableexplanations for the violation, like the manifest left-right-symmetric model (L-R
model) [Moh75]. It introducesa WR-bosonfor the interaction with right-handed particles.
Furthermore the bosonsare superpositions of the masseigenstatesW1 and W2:

 
WL

WR

!

=

 
cos� -sin�

ei� sin� ei� cos�

!  
W1

W2

!

: (2.22)

� is a mixing angleand � is a CP-violating phase.More freeparametersin this model are
the ratio of the couplings

� =
gA

gV
and � =

m2
1

m2
2
, (2.23)

wherem1;2 are the massesof the bosonsW1;2.
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Parity-violation in this model dependson the ratio � for m1 � m2 at mixing angles� 4.
So in the L-R model all correlation coe�cien ts in (2.19) depend on parameters� , � and � .
Sincethis thesiscoversthe measurement of the neutrino asymmetryB we are interestedin
how B a�ects the parametersof the L-R model. Certainly the admixture of right-handed
bosonsis crucially a�ected by the value of B (the SM includesonly left-handedneutrinos)
and di�erent valuesfor the neutrino asymmetry would considerablychangethe allowed �
region. The situation for the current valuesA = � 0:1173(13)and B = 0:983(4) [PDG04]
is shown in �gure 2.4.

2.2 Measuring the Asymmetry B

In summer 2004 we measuredthe correlation coe�cien t between the spin of polarized
neutrons and the momentum of the neutrino from neutron decay, the so called neutrino
asymmetryB. The measurement wasperformedwith the spectrometerPERKEO II (�gure
2.5) located at the beam position PF1b of the Institut Laue Langevin(ILL) in Grenoble,
France.

PERKEO II featurestwo scintillation detectorseach readout by six photomultiplier tubes
and a split-pair con�guration with a maximum magnetic�eld of 1.03T in the center of the
spectrometer. The arrangement of the magnetic �eld enablesus to observe two complete
hemispheres.In addition we installed thin carbon foils seton high voltageto get an electric
�eld outside the decay volume (i.e. the region in the spectrometer whereneutron decays
are observed).

The magnetic and electric �eld lines are arranged perpendicular to the neutron beam.
Electronsand protons emitted by neutronsdecay in the center of the spectrometerand are
guided along the magnetic �eld lines towards the detectors. The electrons(Emax = 782
keV) aremeasureddirectly with scintillation detectors. The protonsare too slow (Ep;max =
780eV) and thereforedo not deposit enoughenergyin the scintillator to exceedthe energy
threshold. Hencewe acceleratethe protons in the electric �eld towards the carbon foil.
Here they interact with the foil producing secondaryelectronswhich can be detected. In
this way we areableto detect electronsand protonsemitted in the samehemisphere,which
givesrise to a systematically very cleanmethod to determineB (seebelow). Sincewe are
able to observe two completehemispheres,we have a full 2 � 2� detector. Henceno solid
anglecorrectionshave to be applied.

Two supermirror polarizers arranged in crossedgeometry [?] polarize the neutrons with
an e�ciency of about 99.7%5[Schu04]. A radiofrequencyspin
ipp er allows us to turn the
neutron spin by 180� .

4Since there is no WR in the SM, there is no mixing, which yields an in�nite W2 mass. Therefore the
SM is included in the exclusion plot at the point � = � = 0.

5The improvement of the polarization crucially decreasedthe systematic error!
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Figure 2.5: The spectrometer PERKEO I I for the the measuremen t of the neutrino
asymmetry B. Neutron decays outside the decay volume are screened by diaphragms.
Inside electrons and protons are guided by the magnetic �eld lines to the detectors.
In this was all charged particles are detected and we obtain a 2 � 2� detector.

Com bined electron-proton spectra: Onecancombine the electron-protonspectrum
in two ways: Either both particles are emitted into the samehemisphereor into di�erent
hemispheres.The number of particles detectedin the samehemisphereis denotedby N "" ,
emissionin opposite directions by N "# . The �rst arrow indicates the electron's heading,
the emissiondirection of the proton is given by the secondarrow. If the arrow points
upward, the headingof the decay product is alignedwith the direction of the neutron spin.

For each combination we get an asymmetry,

B 1
exp =

N ## � N ""

N ## + N ""
(samehemisphere), (2.24)

B 2
exp =

N "# � N "#

N "# + N "#
(opposite hemisphere). (2.25)

The analytical expressionof B 1
exp with a beam polarization P (we assumea 
ipping e�-

ciencyof 100% in this expression)is given by [Kre04]:

B 1
exp =

2PA� ( r
3 � 1

2) + PB(1 � r 2

3 )

2 � r + ��
2 ( r 2

2 � 1)
for r < 1

B 1
exp =

2PB 1
3r � PA� 1

3r 2

1
r � � � 1

4r 2

for r > 1, (2.26)
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Figure 2.6: Mon te Carlo simulation of the neutrino asymmetries without any
exp erimen tal corrections: The asymmetry B 1, where electron and proton are
measured in the same hemisphere, is shown in the upp er �gure. The neutrino
asymmetry B 2 for electron and proton measured in opp osite hemispheres is
shown below. The abscissa denotes the electron's kinetic energy.

where a, A, and B are the angular correlation coe�cien ts (see2.18), � = v
c , and r is an

energydependent factor de�ned by r = � Ee
E �

. Ee and E � correspond to the kinetic energy
of the electronand the neutrino. Comparedto B 2, the asymmetry B 1 measuredthe same
hemispherehasa smaller dependenceon the electronenergyand a higher sensitivity to B
[Rei99] (seealso �gure 2.6).



Chapter 3

Exp erimen tal Realization

In summer2004we did the measurement to determine the neutrino-asymmetry B at the
Institut Laue Langevin(ILL) in Grenoblewhich operatesthe most intensecold neutron1

sourcein the world2.

The overall setup of the experiment is shown in �gure 3.1. The neutrons �rst passtwo
supermirror polarizers,a spin 
ipp er, and are guided through a collimation system. The
beamenters the spectrometerand �nally reachesthe beamstop.

Our aim wasto determinethe neutrino asymmetryB with a smallererror than the previous
experiment which wasperformedwith PERKEO II in 2001([Kre05a], error: 1.2 %). This
chapter describes

� technical improvements and add-onsto the setup comparedto the experiment per-
formed in 2000.

� alignment of the neutron beamwith the magnetic �eld of the spectrometer
PERKEO II, done with the so-calledB-n-scans.Here B denotesthe magnetic �eld
and n neutron.

� the operation of a scannerusedfor calibration of the scintillation detectors

� the measurement of protons with a high voltage setup e�ects observed in our exper-
iment due to strong electric �elds.

Coordinate system: In this thesis,we usethe following coordinate system:

x axis runs through the centers of the coils
y axis follows the beamline
z axis de�nes the vertical direction .

1Cold neutrons have a kinetic energy of about 2 meV.
2We measuredthe proton asymmetry C at the sametime.

15
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Figure 3.1: Beamline and spectrometer PERKEO I I located at beam position
PF1b at the ILL. Systematic impro vements were made compared to the exp er-
imen t performed in 2000 by using two supermirror polarizers and an impro ved
Data acquisition system.
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3.1 Impro vements and Add-ons to the Setup

Compared to the measurement of the asymmetry B performed in 2000 [Kre04] the ex-
perimental setup has beenimproved at several points: The beamlinewas modi�ed using
additional instruments like a secondsupermirror polarizer and a new spin
ipp er. Further-
morethe high voltagesetup insidethe spectrometerwasupgradedand the data acquisition
systemwas improved.

3.1.1 The Beamline

Supermirror Polarizers: The beamlineshown in �gure 3.1 o�ers important new fea-
tures. In the experiment we used two new supermirror polarizers (instead of one) in a
crossedgeometry[Kre05b]. As a consequencethe beampolarization changedfrom 98.14(2)
% between3.2 and 13.0 �A [Rei99] to 99.7(1) % between2 and 12 �A [Kre05b].

Spin
ipp er: The radio frequencyspin
ipp er is used to turn the spin of the neutrons
periodically by 180. The 
ipping e�ciency was almost 100%.

The Beamstop: Neutrons reaching the end of the beamstopare absorbed by 6Li3 but
also scattered. To prevent that scatteredneutrons reach the spectrometer,we installed a
cagemade out of neutron absorbingmaterial inside the beamstop: The side towards the
spectrometer was made out of borated glass, the side walls were made out of Boral , a
boron-aluminium alloy. The reaction of neutrons with boron yields a 
 -background that
can be shieldede�cien tly with lead [Krem04].

The vacuum: Sinceneutrons,electrons,and protons shouldnot scatter on atomsof the
air a good vacuumis mandatory. To reach this, weuseda small300 `

sec Alcatel turb opump
to evacuatethe beamlineand an Ebara ICP200Ucryopump4 (pumping speed: 1500 `

sec for
N2) installed just in front of PERKEO II. Two Leybold TURBOVAC1500 pumps with an
exhaustionrate of 1500 `

sec each were assembled at the beamstop. The averagedvacuum
was about 1 � 10� 6 mbar, the best value we achieved was 3:6 � 10� 7 mbar measuredat the
beamstop.

3In the reaction Li+n many fast neutrons (energiesof fast neutrons are higher than 1 MeV) are also
generatedand may react with the hydrogen of the scintillators. One has to moderate and to remove these
neutrons sincethey produce a crucial background.

4This pump improved our vacuum only by a factor of two sinceit was not running properly.
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3.1.2 Data Acquisition

The data acquisition system converts the analog signalsof the photomultiplier tubes to
digital data (via ADCs (Analog to Digital Converters)) and transfers this data together
with other digital information (e.g. timing information) to the computer.

Afterpulses: Tests showed that the photomultiplier tubes have an certain probability
to produce a coincident afterpulse within 10 � s after an event [Schu05]. An afterpulse
cannot be distinguishedfrom a proton or electron signal and can thereforebe interpreted
assuch a signal. This e�ect madethe correct identi�cation of signalsquite di�cult in the
experiment of 2001. To avoid this we useda special condition for a proton/electron signal:
For a valid event, at least two out of six photomultipliers have to give a signal. In this
way the proton detection e�ciency decreases,but we avoid an afterpulsecorrection to our
proton spectra.

Acciden tial coincidences and Backgound Stops: We avoided problemsdue to ac-
cidential coincidencesand background (i.e. stops that are not due to protons) in two
ways:

� We measuredup to 32 stop signalswith a TDC (Time to Digital Converter)5. The
slowest protons have reached the detector after time tmax . Therefore, all signals
measuredafter tmax have to be accidential coincidences(background signals). Hence
we can measurethe accidential coincidenceswith this delayed coincidencemethod
and subtract the e�ect from the spectra.

� If onemeasuresonly onestop signal, a proton stop would eventually suppressstops
due to background events and the other way round. Sincewe measureup to 32 stops
we ensurethat we measurethe proton and the full background which is important
to subtract the background from the signal.

3.1.3 High Voltage Setup

Protons emitted in neutron decay have a maximum kinetic energy of Ep;max = 780 eV.
Compared to the highest electron energy, Ee;max = 782 keV, the proton energy is three
orders of magnitude smaller. It is much too small to be detectable in our scintillation
detectors. Thereforethe protons have to be acceleratedin a high electric �eld wherethey
gain energyin the keV range. Thin carbon foils (with a maximum thicknessof 40 � g/cm2

5The �rst signal (electron) starts a coincidencewindow of 80 � s. The coincidencetime of up to 32 stop
events (protons and background) within this window is measuredand the energyof the �rst four stops is
taken.
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Figure 3.2: This picture shows the carb on foil installed in PERKEO I I. The
foil and the carrier are set on high voltage. The carrier is polished to avoid
�eld emission on spik es whic h may yield background signals.

[Rei99]) are placed between the decay volume and the detectors (�gure 2.5 and 3.2) and
set on high negative potential (U = � 18 kV). Protons are acceleratedtowards the foil
and produce several secondaryelectronsdue to interaction with the foil. Theseelectrons
depose detectable energy. Since the scintillation detectors have an energy threshold of
approximately 35 keV [Schu05], we want to have an electric �eld ashigh as possibleto be
sensitive to even low energyprotons (oneproton generatesseveral 18 keV-electrons,so the
overall signal is obove the threshold).

Sinceall other parts of the spectrometerare grounded,we have to ensurethat all parts on
which electric �eld lines may end, do not show spikesor sharp edges.Spikeswould cause
very high �elds leading to disturbing e�ects like �eld emissions.Thereforewe mademuch
e�ort to remove edgesand to polish the surfaceof all relevant parts. This is especially
important for the carrier of the foil, �gure 3.2.

Furthermore we have to ensurethat no electric �eld is present in the decay volume since
the positive/negative accelerationof the decay products would changethe asymmetry. We
arrangedfour grids madeout of aluminium wires in intervals of 20 mm to shield the center
of the spectrometer (�gure 2.5). The gap between the wires of the grids was 6 mm. We
usedaluminium wires sincea test showed that aluminium wires give lessbackground at



20 CHAPTER 3. EXPERIMENT AL REALIZA TION

Voltage [kV]

0 2 4 6 8 10 12 14 16 18 20 22 24

C
ou

nt
in

g 
ra

te
, a

.u
.

2.6

2.8

3

3.2

3.4

3.6

3.8

4

4.2

4.4

Voltage [kV]

0 2 4 6 8 10 12 14 16 18 20 22 24

C
ou

nt
in

g 
ra

te
, a

.u
.

2.6

2.8

3

3.2

3.4

3.6

3.8

4

4.2

4.4
m diameter, previous experiment)mC (8 

m diameter, bad arranged carriage)mAl (25 

m diameter, polished carriage)mAl (25 

Figure 3.3: High voltage ef-
fects: Di�eren t wire ma-
terials and diameters cause
signi�can tly di�eren t signals.
Since the 25 � m aluminium
wires (red squares) result in
the lowest background sig-
nals even at high voltages
we used this material in
our exp erimen tal con�gura-
tion [Schu05].

high voltagescomparedto the carbon wiresusedbefore(�gure 3.3). Wires with a diameter
of 10 � m and 25 � m (instead of 8 � m carbon wires used2001) were chosenbecausewe
wanted to avoid the very high �elds arising at small diameters[Schu05]. As a negative side
e�ect larger wires should give rise to a higher absorption and scattering rate of protons
and electrons.This so-calledgrid-e�ect is under examination.

3.2 Alignmen t of the Neutron Beam to the B-�eld

The magnetic �eld of PERKEO II is generatedby two superconductingcoils arrangedin
a split pair con�guration producing a �eld maximum betweenthe coils: A small gradient
leads to lower �eld strengths outside the center. It is necessaryto align the center of
the neutron beam with the maximum of the magnetic �eld. Otherwise the measured
asymmetry is changeddue to the magneticmirror e�ect.

This e�ect is calledmirror e�ect sinceelectronsand protonscanbere
ected whenfollowing
a rising B-�eld gradient. The re
ection probability of a charged particle dependson the
magnetic�eld strength B0 at the point of the emissionof the particle, i.e. at the placethe
neutron decays, the maximum of the �eld Bmax and on the angle � betweenthe direction
of emissionand the �eld line direction. We de�ne the critical angle

� cr it = arcsin

s
B0

Bmax
: (3.1)

If � > � cr it the condition of re
ection is full�lled. A symmetric neutron distribution around
the �eld maximum is required to achieve the same� cr it on both sidesof Bmax to reduce
systematice�ects.

The mirror e�ect changesthe neutrino asymmetry B, but for narrow beamsthe relative
changeof the asymmetry

�
B mm (mm denotesmagnetic mirror) is smaller. Hencewe in-
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stalled a diaphragm about 1.5 m in front of the spectrometer,which reducedthe width of
the neutron beamto 50 mm. In the electron energyregion of 200-400keV a beamwidth
of about 80 mm yields

�
B mm � � 0:75%, whereasa width of 50 mm gives

�
B mm � � 0:37%

[Rei99]. Of coursean even smallerbeamwould reducethe changein B even more,but one
also loosesstatistics and we thereforehad to make a compromisebetweenthe two e�ects.

3.2.1 Position of the B-�eld

To align the neutron beamwith the magnetic�eld, we �rst determinedthe position of the
magnetic �eld maximum. As a referencepoint we useda laser beam aligned parallel to
the neutron beam passingthe spectrometer and pointing always at a �xed target. The
measurement of the B-�eld was done with a gaussmeter6 (a Hall-e�ect probe) moving in
threedirections. We�xed the y andz positionsat the center of the decay volumeandmoved
the probe along the x axis. Measuringthe B-�eld in this way gives the shape of the �eld
insidethe detectorasshown in �gure 3.4. The laserde�ned the point x = 0. Afterwardswe
went to di�erent z andy positionsandrepeatedthe measurement. Wefound a displacement

6Gaussmeter9900Seriesof F. W. Bell
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Figure 3.4: The �gure shows the absolute values of the magnetic �eld mea-
sured at di�eren t x positions and for constan t y and z positions. This kind of
measuremen t was done also for di�eren t z and y values. We found the B-�eld
maxim um in x-direction to be located (5:8� 1:0) mm next to the laser reference
poin t.
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Figure 3.5: Data from the copp er foil
activ ation analysis. Cut along the x
axis through the neutron beam in the
center of the decay volume. � xn is
the displacemen t of the beam center
(red line) relativ e to the laser reference
poin t (green line).

Figure 3.6: Data from the copp er foil
activ ation analysis. The heigh t of the
beam along the z axis, measured in the
center of the spectrometer.

betweenthe laserbeam and the magnetic �eld maximum of 4 xB = (5:8 � 1:0) mm. The
error is causedby systematics,sincewe could neither de�ne the position of the gaussmeter
nor the position of the laserbeamwith higher accuracy(the laserdot wastoo big; in future
experiments maybe a more precisedetermination of the relative positions could be done
with a theodolite).

The next step was to determinethe neutron beamposition with respect to the laserrefer-
encepoint.

3.2.2 Neutron Beam Alignmen t

The displacement between the referencepoint (x = 0) and the B-�eld maximum 4 xB

had to be comparedwith the relative position of the neutron beam4 xn . We determined
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4 xn by using the copper foil activation analysismethod, i.e. placing copper foils in the
neutron beam. Natural copper consistsof 69.2%63Cu and 30.8%65Cu. Neutrons activate
theseisotopes and produce 64Cu and 66Cu. The activated copper decays with a lifetime
of � (64Cu) = 18:3 h and � (66Cu) = 7:39 min. One �nally measuresthe decay of the long
living isotopeby usinga radiation sensitive imageplatethat canbe readout with a suitable
scanner7. The procedureof activation and readout is linear to the thicknessand density of
the foil usedand to the neutron capture 
ux 8 � c [Krem04]. Assuminga constant neutron

ux and choosingalways the sameirradiation time (t ir r = 45 min), identical conditions for
the activation of the imageplate(t imag e = 20min) and the readout (the scanningresolution
was100� m), this is an excellent method to determinethe shape of a neutron beam(�gure
3.7).

We optimized the shape of the beam in several stepsby adjusting the last diaphragm of
the beamline. Finally the neutron beam had a width of xbeam � 52 mm and a height of
zbeam � 58mm, ascanbeseenin �gures 3.5and 3.6. The big dip in the �gures is causedby
a hole in the copper foil, that indicates the laserreferencepoint. Its displacement relative
to the mean of the neutron beam is 4 xn = (6:9 � 1:0) mm. The systematic error again
arisesfrom the big laser spot on the copper foil. Comparing this value with the position
of the magnetic �eld maximum we get a displacement D x of the neutron beamrelative to
the B-�eld maximum of

Dx = 4 xn � 4 xB = (6:9 � 1:0) mm � (5:8 � 1:0) mm = (1:1 � 1:4) mm: (3.2)

Within the errors we have no displacement. Thereforecorrectionsdue to an asymmetric
beamdistribution around the magnetic �eld maximum can be neglected.

3.3 Calibration of the Detectors

The detection of the � -decay electronsand secondaryelectronswas done using two scin-
tillators each read out by six photomultiplier tubes.

Weuseda 5 mm thick scintillator (Bicron BC 404) gluedwith optical cement (BC 600) to a
light guide(BC 810) with a thicknessof 30 mm and a dimensionof 9� 13 cm2. Scintillator
and light guide have the samerefraction coe�cien t to avoid light lossesat the contact
surfacedue to refraction and total re
ection. We coveredthe fringesof the detectorswith
a specialpaint (BC 620) that isotropically scattersincident photonsto increasethe number
of photons reaching the photomultipliers. Finally the free sideof the scintillator (the side

7'STORM 820' by Molecular Dynamics
8The capture 
ux � c is de�ned via

� c =
Z

v
� (v)

v0

v
dv,

where � is the absolute 
ux, v the neutron velocity and v0 = 2200m s� 1 the thermal velocity.
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Figure 3.7: The �gures show
the shape of the neutron
beam for di�eren t y-positions
along the neutron beam ob-
tained via copp er foil acti-
vation analysis. 'Foil 1' de-
�nes the beginning of the de-
cay volume, i.e. the reac-
tor side of the decay volume.
The shape of the beam in
the center of the decay vol-
ume is shown in �gure 'Foil
2', placed about 54 mm be-
hind 'Foil 1'. The last foil was
placed at the beamstop side,
appro ximately 35 mm behind
the second foil.
From the �gures we conclude
that the beam is homoge-
neous over the decay volume.
Therefore we can assume a
constan t magnetic mirror ef-
fect over the whole length of
the decay volume. (Note:
The coordinates of the �g-
ures are relativ e coordinates
that are not perfectly syn-
chronized.)
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"seeing" the particles) was sputtered with a very thin aluminium layer (d � 30 nm) to
ground the detectors.

On the back side, six Hamamatsuphotomultipliers were arranged in a special setup to
achieve an optimal covering of the lightguide surface[Plo00]. Good contact betweenlight-
guide and photomultiplier was obtained by using vacuum grease(Varian ).

The detector area of 117 cm2 is quite large. Thereforewe built a scanner(�gure 3.8) to
determinethe detector function, which shouldbe ashomogeneousaspossible[Bre03]. The
principle of testing the homogeneity of the detector is the following:
We useda point like bismuth 207Bi source9 emitting electronsof two well de�ned energies
(Ee = 504:5 keV and Ee = 996:9 keV) and placedit inside the spectrometer. The emitted
electronsare guided by the magnetic �eld to a certain position on the scintillator and we
get a position dependent detector signal. Moving the sourceto di�erent points, we can
measurethe energydeposited at arbitrary spots on the scintillator.

However, we have to considerthe gyration of the electronsaround the magnetic�eld lines.
This causesan uncertainty in de�ning the exact position at which the electronshit the
scintillator. The gyration radius RGyr can be calculated by assumingthe B-�eld to be
parallel to the E-�eld (which is nearly the casein PERKEO II) and we get [Jac02]

RGyr =
pt

300B
: (3.3)

The maximum value RGyr ;max is realised with the maximum electron momentum pt;max

transversal to the �eld lines at low B-�eld values. For neutron decay we get pt;max = 1:187
MeV/ c and a B-�eld strength of about B = 0:69 T near the detectors,yielding a gyration
radius of RGyr ;max = 5:7 mm10. The points on the scintillator are thereforesmall enough
to obtain a position sensitive detector function.

3.3.1 The Scanner used for Calibration

The scanneris shown in �gure 3.8. It must be able to move the calibration sourcein y
and z direction so that we can scanthe whole scintillator. All components of the scanner
have to work in a high magnetic �eld, a condition that alsothe motors have to full�ll: We
thereforeusedpiezomotors [Bre03]. To get the position of the sourcea potentiometer at
each axis was used. In y direction the potentiometer was turned by a cogwheelrunning
along a toothed bar; hereno problemsoccuredin reaching the target positions.

The movement alongthe z axiscausedsomeproblemswithin the vacuum. The piezomotor
turned a wheel(which wasconnectedto a potentiometer) that coiled a thin plastic string.

9A 139Ce source(Ee = 136:6 keV was used in a secondscan.)
10The curvature and gradient drifts causedby the inhomogeniousmagnetic �eld are neglectablesince

the curvature drift yields a displacement of about 1 mm at the scintillators, the gradient drift is even
smaller [Schu04].
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Figure 3.8: The scanner used in the exp erimen t. The calibration source �xed
at the white dice can be moved in y and z direction to scan the whole detector.

The freeend of the string wasconnectedto a dice with the sourcemovable on a bar along
z direction. In the evacuatedspectrometer problemsoccureddue to friction betweenthe
bar and the dice and the string falling of the wheel. Therefore we had somedi�culties
to reach a target position (it turned out that lowering the dice was more problematic,
so we beganthe scansat the lowest z position and moved upwards). Although we solved
thesedi�culties (chapter 3.3.2),an alternativeconstructionof the devicefor the z direction
shouldbe consideredfor duture measurements. Due to the problemsmentioned oneshould
try to construct a devicethat can lower the probe without using gravitation.

3.3.2 Soft ware Logic

The control software of the scannershould allow the user to reach a given position with
high accuracyand as fast as possible. To achieve this we usedboth possibledrive-modes
of the piezomotors: the jump-mode and the step-mode. Using jump-mode meansthat the
motor driveson continuously, whereasthe step mode movesthe motor only step by step,
with a minimum stepsizeof approximately 0.1 mm. In both cases,the velocity dependson
the applied control voltage.

When the userhasde�ned the target positions,the control softwarestarts with determining
the distancebetweenthe actual position and the position of the �rst target. The calculated
distancede�nes which drive-mode will be used: Either jump-mode, if the distanceis large,
or step-mode for short distances.The control voltage is applied for a split of a secondand
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the new position is read out. This schemeis iterated until the target position is reached.
After having reached the target position and having �nished the measurement, the source
is steeredto the next position.

However, as noted above, using thesemotors in the evacuatedspectrometer causedsome
problems. Thereforewe implemented aborts: The programstopstrying to get to the target
position in caseit was not reached after a de�ned number of attempts and starts moving
the probe to the next de�ned position. Without theseaborts the automatic steeringto a
target position could last for an exorbitant long time.

A detailed pseudo-code of the algorithm described above can be found in the appendix.

3.4 High Voltage

After having installed the setup (the aluminium wires, the carbon foils, and the detectors)
insidethe spectrometer,weappliedhigh voltageto the carbon foils stepby stepandchecked
its in
uence on the event count rates. The tests wereperformedwith a vacuum of around
3 � 5 � 10� 6 mbar.

The voltage was applied in two di�erent ways:

� One foil was set on high voltage while the other foil was grounded

� The high voltage was simultaneously applied to both foils.

High voltage on one foil, the other one grounded: We found a smaller count rate
of the detector at the groundedsidecomparedto the other detector. This is causedby the
fact, that the detector with the foil on high voltage is shieldedby the electric �eld since
negatively charged particles have to get over the potential barrier. In casethey do not
have enoughenergy, they are re
ected and guided to the opposite detector.

Positively chargedparticles acceleratedtowards the foil may producesecondaryelectrons.
But sincetheseelectronsare emitted in all directions they will not causean asymmetric
count rate.

Thesetests should show the samecount rate at the groundedfoils and on the foil on high
voltage, regardlesswhich foil was grounded. But sincewe found di�erent count rates, we
assumethat foil 1 (on detector 1 side) emitted much more particles producing a higher
background.

Applying voltage to both foils: While simultaneously applying voltage to both foils,
the voltage supply of the photomultiplier tubes was shut-o� automatically from time to
time. This emergencyshut-o� is initialized if the current in one of the photomultiplier
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tubesis too high. Sincea high photomultiplier tube current is equivalent to a high number
of detectedphotons,we assumethat electrostaticdischargesinsidePERKEO II initialized
theseshut-o�s. This wascon�rmed by installing an amperemeterand measuringdischarge
currents, followed by emergencyshut-o�s.

Again we measureda higher count rate at foil 1, comparedto the rate on side 2. To get
rid of the discharge currents we installed an aluminium cuboid at the top of the carrier
of foil 1: This slightly changesthe electric �eld lines above the foil and should avoid an
accumulation of chargedparticles by guiding them out of the inner part of the setup. In
this way the discharge currents causing the emergencyshut-o�s disappeard, but still a
high, sometimesinstable count rate was measuredat foil 1 (�gure 3.9).

In order to �nd out the origin and to eliminate this e�ect we inspectedand changedseveral
components of the setup:

� The foil: We replacedthe foil, we turned the foil, but the e�ect did not vanish.

� The detector: The high count of detector 1 was mainly causedby two photomul-
tiplier tubeswhich covered the beamstop-sideof the detector. Hencewe turned the
detector by 180. Now the other photomultiplier tubeson the beamstop-sideshowed
the high count rate, which excludesan e�ect due to the detector itself.

� The aluminium wires to shield the decay volume were checked and someof them
replaced.The result was slightly better but still not satisfactory.

� High voltage supply: We installed the contact of the high voltage supply (see
�gure 3.2) on the opposite sideof the foil. This had no e�ect either.

The high voltage setup was identical for both detectors,only the foils di�ered. Therefore
all tests described indicate that the high count rate at foil 1 sidewasgeneratedby the foil
itself.
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Figure 3.9: High voltage e�ects: The event count rate for both detectors. The
abscissa indicates the number of measured cycles (a cycle lasts for 2 seconds),
the number of events is shown on the ordinate. The perio dic rise of the counts
is caused by the calibration sources. The sudden boost of the count rate after
cycle 4000 is probably due to a discharge curren t. The count rate for detector
1 is always higher, also before the boost.



Chapter 4

Mon te Carlo Simulations for
PERKEO I I

A simulation of neutron decay inside the spectrometer PERKEO II helps to examine
systematice�ects. Furthermore, a better understandingof background phenomenamay be
obtained. This chapter describesa program that simulates spectra consideringsystematic
e�ects and presents correctionson the measuredspectra due to thesee�ects.

4.1 Principle of Mon te Carlo Simulation

Monte Carlo Simulations are a commonlyusedtool in experimental physics: The program
written in this thesissimulates an experiment performedwith ideal conditions, systematic
e�ects may be consideredor discounted optionally.
There are di�erent methods to simulate a given problem with the Monte Carlo technique:
The one used in the program described below is called the acceptance-rejectionor von
Neumannmethod: The probability density function f (x) for a given interval [a;b] is well
known. A random number generaterde�nes a value x of the intervall on the abscissaand
a value y on the ordinate. If y � f (x), x is accepted,otherwiseit is rejectedand another
random value generated(�gure 4.1). In this way the acceptedx are weighted with the
function f (x).

4.2 The program MoCAsSiN

The program MonteCarloAsymmetrySimulation for Neutron-Decay (MoCAsSiN), written
C++, is basedon the Fortran betasim code [Rein91]and [Rei99].
The original Fortran code wasextendedcrucially: In addition to the simulation of neutron
� -decay, we implemented the following featureswhich describe the speci�c experimental
environment of PERKEO II:

30
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x

f(x)

a b

y

Figure 4.1: Sketch of the acceptance-
rejection metho d: Tw o values x and y
are randomly generated. If y � f (x) the
value x is accepted. Otherwise a new
number is generated.

� Decay Volume: The neutron distribution along the x axis (detector to detector) is
modelled as realistic as possible. It is again calculated with a Monte Carlo method
using the neutron distribution obtained obtained by B-n-scans(chapter 3).

� Magnetic Mirror E�ect: ChargedParticles may be re
ected due to an increasing
gradient of the magnetic �eld (seealso 3.2) of PERKEO II. The �eld used in the
simulation was obtained by measurements. The correction on the asymmetry B 1 is
less0.04 % due to this e�ect, there is no correction on B 2. Seechapter 4.2.2 for
details.

� Electric Mirror E�ect: The electricmirror e�ect describesthe re
ection of charged
particles at the electric potential of the carbon foils (chapter 4.2.3). In the region of
interest, this e�ect doesnot a�ect the measuredspectra.

� Edge E�ect: The edgee�ect (chapter 4.2.1)causeschangesof the electronspectrum
dueto the �nite decay volumelength: Particles from neutron decays at the endof the
decay volume may be absorbed by the diaphragmsde�ning its length. The electron
spectrum maximally changesby about 10 % at Ee � 600 keV, in caseelectron and
proton are emitted into the samehemisphere.

� Time of Fligh t Spectrum: We implemented a function to determine the time of

igh t spectrum of nonrelativistic particles inside the spectrometer. This can be used
to analyzethe experimental background which is shown in chapter 4.2.4.

� Detector Function: The detector function describesthe statistical variation of the
measuredenergy. The variations are consideredin two steps: First we treat the
conversionof photons into electronsinside the photomultiplier tubes. The resulting
number of electronsis assumedto be Poissondistributed. Afterwards the electronics
broadenthe electroncurrent by a Gaussiandistribution.
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� Trigger Function: The detection e�ciency dependson the energydeposedin the
detector system. Sincethe data acquisition systemis lesssensitive to events of low
energy, theseare detectedwith a smaller probability than events at higher energies.
This energydependent probability distribution is available in the simulation.

We will discusssomeof thesetopics in detail in the following sections:

4.2.1 The Edge E�ect

The decay length that can be observed by the detectors is limited. To obtain a properly
de�ned decay volume length in y direction, we installed diaphragmsto shield the products
from decays occuring outside the decay volume. Particles emitted at the endingsof the
volume can be scattered or absorbed by thesediaphragms. Due to the gyration around
the magnetic �eld lines, this e�ect is alsorelevant for particles moving at somedistanceof
the edge.

The probability for absorption dependson the emissiondirection with respect to the mag-
netic �eld linesand thereforeon the particle energy. Sinceenergyand angulardistributions
for electronsand protons are related (see2.18),we cannot calculatethe edgee�ect analyt-
ically but have to simulate it.

To determinethe e�ect we assumethat every particle hitting the diaphragmsis absorbed.
This assumptionis full�lled with a good approximation [Kre04] since

� all protons are entirely absorbed due to their low energy
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Figure 4.2: Edge E�ect: The theoretical spectra (i.e. without edge e�ect)
must be multiplied by the appropriate histograms considering the edge e�ect.
If either the electron or the proton emerging in the decay is absorb ed, both
particles are lost for the measuremen t. The left �gure shows events in the
same hemisphere, on the righ t the edge e�ect is giv en for events in opp osite
hemispheres.
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� for electrons, the probability of a single re
ection is about 10 % and of a double
re
ection about 0.1 % [Leo94]

� the electronswill hit the diaphragmstwice in most casessince they gyrate with a
rather small slope comparedto the length of the diaphragms.

In order to simulate the edgee�ect, we have to considerthe displacement of the gyration
center (�gure 4.3): The center is not always given by the position of decay. In fact we
must considerthe azimuth angle � de�ning the direction of the particle's momentum p �

on a planeperpendiculer to the magnetic �eld lines. � is determinedin the neutron decay.
The gyration center is determined by placing the vector r gyr (jr gyr j = gyration radius)
perpendicular to p � . r gyr then points to the center around which the particle rotates. Due
to the displacement of the center, even particles with a distanceto the diaphragm of two
gyration radii can be absorbed.

Figure 4.2 shows the quotient of the spectra simulated with and without edgee�ect. As
expected,the e�ect is larger at higher energiessincethe gyration radii are larger compared
to lower energies.The emissionof electron and proton in the samehemisphereresults in
a big angle between the momenta of the particles (see�gure 4.7). In caseparticles are
emitted in opposite hemispheres,their anglerelative to the magnetic �eld lines is smaller.
This results in smaller gyration radii. Therefore the edge e�ect a�ects the spectra of
electron and proton measuredin the samehemispheremore than the spectra of particles
emitted into opposite directions.

Figure 4.3: Edge E�ect: Displacemen t
of the gyration center of a particle due
to the emission direction. Shown is
a plane perp endicular to the magnetic
�eld lines.
Because of this e�ect, particles with a
distance of up to 2 r gyr can be absorb ed
by the diaphragms depending on their
initial momen tum.
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Figure 4.5: The magnetic �eld inside PERKEO I I: x0 denotes a relativ e position.
The �eld appro ximation (4.1) is very sensitiv e to the parameter l. To calculate
the edge e�ect a good appro ximation of the �eld is needed both in the decay
volume and at the position of the diaphragms. l = 690mm (righ t �gure) full�lls
this condition much better than the formerly used value l = 740 mm ([Rei99],
left �gure).

Magnetic Field: We useda quadratic approximation of the B-�eld [Rei99]:

B = Bmax

 

1 �
� x

l

� 2
!

: (4.1)

This approximation dependscrucially on the magnetic �eld parameter l. Comparing this
approximation with a magnetic �eld simulation of PERKEO II [Mae05], we �nd that
l = 740 mm �ts good in the region � 50 mm around the maximum (�gure 4.5). The �eld
in this region de�nes the magneticmirror e�ect. If we considerthe edgee�ect, we have to
take into account the �eld strength at the diaphragmsplacedabout 107 mm next to the
�eld maximum. A good �t in this regionis obtainedwith l = 690mm. Using this value for
l doesnot changethe �eld around the decay center. Hencewe usel = 690mm to generate
the spectra.
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4.2.2 The Magnetic Mirror E�ect

The magneticmirror e�ect describedin chapter 3.2doeschangethe neutrino asymmetryB.
Thereforewe have to correct the measuredspectra consideringthis e�ect. The shape of the
magnetic�eld inside the decay volumeis given by a quadratic approximation (4.1). Figure
4.6 shows the asymmetry B for electronsand protons measuredin the same(B 1) and in
opposite (B 2) hemispheres.The �rst two �gures weregeneratedby assumingthe center of
the neutron beamalignedwith the maximum of the magnetic�eld. The correctionson B 1

and B 2 di�er, sincethe re
ection dependson the anglebetweenthe particle momenta and
the magnetic�eld lines, �gure 4.7. The relative angleof electronand proton emitted in the
samehemisphereis large due to momentum conservation. This implies a large emission
anglerelative to the �eld lines, a high re
ection probability and a bigger correction on B 1

comparedto B 2.
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Figure 4.6: The magnetic mirror e�ect on the spectra of the asymmetry B: The
upp er histograms show the simulated spectra with and without mirror e�ect,
the lower ones giv e the corrections on the measured spectra. B 1 is shown on
the left, on the righ t B 2. The e�ect on B 2 is negligible since the scale of the
ordinate is very small.
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Figure 4.7: The two histograms
show the angles between the di-
rection of the neutron spin, elec-
tron momen tum and proton mo-
mentum: �( n; p) denotes the an-
gle between neutron spin and pro-
ton momen tum, � (e;p) is the an-
gle between electron and proton,
� (n; e) denotes the angle between
neutron spin and electron. The
upp er �gure giv es the angles for
electron and proton emitted in op-
posite hemispheres N "# , the lower
�gure considers the emission of
both particles in the same hemi-
sphere N "" .

4.2.3 The Electric Mirror E�ect

The electric mirror e�ect describesthe re
ection of chargedparticles at electric potentials.
In the experiment the potential of the carbon foils acceleratesthe protons towards the
detectors, wheras the electrons are decelerated. Though the installed aluminium wires
decreasethe potential in the decay volumevery e�ectively, there might be a small residual
electric �eld. The shape of the electric potential hasbeensimulated and can be described
by a quadratic approximation in onedimension[Bra00]

V(x) =
� E
( d

2)2
(x � s)2 + � E: (4.2)

� E is the di�erence between the extremum of the potential and a point at a distance b
2

to it. The width of the decay volume along x is d and s denotesthe displacement of the
beamcenter in respect to the potential's extremum. The neutron decays at the point x. In
the simulation we assumeda reach-through potential of V(x) = 200mV (this assumption
is very conservative sincewe expect a V(x) < 100 mV). Due to the opposite chargesof
electron and proton the e�ect is di�erent for both particles:

� Protons: The electric mirror e�ect for protons can be described analog to the
magneticmirror e�ect. If the proton's emissiondirection points away from the decay
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volume, they follow a decreasingpotential (a negative parabola) and are accelerated.
If they areemitted towardsthe decay center, the protonshave to 
y againsta positive
gradient and are re
ected in casethey have too lessenergyto get over the electric
potential barrier.

� Electrons: Electrons follow a positive gradient regardlessof their emission di-
rection, since the carbon foils are set on negative potentials. An electron with an
energytoo low to passthe potential of the foils will be re
ected from onefoil to the
other many times until it is absorbed by the aluminium wires. Re
ected electrons
are lost for the measurement.

We implemented the electric mirror e�ect for protons in the simulation and simulated
spectra assuminga displacement s = 0. There wasno changecomparedto spectra without
this e�ect sincethe potential insidethe decay volumeis very small comparedto the proton's
energy. The number of re
ected protons is thereforenegligible.

The implementation of the electrons' electric mirror e�ect in the simulation was not
possibleso far. The di�culties arise since one has to consider the decreasingmagnetic
�eld together with the electric �eld. The momentum parallel to the magnetic �eld lines
increasesdue to the negative gradient of the B-�eld, the momentum perpendicular to it
decreases.Simultaneously the momentum parallel to the electric �eld, which is aligned
with the B-�eld, decreasesdue to the electric �eld. Sincewe have to considerrelativistic
velocities for the electrons,we did not �nd a solution of the di�erential equation for this
problem. An ansatz to simulate the motion iterativ ely, i.e. calculating the vectors of the
momenta at one position and doing the samefor many positions following each other at
small intervalls, did not solve the problem with satisfactory accuracy.

We estimated the e�ect assuming an adiabatic change of the parallel momentum
that is not a�ected by the negative electric potential. The electroncan passthe potential
if its kinetic energyEkin jj (parallel to the electric �eld) after the momentum reorientation
due to the magnetic �eld is equal or larger than the electric potential W. The following
equation1 givesthe minimum energyEkin;min for electronsnecessaryto passthe potential
barrier, in casethey are emitted perpendicular to the magnetic �eld lines (worst case
scenario):

Ekin;min =

s

(W 2 + 2meW)(1 +
B2

B1 � B2
) + m2

e � me [keV]; c = 1: (4.3)

B1 = 1:03 T denotes the magnetic �eld strength in the center of the decay volume,
B2 � 0:8 T the �eld strength at the foil generating an energy barrier for electrons of
W = 20 keV. me = 511keV is the electron'smassin the rest frame. All electronswith an

1seeapendix
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Ekin;min � 84 keV passthe potential barrier and can be detected.

Fits on neutrino asymmetry B spectra will be made at higher energies(E > 200 keV),
sincein the energyregionE < 200keV the background is too high to obtain cleanspectra.
In addition it is favored to �t B 1 at higher energiessincethe spectrum becomesconstant
and is lesssensitive to the detector function. Thereforewe do not assumean e�ect on B
due to the re
ection of electronsat the electric potential.

4.2.4 Time of Fligh t Spectrum

During the experiment we measured the energy of electrons and protons emitted in
� -decay, their angular distribution (we observed two hemispheres),and in addition the
time-of-
igh t (Tof) spectrum of the protons. The latter spectrum gives the time protons
need to reach the detector after being emitted in the decay volume. Sinceprotons and
electronsare emitted at the sametime and electronsreach the detector almost instantly
(� 3 ns) after emission, their signal de�nes the start of the proton's time-of-
igh t
measurement; it is stopped by the detection of the proton. The time-of-
igh t information
helps to distinguish between proton events and background: After a certain time even
the slowest protons reach the detector henceevents measuredafter this time are due to
background (see also chapter 3.1). Furthermore we are interested in the time-of-
igh t
spectrum for a better understandingof the background.

We think that the high voltagebackground consistsof high energeticparticles (e.g. gamma
rays, electrons,positrons) and also low energeticions. Sincewe do not know origin and
nature of the ions inside PERKEO II, we analysed the time-of-
igh t spectrum of the
background proceedingas follows:

1. Simulation of the proton time-of-
igh t spectrum and comparisonwith the measured
one in order to cross-check the quality of the simulation and to adjust simulation
parameters.

2. Simulation of the background time-of-
igh t spectrum: By changingthe massand the
starting position of background ions we try to generatethe measuredbackground
spectrum.

4.2.4.1 ToF Spectrum of Protons

The path of protons towards the detectorscan be divided into three characteristic sectors
(see �gure 4.8): Sector 1 de�nes the range from the decay volume to the beginning of
the groundedwires. This sector is not in
uenced by an electric �eld (or the in
uence is
negligible). The distance through the grid of aluminium wires de�nes sector 2. Here the
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Figure 4.8: Simulation of the ToF-Sp ectra: The distance the protons have
to cover from the decay volume to the carb on foil can be divided in to three
sectors. In the simulation these are reduced to two e�ectiv e section S1 and S2.
N + denotes a possible position at whic h N atoms may be ionised and cause
background.

electric potential risesand the protons are accelerated.In sector3, protons are accelerated
onto the carbon foils with the completeforceof the electric �eld. In the simulation we did
not considersector2, and usedjust two sections: SectionS1 describes the motion in the
magnetic �eld without an acceleratingforce,sectionS2 considersboth the B-�eld and the
full electric �eld.

We usedthe time-of-
igh t spectra of protons (�gures 4.9) to adjust the geometricalparam-
eters S1 and S2 of the program. Data was taken with a potential of � 18 kV. Coincident
events detectedin the samehemisphereemitted into the direction of the neutron spin are
denotedwith N"" , events against the neutron spin N##. The simulation is in good agree-
ment with the data, as can be seenin �gure 4.10. The resulting parametersare S1 = 200
mm and S2 = 96 mm.
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Figure 4.10: The simulated proton spectra plotted together with the measure-
ment. Simulation and exp erimen t agree very well.

4.2.4.2 ToF of the background

Figure 4.11 shows the time-of-
igh t specra of the background in the same hemisphere
(measuredwithout neutron beam). The usual background described by an exponential
decay function seemsto be superimposedby a Gaussiandistribution. This peak could be
causedby particles originating from inside the spectrometer, which may be produced at
several positions:

� At the aluminium wires shielding the decay volume: High electric �elds at the wires
(diameter: 25 � m) could ionize atoms of the residual gas. Another e�ect may be
causedby cosmicparticles: They collide with the wires sputtering out aluminium
ions.

� Between the grounding grids and the foil: cosmic rays entering the decay volume
may hit remaining atoms and ionize them.

� At the carbon foils: other particles than protons passingthe foil may producemany
secondaryelectrons.Theseelectronsareacceleratedto the detectoraswell astowards
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lik e peak superimp oses the exp o-
nentially decaying background. The
peak maxim um of detector 1 occurs
about 0.5 � s earlier than the one of
detector 2.



4.2. THE PROGRAM MOCASSIN 41

the grounding grids. At the wires they may sputter aluminium ions or ionize atoms
nearby.

In all casesthe start and the stop signal may occur due to the formation of ion pairs.

We tried to reconstruct the peakby simulating several time-of-
igh t spectra: The pictures
in �gure 4.12 show the measuredbackground of detector 2 together with the simulated
peak. We consideredthe ions H+ , He+ , N+ and Al+ , sincehydrogen, helium and nitro-
gen are prominent constituents of the air. Aluminium was chosensincealuminium wires
shieldedthe decay volume.

The initial kinetic energy of the particles was chosento be very low (Ekin � 25 � eV),
otherwisewe could not �t the background peak properly. We de�ned a start range� X of
the ions. This range beginsat position X . If X f oil de�nes the x position of the foil, the
maximum distanceionshave to cover is X f oil � X , the minimum distanceX f oil � (X + � X ).
The center of the decay volume is de�ned at X = 0, the sectionS2 with the in
uence of
the electric �eld begins200 mm o� the decay volume and is 96 mm long. The following
geometricalparametersweredeterminedto get the bestagreement betweensimulation and
data (see�gure 4.12):

H + : X = 193.5 mm
� X = 2 mm

He + : X = 196.7 mm
� X = 2 mm

N + : X = 198.3 mm
� X = 1.1 mm

Al + : X = 198.9 mm
� X = 0.7 mm

The He+ and N+ ions show the best agreement with the data, whereasthe peak of the
lighter H+ is too narrow and doesnot �t to the background. The histogram for Al + - that
also describes the data not satisfactory - demonstratesthe heavier the atoms the sharper
is the declineof the number of slow ions.

The value X of the He+ and the N+ spectra givesevidencethat theseparticles could be
emitted from a regionwithin the aluminium wires. It is very likely that theseions produce
the backgorund, sincenitrogen is the most prominent constituent of air and sinceit is very
di�cult to remove helium out of the vacuum system. Henceboth ions are present in the
resudial gas.
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Figure 4.12: The peak in the high-v oltage background of detector 2 (not of
detector 1 as prin ted in the legend) superimp osed by simulated time-of-
igh t
spectra for H + , He + , N + , and Al + . He + and N + giv e results consisten t with
the data.

The shift of background peaks: The background peak measuredwith detector 1
di�ers from the peakobtained with detector 2 (�gure 4.11): More background is measured
in detector 1 and the peak appears � 0:5 � s. This shift may be causedby a known
asymmetryin our setup: The distancebetweendetectorand foil was� 180mm for detector
1 and � 200mm for detector 2.

Consideringthis geometricaldisplacement, the di�erence in the time-of-
igh t spectra could
be causedby

1. electronsemitted from the foil dueto an impact of chargedparticles (exceptprotons)

2. ions moving from the foil to the detector.

Electrons cannot be the reasonfor the time shift of the peakssincetheir velocity is much
to high: They pass20 mm in just � t � 0:3 ns. Ions could causethe time displacement in
two ways: Either an ion is emitted from the scintillator to the foil (and producessecondary
electronsthere that are detected) or an ion becomesneutral while 
ying through the foil
and hits the detector as a neutral particle.
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We madethe following simple estimations from which we can excludetwo scenarios:

� Ions emitted from the scintillator: The velocitiy of ionsto cover 20mm in 0:5 � s
is vion � 40000m s� 1. We estimate the massof an ion mion which is acceleratedto
vion by the electric �eld (� 18 kV). This massis very large so that we excludethis
possibility: We do not expect that very big moleculesoccur in the spectrometer.

� Ions passing the foil: We assumethat an ion can 
y through the foil. While
passingit, the ion can collect an electron and move towards the detector. In this
casethe velocity of the neutral particle has to be vneutr al � 40000m s� 1. From
the ToF-simulation we obtain the mean velocity of a He+ -ion to be vH e+ � 105 m
s� 1, hencevH e+ > vneutr al . Thus an ion must loosemuch energy in the foil. This
possibility is excludedsincethe foil is very thin.

The most promisingpossibility that could leadto the di�erence in the time of 
igh t spectra
does not considerthe distancesbetween foils and detectors: If the atoms are ionized at
slightly di�erent positions (e.g. due to inhomogenitiesin the wires or smaller shielding
of the electric �eld), even a very small spatial di�erence (below 1 mm) would yield the
measuredsituation: On the side of detector 1, N or He atoms are ionized closer to the
detector comparedto side2.

The simulation of the backgound ToF-spectrum of detector 1 supports this hypothesis:
The peak is �tted very well by N+ ions generatedat a position slightly closerto the foil
(�gure 4.13).
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Figure 4.13: Measuremen t and sim-
ulation of the high-v oltage back-
ground of detector 1: It is again con-
sisten t with a N + ToF-sp ectrum.



Chapter 5

PERKEO I I I

The experiment to determine the neutrino asymmetry B described in this thesiswas per-
formedwith the spectrometerPERKEO II: Two superconductingcoilsproducea magnetic
�eld perpendicular to the neutron beam. The � -decay products are guidedalong the �eld
lines towards the detectors,and we obtain a full 2 � 2� detector. Due to the setup, we are
limited in statistics (the maximal length of the decay volume is approximately 30 cm) and
have to deal with several systematic e�ects, like the magnetic mirror e�ect and the edge
e�ect. The most critical systematice�ect - limiting the results with PERKEO II - is the
beamrelated background that can not be removed from the spectra.

Hence,a new instrument PERKEO II I is designedto examineneutron � -decay with bet-
ter systematicsand highest accuracy. Using a chopped neutron beam, the beam related
background will be reducedto zero. PERKEO II I still featuresthe \PERKEO principle":
A magnetic �eld divides the spectrometer into two 2� hemispheres.

5.1 The Instrumen t PERKEO I I I

A sketch of the spectrometerPERKEO II I is shown in �gure 5.1. The magnetic�eld of this
instrument is parallel to the neutron beam,hencethe neutron spin hasto point in or against

igh t direction. A chopper installed in front of the spectrometerproducesbunchesof cold
neutrons. Comparedto PERKEO II, this setup has the following advantages[Mae05]:

� A non-subtractablebeam related background is avoided: Data will be taken only if
the chopper is closed(no background from the beamline) and no neutrons hit the
beam stop. In addition monitoring of time dependent background is possiblesince
signaland background aremeasuredunder the sameconditions(due to short chopper
intervalls).

� The magneticmirror e�ect is negligible: Data is taken only while the neutron cloud
is within the homogeneouspart of the magnetic �eld.

44
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� There is no edgee�ect: The whole neutron cloud is projected onto the detectors.

The instrument is designedto reach an ultra high vacuum (� 10� 9 mbar). In this way we
decreasethe probability that neutrons, electrons,and protons are scatteredon atoms of
the residual gasand are lost for the measurement. Additionally , the background due to
ions producedin collisionswill be negligible.

Detector Design of PERKEO I I I: The detectordesignof PERKEO II I is the sameas
usedwith PERKEO II: Neutron decay particles deposeenergyin a scintillator, the energy
will be converted into photonsthat areguidedby lightguidesto photomultiplier tubes. We
will again usetwo detectorsto cover both hemispheres.

Comparedto the detectorsusedin former PERKEO II experiments, the dimensionsof the
new detector will be much bigger: about 300� 400mm2. This sizeis neccessarysincethe
new spectrometerwill have a decay volume length of about 2 m to obtain a homogeneous
magnetic �eld in the center of the decay volume. The diameter of the vacuum vesselhas

Figure 5.1: The new instrumen t PERKEO I I I: Upp er �gure: Simulation of
electron tra jectories with the realized coil con�guration [Mae05 ]. Lower �gure:
Schematic dra wing of the exp erimen tal setup. The magnetic �eld is aligned
parallel to the neutron beam axis. Using a neutron chopp er installed in fron t
of the spectrometer, bunc hes of neutrons are pro duced whic h allo w to do a
background free measuremen t.
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to be � 0:5 m becausethe crosssection of the beam divergesfrom about 50 mm at the
beginningof the spectrometerto about 150mm at the endof the decay volume. In addition
wehave to considerthe maximum gyration radius r gyr � 30mm of electronsand protons in
the magnetic�eld B � 150mT, which makesa largevacuumchamber diameter necessary.

Due to the dimensionsof the new detector, it is not possibleto attach the photomultiplier
tubesdirectly to the back of the detectorasdonein the B-measurements: The e�ectivearea
of onephotomultiplier tube is about 1000mm2, soonly a large amount of photomultiplier
tubeswould accomplisha read out without big losses.Therefore,we will extract the light
from the detector sides.

We have a scintillator thicknessof 5 mm, its height will be approximately 380 mm: To
cover an area of about 1900 mm2, we will need three photomultiplier tubes. Since the
readout will be done from both sidesof each detector, twelve photomultiplier tubes will
have to usedaltogether. Sincethe samenumber of photomultiplier tubeswas installed in
the PERKEO IIB experiment, we know that the expected data can be processedby the
existing data acquisition system.

Such big detectorsmust be prevented against stresssincethis can causecapillary cracks
in the lightguide. Thesecracks decreasethe e�ciency of the lightguide and information
is lost. A sti� aluminium frame, on which we attach the scintillators and the lightguides
together with the photomultiplier tubes, will provide the necessarystabilit y (�gure 5.2).
The aluminium frame is pushedinto the vacuumchamber from the side: Little rails ensure
an easymovement into the chamber, de�ne the exact position of the system inside the
vacuum and give the necessarystabilisation of the frame.

Aluminium FrameLight GuidePhotomultiplier Tube

Scintillator

Figure 5.2: PERKEO I I I detector: The ligh tguides are attac hed on a sti�
aluminium frame together with the photom ultiplier tub es. This prev ents the
sensitiv e scintillator and ligh tguide materials against stress and conserv es the
required qualitiy of the detection system for a long measuremen t perio d. Only
a part of the scintillator is dra wn in the �gure.
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5.2 Ph ysical Motiv ation for PERKEO I I I

Within the Standard Model, the CKM matrix (2.11) describes quark mixing in weak in-
teractions. If the matrix is unitary, the �rst row yields

V 2
ud + V 2

us + V 2
ub = 1: (5.1)

Vud is obtained in neutron decay by measuringthe electronasymmetry A

A =
N # � N "

N # + N "
; (5.2)

and the neutron liftetime � . N # denotesthe number of electronsemitted opposite to the
neutron spin, whereasthe momentum of N " points parallel to the neutron spin. Former
experiments which determinedthe matrix elements gave hints on a possiblenon-unitarit y
of the CKM-matrix, i.e. a deviation from the Standard Model [Abe02], [Har03], [Abe04],
�gure 5.3.

A task for future experiments - including PERKEO II I - is the revisal of thesedeviations:
More precisemeasurements may con�rm or reject the actual values. But alsothe determi-
nation of small parameterslike the weakmagnetismAwm and the �erz term is a challenge:
Awm is energydependent and changesthe asymmetryA slightly at high energies1, the �erz
term changesthe � -spectrum at low energies.Thesesmall e�ects may be observed when
good statistics and a well con�gured detection systemare obtained.

1The weak magnetism can also be extraced from a measurement of the di�erence spectrum N # � N " :
This spectrum is background free, but herewe needa very good detector function in order to extract A wm .

Figure 5.3: Uni-
tarit y of the �rst
row of the CKM
matrix: Results
obtained with
Vud measured by
di�eren t groups
in neutron decay
and superallo wed
� -decays giv e a
deviation from
unitarit y.



Chapter 6

Summary

In summer2004,we did a measurement of the neutrino asymmetry B in neutron � -decay
with PERKEO II. The experiment took placeat the cold neutron beamplacePF1b of the
ILL, France. The coe�cien t B describesthe correlation betweenneutron spin and neutrino
momentum. A precisedetermination of B may verify the Standard Model, and can give
constraints on theoriesbeyond the Standard Model. Therefore,we considerablyimproved
the setup comparedto the asymmetry B measurement in 2001[Kre05a]:

� Using two supermirror polarizerschangedthe degreeof polarization P from
98:7(5) % [Kre04] between3.2 and 13.0 �A to 99.7(1) % [Schu04] between2 and 12
�A.

� A new data acquisition systemallowed to reducesystematice�ects that limited the
2001measurement.

� More vacuum pumps produced an average vacuum of about 1 � 10� 6 mbar. The
experiment was donewith the best vacuum ever reached with the spectrometer
PERKEO II.

� The high voltage setup was planned with much e�ort to avoid sharp edgesthat can
causehigh �elds leading to disturbing e�ects.

� An improved beamstopreducedthe beamrelated background.

The improvements should allow to determinethe asymmetry B with higher precision: We
had more measuringtime than the 2001experiment, and detector 2 was con�gured very
well. Though we measuredmuch high voltagebackground at detector 1 we expect to have
more statistics than the former experiment.

We aligned the center of the neutron beam with the magnetic �eld to reduce the
changeof the asymmetry B due to the magneticmirror e�ect. Furthermore, we decreased
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the crosssection of the beam with an additional diaphragm to minimize the e�ect. The
copper foil activation analysis was used to determine the position and the shape of the
neutron beam. The measurements showed no displacement D x betweenthe beamand the
magnetic �eld, Dx = (1:1 � 1:4) mm.

The used detector area was quite large: We used a scanner to determine the detec-
tor function, which should be as homogeneousas possible[Bre03]. The scannermoves
a calibration source at de�ned positions in front of the detector. We developped an
improvedcontrol software,which allowed the scannerto reach givenpositionswith high ac-
curacyand asfast aspossible.Multiple calibration positionscanbe reachedautomatically.

The measuredspectra have to be corrected due to systematic e�ects, like the mag-
netic and electric mirror e�ect, and the edgee�ect. We wrote a Monte Carlo Simulation
of the neutron � -decay within the environment of PERKEO II. We simulated asymmetry
B spectra without and with systematic e�ects. Comparing these spectra, we obtain
the correction on the measuredspectrum: The asymmetry B 1 has to be corrected less
than 0.04 % for electron energiesEe < 600 keV due to the magnetic mirror e�ect, the
asymmetry B 2 is not a�ected. The electric mirror e�ect is negligible.
Furthermore, we simulated the time-of-
igh t spectrum of ions inside the spectrometer to
examinethe origin of measuredbackground: The background is generatedin the region
of the groundedaluminium wires and probably due to He+ and N+ ions.

The CKM element Vud can be obtained from the electron asymmetry A and the
neutron's lifetime � . Former measurements show that the �rst row of the matrix deviates
from unitarit y. Theseresults may be veri�ed or rejectedby new experiments, like our new
spectrometerPERKEO II I: This spectrometerwill determinethe correlation coe�cien ts in
neutron � -decay with even higher accuracy. The useof a chopper will set the beamrelated
background to zero,edgee�ects will not occur sincethe whole neutron bunch is projected
onto the detector, and the magnetic mirror e�ect will be negligible. Furthermore, this
instrument may allow to determine small terms occuring in neutron decay, like the �erz
term and the weak magnetismAwm , which never beforehave beendeterminedin neutron
decay. First studiesof possibleexperiments with PERKEO II I have beenmade.



App endix A

Pseudo Code to control the
Calibration Scanner

In chapter 3.3.2, the basic ideasbehind the control software of the Calibration Scanner
wereexplained. Herewe give a pseudocode of the algorithm to present the program logic
in somemore detail:

The usedfonts denote:

Function : (call of) a function,

position : commonvariable,

WHILE : command,

Output : comment about the program action,

stepcond : de�ned values;
stepcond de�nes the distanceto cover reasonablyin step-mode,
jump allo wance is the allowed deviation from the target position.
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Main Function:

target = GetT argetP osition
position = GetP osition
move= 1
noftry = 0
jumpcalls = 0

WHILE((move != 0) AND(noftry < max no of tr y))
f

IF (move < 0 ) IncreaseCon trolV oltage
noftry = noftry+1
togo = |target-postion|
IF (noftry = max no of tr y) GoT oNextT arget

IF ((togo <= stepcond ) OR(jumpcalls >= max no of jumpcalls ))
f

move= return of Step Function
g
ELSE
f

return = return of Jump Function
IF (return = jump out of range
f

move= 0 ANDOutput: 'Undefined Range'
g
IF (return = vol t age too lo w)
f

move= -1 ANDjumpcalls+1
g
IF (return = too many jumps)
f

move= 1 ANDjumpcalls = max no of jumpcalls
g
IF (return = jump ok )
f

move= 1
f

g
g
position = GetP osition
END
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Jump Function

jumpnumber= 0
nof too short jumps = 0

WHILE((|(target - newposition)| > jump allo wance )
AND(jumpnumber < max nof jumps))

f
jumpnumber= jumpnumber+1
lastposition = GetP osition
ApplyV oltage
Wait
SetV oltage=0
newposition = GetP osition

IF ((newposition-lastposition ) < min way)
f

nof too short jumps = nof too short jumps + 1
g
ELSE
f

nof too short jumps = 0
g
IF (nof too short jumps > nof too shor t jumps)
f

return = vol t age too lo w
g

g
IF (jumpnumber > = max nof jumps)
f

return = too many jumps
g
return = jump ok
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Step Function

stepnumber = 0
nof too short steps = 0

WHILE((|(newposition - target)| < step allo wance )
AND(jumpnumber < max nof steps ))

f
stepnumber = stepnumber+1
lastposition = GetP osition
ApplyV oltage
Wait
SetV oltage=0
newposition = GetP osition

IF((newposition-lastposit ion) < min way)
f

nof too short steps = nof too short steps + 1
g
ELSE
f

nof too short steps = 0
g
IF( nof too short steps > nof too shor t steps )
f

return = -1
g

g
IF(stepnumber > = max nof steps )
f

return = -1
g

return = 0



App endix B

Estimation of the electric mirror
e�ect

In chapter 4.2.3we introducedthe electric mirror e�ect and estimated its in
uence on the
electron spectrum. Below, we give the derivation of this estimation:

We �rst have to considerthe changeof the angle� betweenthe momentum of the electron
and the magnetic �eld lines due to the decreasingmagnetic �eld. This angle can be
obtained by consideringthe magneticmirror e�ect:

sin� cr it =

s
B1

Bmax
: (B.1)

B1 is the magnetic�eld strength at the emissionpoint of the particle, Bmax is the maximum
�eld strength. In case� � � cr it , the particle is re
ected by the magnetic �eld (we do not
considerthis casehere).

Assumingthe condition (B.1), a particle is emitted at point 1 with � 1. The anglebetween
mometum and magnetic �eld for the sameparticle at point 2 is � 2, obtained by (B.1)
substituting B1 by B2. This way we obtain an equation between� 1 and � 2:

sin� 1 = sin� 2

s
B1

B2
(B.2)

We will comeback to (B.2) later and go on with the relation of the energies.The kinetic
energyof the electron has to be Ekin � e � U to get over the potential barrier. e denotes
the electron charge,U the applied voltage. Consideringrelativistic velocities, we get

e � U = m0c2(
 � 1) (B.3)

=
q

p02c2 + m2
0c4 � m0c2
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and solve for p02c2:

p02c2 = (eU)2 + 2m0c4eU: (B.4)

Sinceonly the momentum parallel to the magnetic �eld is changed,the obtained

p0 = pcos� 2; (B.5)

for p is the momentum of the particle and its energy

E 2 = (p2cos2� 2 + p2sin2� 2)c2 + m2
0c4: (B.6)

We can write this

E 2 = (p2cos2� 2

 

1 +
sin2� 2

cos2� 2

!

)c2 + m2
0c

4 (B.7)

and with (B.2)

E 2 = (p2cos2� 2

 

1 +
sin2� 1 � B2

cos2� 2 � B1

!

)c2 + m2
0c4: (B.8)

Now we insert (B.4) and substitute � 2 by � 1

E 2 = ((eU)2 + 2m0c4eU

 

1 +
sin2� 1 � B2

1 � sin2� 1 � B2=B1

!

)c2 + m2
0c4 (B.9)

Assumingthe worst casescenario,i.e. the electronis emitted perpendicularto the magnetic
�eld lines, we set sin� 1 = 1 and obtain the given equation

Ekin;min =

s

(W 2 + 2meW)(1 +
B2

B1 � B2
) + m2

e � me [keV]; (B.10)

with W = eU and c = 1.
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