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Abstract The KATRIN experiment aims to determine
the neutrino mass scale with a sensitivity of 200meV /c?
(90% C.L.) by a precision measurement of the shape of the
trittum B-spectrum in the endpoint region. The energy anal-
ysis of the decay electrons is achieved by a MAC-E filter
spectrometer. To determine the transmission properties of the
KATRIN main spectrometer, a mono-energetic and angular-
selective electron source has been developed. In preparation
for the second commissioning phase of the main spectrom-
eter, a measurement phase was carried out at the KATRIN
monitor spectrometer where the device was operated in a
MAC-E filter setup for testing. The results of these mea-
surements are compared with simulations using the particle-
tracking software “Kassiopeia”, which was developed in the
KATRIN collaboration over recent years.

1 Introduction

The KArlsruhe Tritium Neutrino experiment KATRIN [1]
aims to measure an ‘effective mass’ of the electron anti-
neutrino, given by an incoherent sum over the mass eigen-
states [2]. It performs kinematic measurements of tritium
B-decay to achieve a neutrino mass sensitivity down to
200 meV /c? at 90% C. L., improving the results of the prede-
cessor experiments in Mainz [3] and Troitsk [4] by one order
of magnitude. As the evolution of the neutrino mass results
of these experiments showed, the study of systematic effects
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is of major importance: underestimated or unknown “energy
loss” processes caused too positive or even negative values
for the square of the neutrino mass [5]. A detailed understand-
ing of systematic uncertainties at the KATRIN experiment is
crucial to achieve its target sensitivity.

The outline of the KATRIN experiment is depicted in
Fig. 1 [1,2]. Molecular tritium is fed into the 10m long beam
tube of the windowless gaseous tritium source (WGTS [6]).
Superconducting magnets along the beam line create an adi-
abatic guiding field in a 191 T cm? magnetic flux tube, and
B-decay electrons emitted in forward direction propagate
towards the spectrometer section. The electrons then enter
the transport and pumping section that reduces the tritium
flow by a factor of 10! in total [7], using a combination of a
differential pumping section (DPS [8]) with turbo-molecular
pumps and a cryogenic pumping section (CPS [9]) where tri-
tium is adsorbed by an argon frost layer. The kinetic energy
of the decay electrons is analyzed in a tandem of MAC-E fil-
ter! spectrometers [10—12]. The main spectrometer achieves
an energy resolution of 0.93eV at the trittum endpoint of
Eo(T2) = 18,571.8(12)eV [5,13] by a combination of an
electrostatic retarding potential and a magnetic guiding field.
Electrons with sufficient kinetic energy pass the retarding
potential and are counted at the focal-plane detector, which
uses a 148-pixel PIN diode wafer for electron detection
(FPD [14]). An integral energy spectrum is measured by
varying the filter energy close to the tritium endpoint. The
effective neutrino mass is determined by fitting the convolu-
tion of the theoretical S-spectrum with the response function

! Magnetic adiabatic collimation with electrostatic filter.
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Fig. 1 The beamline of the KATRIN experiment. The electrons are
created via tritium B-decay inside the WGTS (b). The rear section (a)
contains calibration tools to determine the source parameters and for
commissioning of the setup. The decay electrons are guided through
the DPS (c) and CPS (d), where the tritium flow is reduced by 14 orders

of the spectrometer to the data, taking into account important
parameters such as the final states distribution and the energy
loss spectrum and other systematic corrections [1,15]. The
spectrometer high-voltage is monitored by a pair of preci-
sion high-voltage dividers [16,17] that support voltages up
to 35 and 65kV, respectively. An absolute voltage calibration
is achieved by measuring the divider’s output voltage with
ppm precision using a digital voltmeter. Additionally, the sta-
bility of the retarding potential is monitored continuously at
the monitor spectrometer [18]. Like the main spectrometer,
it is designed as a MAC-E filter with similar transmission
characteristics and energy resolution. It uses a five-pixel PIN
diode as a detector, which can detect electrons with kinetic
energies £ 2 10keV. During normal operation, the monitor
spectrometer is connected to the main spectrometer high volt-
age system and measures natural conversion lines of 83™Kr,
where changes in the retarding potential are observed as shifts
in the measured line position. Itis also possible to use an inde-
pendent power supply to operate the monitor spectrometer in
stand-alone mode, which was used for the test measurements
discussed in this article.

A precise knowledge of the transmission properties of
the KATRIN main spectrometer is crucial to limit system-
atic uncertainties and reach the desired neutrino mass sensi-
tivity. The transmission properties are affected by inhomo-
geneities of the electromagnetic fields in the main spectrom-
eter. In addition to simulations, dedicated measurements are
necessary to determine the spectrometer transmission func-
tion over the complete magnetic flux tube. Such measure-
ments require a mono-energetic and angular-selective elec-
tron source, which we present in this work. A pulsed elec-
tron beam allows us to access additional information from
the electron time-of-flight (ToF) [19].

This article is structured as follows: Sect. 2 discusses
the revised technical design of the photoelectron source that
was developed at WWU Miinster over the recent years [20-
22]. The design underwent many improvements for the sec-
ond commissioning phase of the KATRIN main spectrom-
eter. In Sect. 3 we show results from test measurements at
the KATRIN monitor spectrometer. We determine important
source characteristics such as the energy and angular spread
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of magnitude. The pre-spectrometer (e) rejects the low-energy part of
the decay spectrum. The electron energy is determined by the main
spectrometer (f), which follows the MAC-E filter principle. An integral
measurement is performed by determining the electron rate at the FPD
(g) at different filter energies of the main spectrometer

of the produced electrons and the effective work function of
the photocathode. Section 4 discusses simulation results that
were produced by Kassiopeia, a particle-tracking software
that has been developed as a joint effort in the KATRIN col-
laboration over recent years [23]. These simulations allow us
to gain a detailed understanding of the electron acceleration
and transport processes inside the electron source.

2 Setup and design
2.1 Principle of the MAC-E filter

The principal design of the MAC-E filter is based on the
combination of an electric retarding potential with a spa-
tially inhomogeneous magnetic field [10]. In the following
we describe this principle on the basis of the technical imple-
mentation at the KATRIN experiment. Two solenoids located
at the entrance and exit regions produce a strong magnetic
field Bpax, which drops to a minimal value Bp, at the central
plane of the spectrometer. The value By, can be adjusted by
a system of air coils, which are placed around the spectrom-
eter. The beam tube and the electrodes at the spectrometer
entrance and exit are on ground potential, while the spec-
trometer vessel and the central electrodes are operated at
high voltage. The absolute value of the retarding potential
increases towards the central spectrometer plane and reaches
a maximum of Uyy, & —18.6kV at the position of the mag-
netic field minimum. This point lies on the so-called ana-
lyzing plane. The electromagnetic conditions in the analyz-
ing plane define the transmission function for electrons that
propagate through the spectrometer. Inside the MAC-E fil-
ter, electrons follow a cyclotron motion around the magnetic
field lines. The kinetic energy E can be split into a longitu-
dinal component £ I into the direction of the field line and a
transversal component E |, which corresponds to the gyra-
tion around the field line. Both components of the electron’s
kinetic energy can be described by the polar angle of the elec-
tron momentum relative to the magnetic field line, the pitch
angle 6 = /(p, B):

E, =E-sin®0, E;=Ecos*0. (1)
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The adiabatic motion of the electrons is one of the key fea-
tures of the MAC-E filter. When the relative change of the
magnetic field over one cyclotron turn is small, the magnetic
moment x is conserved (here written non-relativistically):

1dB
B dz

£y
u = ——= = const. for
B

Wc

) @)

v
I

where w. denotes the cyclotron frequency of the electron
and v =V B/B is the longitudinal velocity of the elec-
tron in direction of the magnetic field line. The reduction
of the magnetic field towards the analyzing plane leads to
a decrease in transversal energy E | . The longitudinal com-
ponent E increases accordingly in this process because of
energy conservation. This behavior results in a momentum
collimation of the electron beam, and electrons that enter the
spectrometer at a strong magnetic field Bmax reach a mini-
mal transversal energy E| at By, in the analyzing plane.
Because the retarding potential Uyp, only analyzes the lon-
gitudinal energy component, this principle of adiabatic col-
limation allows measuring the energy of electrons from an
isotropic source with high precision. The transmission condi-
tion for an electron with charge g that enters the spectrometer
with energy Eo and pitch angle 6 is

%) . )
max

At nominal conditions, the KATRIN main spectrometer
achieves a minimal magnetic field of B, = 0.3 mT in the
analyzing plane and a maximal magnetic field of Bpax = 6T
at the pinch magnet, which is positioned at the exit of the main
spectrometer.

The energy resolution (more precisely: filter width) A E of
the MAC-E filter for an isotropic source is derived by postu-
lating an electron that enters the spectrometer with maximum
pitch angle, 6y = 90° or E{*"" = E,. The energy resolution
corresponds to the remaining transversal kinetic energy in
the analyzing plane after adiabatic collimation in the MAC-
E filter:

qUana < E” =Ey- (1 — sin290-

Bumin _ 0.93eV. 4)
max

AtKATRIN, electrons start in the source at Bsource < Bmax =

6T. This leads to magnetic reflection of electrons with large

pitch angles at the pinch magnet. The magnetic mirror effect

occurs independently of the spectrometer transmission con-

dition and reduces the acceptance angle of the MAC-E filter,

AE =ET™ = E; -

6y < Omax = arcsin M, @)
max

and electrons created with larger pitch angles do not con-

tribute to the measurement. At KATRIN, the acceptance

angle is Opax = 51° for electrons starting in the WGTS with

Bsource = 3.6 T. This excludes electrons with excessive path

lengths as a result of their cyclotron motion, and thereby
reduces systematic uncertainties caused by energy losses.

The KATRIN beam line transports a maximum mag-
netic flux of 191 Tcm? from the source to the detector.
Electrons that are created at the source follow different
magnetic field lines, depending on their initial radial and
azimuthal position. The transmission function for electrons
is affected by inhomogeneities in the analyzing plane of the
electric potential (AUan, < 1.2V) and the magnetic field
(A Bpin < 50 T). Because these variations are too large to
be neglected, the detector features a pixelated wafer that can
adequately resolve the position in the analyzing plane. This
allows us to consider the electromagnetic inhomogeneities
by determining transmission functions for individual detec-
tor pixels. The exact value of the retarding potential Uyp,
and the magnetic field Bpi, can be accessed through mea-
surements with an electron source that generates electrons at
defined kinetic energy and pitch angle. A source that fulfills
these requirements has been developed at WWU Miinster for
the commissioning of the KATRIN main spectrometer.

2.2 Principle of the electron source

It was demonstrated in [21] that angular selectivity can be
achieved by a combination of non-parallel electric and mag-
netic fields. An earlier design that used a gold-plated quartz
tip, which was illuminated by UV light from optical fibers
on the inside of the tip was able to produce electrons with
non-zero pitch angles. This setup achieved an insufficiently
large angular spread of the electrons. The source was there-
fore not usable as a calibration source for a MAC-E filter. The
design was further refined in [22] and the setup now resem-
bles a plate capacitor that introduces a homogeneous electric
acceleration field. The setup can be tilted against the mag-
netic field lines to imprint a well-defined pitch angle on the
generated electrons. This design uses a planar photocathode,
which is back-illuminated by UV light from a single optical
fiber.

This setup is shown in Fig. 2. The emission spot p, is
located on the back plate (red), which is put on a negative
potential U,y and thus defines the kinetic energy of the
generated electrons, Eyin = qUsuart. The surplus energy of
the electrons in the analyzing plane,

qAU = q(Ustart — Uspec)s (6)

then amounts to the remaining kinetic energy that is available
to overcome the retarding potential Uyp, of the spectrometer.
The inhomogeneity AUap, of the retarding potential caused
by the finite dimensions of the spectrometer is called poten-
tial depression. It results in an effective retarding potential
Uana = Uspec + AUnna that is more positive than the spec-
trometer voltage Ugpec. The value Uy, is affected by fur-

@ Springer
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Fig. 2 Schematic drawing of the electron source. The electrons are cre-
ated by photo-emission from a thin photocathode layer and accelerated
non-adiabatically by a strong electric field (solid arrows) inside a rota-
tionally symmetric plate-capacitor setup. The grounded cage shields
the electric acceleration field at the photocathode from outside influ-
ences. The electric field between front plate and grounded cage (dashed
arrows) further accelerates the electrons to their nominal kinetic energy.
The complete setup can be tilted against the direction of the magnetic
field to imprint a defined pitch angle on the generated electrons

v aperture
~" =" with radius rafp

z

<« aperture
T with radius rac

ther inhomogeneities of the electromagnetic conditions in
the spectrometer, e. g. a drifting work function® of the spec-
trometer electrode segments due to changing vacuum condi-
tions. Such inhomogeneities can be resolved by transmission
function measurements with our electron source.

The front plate (blue) with an aperture for electrons is
mounted parallel to the back plate and placed in front of the
emission spot. A potential difference Uyce = Ufront — Ustart <
5kV is applied between the plates to create an electric field
perpendicular to the photocathode surface. The plates are
mounted inside a grounded cage (yellow) to shield the elec-
tric field at the photocathode against outside influences. The
whole setup can be mechanically tilted against the direc-
tion of the magnetic field. After passing the front plate, the
electrons are accelerated adiabatically towards the ground
potential at the spectrometer entrance where they achieve
their maximum kinetic energy.

The electrons are emitted from a photocathode that con-
sists of a thin gold (or silver) layer. The photocathode is
back-illuminated via an optical fiber by UV light with a vari-
able wavelength A, which can be tuned to match the work
function ® of the photocathode material, A < hc/®. The
energy distribution of the emitted electrons is defined by the
photon energy hv = hc/A and the (effective) work function
P:

0<E,<hv—®=hc/»—. @)
For metallic surfaces used in our electron source, the work
function is ® < 5eV. Factors such as the Schottky effect
in combination with surface roughness as well as impurities

caused by adsorbed gas molecules modify the Fermi level

2 The work function @ affects the vacuum potential ¢ of an electrode
at a voltage U according to ¢ = U — ®/e where e is the unit charge.
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at the photocathode, which typically reduces the observed
or effective work function [24]. In the case of our electron
gun, both factors are believed to contribute significantly to
the observed work function.? It is possible to perform an in
situ measurement of the work function using the well-known
approach by Fowler [25]. In Sect. 3.6 we present results from
applying this technique.

In our electron source setup with a planar photocathode,
the initial emission angle of the emitted electrons is expected
to follow a cos 6-distribution [26], where 0 is the polar angle
w.r.t. the photocathode surface. A well-defined pitch angle
(polar angle w.r.t. the magnetic field line, (1)) is created
by collimating the electron beam with the electric field E
between the two plates. The electrostatic acceleration dom-
inates the electron propagation because of their low kinetic
energy after emission, according to the Lorentz equation

F=gE+vxB). (3

The magnetic guiding field B takes over as the electrons gain
more kinetic energy, and eventually the electrons enter an
adiabatic cyclotron motion around the magnetic field line.
The resulting pitch angle of the electrons in the spectrometer
entrance magnet is minimal if the plate setup is aligned with
the magnetic field, o, = 0°. By tilting the source against the
magnetic field by the plate angle a;, > 0°, the non-adiabatic
acceleration by the electric field works against the magnetic
guiding field. This increases the transversal kinetic energy
of the electrons, thereby creating an angular distribution of
gaussian shape with a defined mean pitch angle 6 > 0°.
Because the plate setup is located inside a grounded cage,
the electric acceleration field at the photocathode is constant
for different plate angles.

The pitch angle of the emitted electrons transforms
adiabatically during propagation towards the spectrometer
entrance magnet, where the electrons enter a higher mag-
netic field. According to (2) the transformation depends on
the ratio of the magnetic fields at the emission spot, Bgart, and
the magnetic field in the entrance magnet, Bmag < Bmax. The
pitch angle increases because Bsgrt << Bmag. The electron
source we present here produces defined pitch angles that
cover the full range of 6 = 0°—90° in the entrance magnet
with plate angles op < 16° (Sect. 3.5). The energy spread
in the entrance magnet is defined by the initial energy distri-
bution of the emitted electrons, because the acceleration by
the electric field does not deform the energy distribution. The
kinetic energy is merely shifted by q Uy, while the spectral
shape of the initial distribution is unaffected. A spectroscopic

3 The photocathode holder surface is manually polished using sand
paper and polishing paste with granularities down to 0.1 pm before
depositing the photocathode material. Impurities from the residual gas
are expected in the given vacuum conditions with p ~ 10~/ mbar.
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measurement of the electron energy, e. g. witha MAC-E filter,
therefore allows us to determine the initial energy distribution
of the emitted electrons. The method is also suited to deter-
mine the photocathode work function, which is discussed in
Sect. 3.3.

2.3 Technical design

The technical design of the electron source is based on the
plate-capacitor setup depicted in Fig. 2. We use two stainless
steel disks with radius rp = 30 mm for the front and back
plate, which are placed at a distance d = 10 mm. Both plates
were electro-polished before installation. The front plate has
a thickness of df, = 2mm and features an aperture with a
radius r,fp = 3 mm for the emitted electrons. The back plate
has a thickness of dyp = 3 mm and allows mounting a pho-
tocathode holder at its center. The holder has an aperture to
glue-in an optical fiber with diameter 200 wm. The holder
with the optical fiber is manually polished to create a flat sur-
face, and the photocathode material is deposited on the sur-
face by electron beam physical vapor deposition (EBPVD).
For the measurements presented here we used a gold pho-
tocathode with a layer thickness of 20 nm; we also used sil-
ver with a thickness of 40nm in other measurements. The
plates are isolated against each other and the grounded cage
by polyether ether ketone (PEEK) insulators. The grounded
cage has an inner radius of . = 50 mm with an aperture
rac = 35 mm at the front.

The grounded cage is gimbal-mounted to allow tilting
against two axes. The center of rotation is aligned with the
emission spot on the back plate. This design ensures that the
magnetic field line that the electron is following does not
change when tilting the source cage. A precise readout of
the plate angle is achieved by rotating piezo-electric motors
(Attocube ANR?240) that are installed at the pivot joints of
the gimbal mount. These motors do not provide sufficient
torque to tilt the electron source under vacuum conditions,
but allow the relative tilt angle to be measured with a precision
of 0.05°. To actuate the gimbal mount under vacuum condi-
tions, our design uses two air-pressure linear motors (Bibus
Tesla 1620) that are mounted outside the vacuum chamber.
The linear motion of the motors is transferred onto the cham-
ber by Bowden cables that are attached to each axis of the
gimbal mount. By operating the motors, each axis can be
tilted separately. The motors are controlled with a LabView
software, which also takes care of the transformation between
the two-axial and polar/azimuthal coordinate system for the
plate angles.

When electrons are reflected by the electric retarding
potential at the analyzing plane or by the magnetic field at
the spectrometer entrance, they may become stored between
the spectrometer and the electron source in a setup similar to
a Penning trap. This can lead to a discharge, which has dis-

astrous consequences for the photocathode. To avoid such
storing conditions and the subsequent discharge, a dipole
electrode is placed in the beamline, between the source cage
and the entrance magnet. The electric field E induced by the
electrode results in a drift of the stored electrons,

ExB
BZ

, ©))

Vdrift =

with B the magnetic field at the dipole electrode. In our
setup, the half-shell dipole electrode spans 170° at a radius
of r4ijp = 30 mm and is operated at a voltage Ugip < 4kV.
Measurements confirmed that this electrode removes trapped
electrons efficiently and prevents Penning discharges; this is
discussed in Sect. 3.2.

The optical system to provide the UV light for the pho-
tocathode allows choosing between two light sources. A
frequency-quadrupled Nd:YVOy laser (InnoLas mosquito-
266-0.1-V) provides UV light at a wavelength of 266 nm
(1nm FWHM) at high intensity (<10 mW output power).
The intensity can be adjusted by an internal attenuator (A /2-
plate with polarizing filter) and by a neutral density (ND)
filter, which is placed in the laser beam. Behind the ND fil-
ter, a fraction of approximately 0.5% of the UV light is cou-
pled out by a beam splitter to measure the UV light intensity
with a photodiode. The laser light is focused by an aspheric
lens into a @200 pm optical fiber and guided into the source
chamber. The laser is operated in pulsed mode with frequen-
cies of 40-100kHz at a pump diode current of 6-8 A. The
current and frequency setting determines the output power,
which can be tuned to produce a desired electron rate of sev-
eral keps (cps: counts per second) at the detector. The pulse
width of <20 ns allows for time-of-flight measurements with
a precisely known starting time of the electrons.

Alternatively, an array of LEDs can be used as light source
to provide UV light with A = 260—320 nm. Six ball-lens UV
LEDs (Roithner UVTOP260-310) with peak wavelengths of
265, 275 nm etc. on are mounted on a revolver that is moved
by a stepper motor. This allows us to automatically place
the desired LED on the optical axis without manual adjust-
ments. To achieve a sharp line width, a UV monochroma-
tor with 4nm FWHM is used. The monochromator is oper-
ated by another stepper motor. The LED revolver in com-
bination with the monochromator allows selecting arbitrary
wavelengths in the available range. Like in the laser setup,
a beam splitter with photodiode is used to monitor the light
intensity. The divergent light beam of the LEDs is focused
by an optical telescope consisting of two convex lenses, and
guided into the electron source through an optical fiber. The
current to operate the LEDs is provided by a function gen-
erator in pulse mode, using the internal 50 Q2 resistor with
an output voltage of 8.5 V. With this setting, the LEDs are
driven by a peak current of 200mA, which corresponds to

@ Springer
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a mean current of 20mA at 10% duty cycle. Under nomi-
nal conditions, a pulse frequency of 100kHz is used with a
pulse length of 1 ps. Time-of-flight measurements are thus
also possible with LEDs as a light source. Depending on the
LED and the monochromator setting, electron rates in the
kcps range can be achieved.

The optical system (laser device, the stepper motors of
the LED system and the two photodiodes), the actuation of
the plate angle and the power supply for the dipole electrode
are controlled and monitored by a LabView software that
has been developed for use with the electron source. The
photodiode read-out allows us to monitor the stability of the
UV light source, where intensity changes (e.g. because of
warm-up effects) could result in fluctuations of the observed
electron rate.

2.4 Analytical transmission function

The observed transmission functions from measurements
with the electron source can be modeled by an analytical
description of the MAC-E filter [27]. The conditions for
transmission (3) and magnetic reflection (5) are applied to
the theoretical energy distribution n(E) and angular distri-
bution ¢(6). The analytical transmission function 7 (E) is
given by the integrated energy distribution, which is modi-
fied by the range of pitch angles that are transmitted through
the spectrometer:

. oo Omax (€,Uana) .
T(E, Uma) =No / n(e) / £(0) dode+ Ny,
E 0
(10)

where Ny is the amplitude of the electron signal and Ny, the
observed background. The term 6p,x describes the largest
pitch angle that can be transmitted according to (3):

E 2 _Bstan)
9

Omax (E, Uana) = Uana v+ Bunin (11)

This analytical method includes all relevant effects into the
model (e.g. the transformation of the pitch angle resulting
from adiabatic collimation), and allows us to determine the
underlying distributions independently [28,29].

The asymmetric energy distribution is described by a gen-
eralized normal distribution [30],

B2
1 i - exp (—%La{) > (k =0),
n(E)=——- B
/ ap—k(E—FE)
mn ’ 1 E-£7°
- exp —Wln[l—/c%] (k #0),
(12)

with the mean energy E and the energy width ag. For the
transmission model, the energy distribution is evaluated in

@ Springer

the range E = [0; oo0). The asymmetry is described by the
skewness parameter «; at k = 0 the distribution is equivalent
to a symmetric normal distribution. For « > 0, the func-
tion is limited to E = [0; E + “TE). The width g can be
converted into an energy spread og, which can be compared
independently of the skewness:

OEF = 2E e (e —1).
K

The angular distribution is modeled by the sum of two
normal distributions that are placed around 8 = 0°,

Lexp (O=02) | oo [_O+07
P 2002 P 2092 ’

(14)

(13)

g0)=

1
V2ro

with the mean angle 6 and the angular spread oy. For the
transmission model, the angular distribution is evaluated in
the range 6 = [0°; 90°]. The summing takes into account
that the distribution is deformed for &6 — 0° because the
pitch angle is only defined for positive values.

The measured transmission functions presented in this
paper have been fitted by a Markov—Chain Monte Carlo
(MCMC) method of minimizing the x? value, using a code
that was implemented in Python. It utilizes emcee [31] for
the MCMC fit process [29].

3 Measurements

The photoelectron source presented in this work has been
commissioned successfully at the KATRIN monitor spec-
trometer. The corresponding measurements were carried out
in the summer of 2014 and allowed us to verify the two
key features of the electron source — angular selectivity
and a small energy spread — and to study other important
characteristics of the device. The monitor spectrometer was
chosen because it could be operated independently of the
main spectrometer during hardware preparations for its sec-
ond commissioning phase. The electron source was subse-
quently mounted at the main spectrometer for the commis-
sioning measurements of the spectrometer and detector sec-
tion [28,29,32-34].

3.1 Experimental setup

In contrast to the main spectrometer, the monitor spectrom-
eter features a symmetric magnetic field setup with Bp,x =
6T at the spectrometer entrance and exit. In our measure-
ments, the spectrometer was operated at voltages Uypy =
—18.6kV with a minimal magnetic field Bpi, = 0.38 mT in
the analyzing plane. The electron source was mounted in a
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Fig. 3 Detail of the test setup at the KATRIN monitor spectrometer.
The electron source is mounted inside the vacuum chamber (a). The
grounded cage (b) contains the plate-capacitor setup and can be tilted
on a gimbal mount (c). A dipole electrode is located inside the bellow
(d) that connects the vacuum chamber with the spectrometer beamline.
The back and front plate are connected to a high voltage source via
vacuum feed-throughs (e)

vacuum chamber in front of the spectrometer beamline. The
full setup is shown in Figs. 3 and 4. The source was installed
at a fixed position where the electron beam is always central
to the spectrometer axis, as it was not necessary to perform
measurements on different magnetic field lines. The emis-
sion spot at the back plate is located at zes = —2.635 m in the
spectrometer coordinate system, where the analyzing plane is
located at zan, = O m. The two solenoid magnets are placed
symmetrically around the analyzing plane at an axial distance
of Zmag = £2.01 m; the reference point zp = O m refers to
the analyzing plane at the spectrometer center. The magnetic
field at the emission spot was measured with a Hall probe,
yielding a value Byt = 21 mT. To achieve electromag-
netic conditions that are comparable to the main spectrometer
setup, it is important to adjust By to achieve the magnetic
field the electron source will be exposed to. Using an addi-
tional air-cooled coil that is placed close to the source at
Zeoil = —2.640 R and operated at a coil current I.oj; = 35 A,
the field at the emission spot increases to B, = 27mT.
This is comparable to the main spectrometer setup where
29mT are reached.

Figure 5 shows the high voltage scheme of the monitor
spectrometer setup. The electron source is connected with a

spectrometer

electron gun

= dipole
| electrode

U0 RV 40
iseg NHQ 224M -0 JRL

H HCN
divider distribution 140M-35000

local
network
3| =—HV line
—230 VAC
O+ Uy 0... +5 KV Ugt 0... —1250V +O O Fluke DVM — ethernet
@~ HCN 35M-5000 MCP 14-1250 -Q Q 8846A —— optical
battery box - | | methemet
+90V +0 hub
‘f {50K—4 ‘L moxa
{50k—
. . local
insulating network
transformer
230 V AC ]
{000000
| high voltage cage | AC Sockets ;
L grounded cage

Fig. 5 High voltage scheme of the test setup. The base voltage pro-
vided to the spectrometer defines the retarding potential (HCN 140M-
35000). The high voltage system of the electron source is placed inside
a HV cabinet. The source voltage can be varied by means of a variable
power supply (FuG MCP 14-1250) and a constant voltage source (bat-
tery). The resulting potential difference between electron source and
spectrometer is monitored by a DVM (Fluke 8846A). The acceleration
voltage is provided by an additional power supply (FuG HCN 35M-
5000), which operates on top of the source voltage. The devices are
controlled by a network interface; the connection into the HV cabinet
is provided by a MOXA system with optical connections. The dipole
electrode power supply (iseq NHQ 224M) is controlled independently
via a direct ethernet connection

small difference voltage to the high voltage of the spectrom-
eter in order to cancel out voltage fluctuations that would
occur if two independent power supplies were used. The back
plate voltage, Uy, can be varied against the spectrometer
voltage Uspec by combining a power supply that operates
at 0 to —1.25kV with a battery that delivers a voltage of
about 90 V. By putting the two voltage sources in series, it

b C d
a i = e
SO Q °
t— ~F il
! l]

Fig. 4 Test setup at the KATRIN monitor spectrometer. The electron
source (a) is mounted in a vacuum chamber, which is connected to the
spectrometer beamline. The spectrometer (S) is operated at high voltage
up to —18.6kV and follows a symmetric design with two solenoids (b,

d) and four air coils (c) to adjust the magnetic field at the center. The
electrons are detected by a LN»-cooled PIN diode (e). A full description
of the system is found in [18]

@ Springer



410 Page 8 of 20

Eur. Phys. J. C (2017) 77:410

is possible to vary the starting voltage to achieve a surplus
energy q AU = q(Usgart — Uspec) = —90eV to 1160eV with-
out requiring a polarity-switching power supply. The volt-
age difference between electron source and spectrometer,
Ustart — Uspec, is measured by a difference voltmeter (DVM)
to monitor the electron surplus energy. Transmission func-
tions can be measured by varying the starting voltage within
a few V around zero while observing the electron rate at the
detector. The high voltage system is mainly located inside
a Faraday cage, which is operated on the spectrometer high
voltage. This cage is put inside another grounded HV cabinet
to allow safe operation. The acceleration voltage for the front
plate, Uy, i provided by an additional power supply that
generates up to SkV w.r. t. the back plate voltage. The accel-
eration voltage is thus kept constant while varying Ug,y. This
power supply is isolated for voltages up to 35kV and can be
placed outside the HV cabinet.

3.2 Electron rate

As afirst test that the electron source is operating as expected,
the achieved electron rate at the detector was determined.
The electron rate depends on the UV light setting. For the
test measurements at the monitor spectrometer, we used a
nominal laser setting of fl,s = 100kHz and I, = 6A
with a 1% ND filter in the optical beamline. This yields
an electron rate of about N = 1500 cps at the detector in
full transmission. The statistical uncertainty of a 10s mea-
surement is <1% in this case, which is sufficient for our
investigations and allows us to measure a typical transmis-
sion function in less than 10 min. For some measurements,
the light source was switched to LEDs to allow wavelength-
dependent measurements. Because the electron emission is
influenced by the photon energy (UV wavelength) and the
work function of the photocathode material, the electron rate
that is achieved with LEDs varies in a typical range of 200—
1000 cps. The rate can be tuned over a wide range by changing
the duty cycle of the function generator (pulser) that drives
the LEDs. The LEDs were typically operated at a pulse fre-
quency figp = 100kHz, a pulse width tLgp = 1000 ns
(10% duty cycle), and a forward voltage U gp = 8.5 V.
The dipole electrode in front of the electron source is
intended to remove stored electrons from the beamline
between source and spectrometer. The removal efficiency
depends on the strength of the induced £ x B drift (9), and
thus increases with a larger dipole voltage.* In our setup,
the magnetic field at the electrode is Bgip = 78 mT with
Egip ~ 40kV /m according to simulations. The removal effi-
ciency of the dipole electrode was investigated by measuring

4 The alternative solution of reducing the global magnetic field would
change the magnetic fields at the MAC-E filter and is thus disfavored.
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Fig. 6 Measured transmission functions at two different dipole volt-
ages. If the dipole voltage is not sufficient to remove trapped electrons,
a hysteresis effect is observed between measurements with decreasing
(inverted triangles) or increasing (upright triangles) surplus energy.
The horizontal bars indicate the nominal rate in each measurement.
The nominal rate is computed as the average of the respective data
points on the right side of the dashed line. The bar width indicates the
standard deviation of the averaged data points. While at Ugp = 1kV
the hysteresis is clearly visible, it disappears completely at Ug;p = 2kV

transmission functions in direction of increasing and decreas-
ing electron surplus energy.

Figure 6 shows that the observed transmission function is
affected by a hysteresis effect that depends on the dipole volt-
age, which allows investigating the removal efficiency of the
dipole electrode. The observed transmission functions show
a similar behavior, except for the nominal electron rate that is
reached at full transmission. The small rate drift that can be
observed in the upper panel can be explained by fluctuations
in UV light intensity. The hysteresis effect can be explained
by the continuous filling of the trap from the beginning of
the measurement when measuring in direction of increasing
surplus energy, because the surplus energy at the beginning
is too small for electrons to be transmitted. Electrons with
a given energy stay trapped until they lost kinetic energy
(e.g. through synchrotron radiation) or are removed by the
dipole field. Scattering processes with electrons of higher
kinetic energy that are generated at a later time during the
measurement cause some of the trapped electrons to gain
kinetic energy, thereby increasing transmission probability
towards the detector. The effect does not occur when the
measurement is performed in inverse direction, where the
higher-energetic electrons are transmitted at the beginning



Eur. Phys. J. C (2017) 77:410

Page 9 of 20 410

of the measurement [34]. This leads to a hysteresis effect in
the electron rate between the two scanning directions, which
becomes smaller when the dipole voltage is increased and
more electrons are removed from the trap. The observed rate
difference is therefore a direct measure for the dipole effi-
ciency. Our measurement indicates that a dipole voltage of
Udgip = 2kV is sufficient to avoid the hysteresis effect. With
lower dipole voltages, the observed rate difference between
the two scanning directions increases, indicating an insuffi-
cient removal of stored electrons.

3.3 Energy spread

The energy resolution of a MAC-E filter (4) depends on the
retarding potential Uypa. At low voltages |Ugpa| < 18.6kV
and low electron energies E ~ qU,,,, the energy resolution
improves because of the smaller amount of transversal energy
left in the analyzing plane. A low voltage measurement with
Uana & —200V allows us to directly determine the energy
distribution of the produced electrons. Unfortunately, at the
monitor spectrometer it is not possible to detect electrons
with E < 10keV due to the energy threshold of the detector.
Fortunately, the energy distribution can also be determined
from a measurement performed at nominal high voltage.

If the source is operated at the so-called zero angle setting,
it produces the smallest possible pitch angle in the spec-
trometer entrance magnet. The zero angle position has to
be found manually by varying the plate angle o} around 0°
independently for the vertical and horizontal axis. Such a
calibration measurement was carried out before performing
any other measurements. The determined zero angle posi-
tion is automatically corrected by the slow-control software
of the electron source, so that o, = 0° always refers to
the zero angle from here on. At an electron surplus energy
E = gAU = 0eV (6), the transmission probability is
entirely dominated by the pitch angle of the emitted elec-
trons. The observed electron rate is thus sensitive to small
changes of the produced pitch angle, and the rate depen-
dency w.r.t. the plate angle shows a maximum at zero angle
ap = 0°. At the monitor spectrometer, the zero angle offset
was found to be apor = 0.04(1)° and ayer = 1.13(1)° at
Udgip = 2KkV. This offset is caused by mechanical imperfec-
tions, which result in a minor misalignment that can be easily
corrected by such a measurement. The impact of the angu-
lar spread on the observed transmission function is marginal
when the zero angle is applied. In this case the actual mean
and width of the angular distribution are not relevant to the
analytical transmission model as long as 8 < 5°, and the
energy spread dominates the shape of the resulting trans-
mission function. It is thus possible to fit an (integrated)
energy distribution to the measured transmission function
while assuming a fixed angular distribution at a small pitch
angle. For the case discussed here, an angular distribution

with mean angle 6 = 2° and angular spread oy = 1° was
used. These values are consistent with particle-tracking sim-
ulations (Sect. 4.4) and complementary measurements of the
angular distribution that were performed at the monitor spec-
trometer (Sect. 3.5).

The measurements discussed in this section use the ana-
lytical transmission model (10) with five free parameters: the
amplitude and background of the electron signal, as well as
the mean, width and shape of the energy distribution. The
statistical uncertainty at each data point is derived from the
measured rate fluctuations by computing the median- and lo -
percentiles of the rate taken at 2 s intervals for each data run at
afixed value of Ugy (constant surplus energy). In most cases,
the uncertainty determined by this method matches the v/N
expectation from Poisson statistics. However, the percentile
method is believed to be more robust against asymmetric rate
fluctuations, and is thus preferred. For the transmission func-
tion measurements, an uncertainty of 260 meV is assumed
for the surplus energy, which is included in the fit as an addi-
tional term in the uncertainty of each data point. The value
has been estimated from the contributions of the individual
power supplies that are used in the setup [28].

Figure 7 shows transmission functions that were measured
using the UV laser (266nm) and UV LEDs (272 nm to 302
nm) at Uypy = —18.6kV and Bpjn = 0.38 mT. The laser
measurement was performed twice and produced consistent
results in terms of the corresponding energy distribution. All
measurements used the Uy;, = 2kV setting that was deter-
mined earlier. The observed transmission functions have been
normalized to show a transmission probability with an aver-
age background of 0 and an average nominal amplitude of 1
in the plot. Statistical fluctuations can yield negative ampli-
tudes, as seen in the 302 nm measurement. This normaliza-
tion procedure was also applied in the subsequent measure-
ments. When the UV-LEDs are used as light sources, the
observed width of the transmission function decreases for
larger wavelengths. This matches the expectation that the
photoelectrons emitted from the photocathode material have
a lower energy spread when the wavelength is closer to the
work function of the photocathode, according to (7). The
energy distributions that were determined from the observed
transmission functions at different wavelengths are shown
in the lower panel of Fig. 7. The reduced energy spread for
increasing UV wavelengths is clearly visible. The asymmet-
ric shape of the energy distribution that is observed here is
expected from the theoretical model of the photoeffect [35].
At lower photon energies, the low-energy fraction of the
underlying energy distribution is cut off at E = 0 eV, which
results in a more symmetric shape of the observed distribu-
tion.

Table 1 lists the parameters of the energy distribution,
which are derived from the measured transmission functions.
As an indicator for the upper limit of the energy distribution
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Fig. 7 Measured transmission functions and energy distributions with
different UV light sources (laser: 266 nm, LEDs: 275, 285, 295, 305 nm)
at Uppa = —18.6kV and Bsfm = 27 mT. The measurements (fop panel)
were performed at op = 0° (zero angle). The given residuals are nor-
malized to the respective uncertainties of the data points; the gray band
here indicates the lo-limit. In this setting, the transmission functions
are dominated by the energy distribution of the emitted electrons (lower
panel). The dashed lines indicate a second measurement at same set-
tings for A = 266 nm. The cross-shaped markers in the energy spectrum
indicate the determined energy limit Ej;y, and its uncertainty. Note that
E = 0eV in the energy distribution corresponds to the upper edge of
the transmission function, where the observed transmission functions
reach their nominal amplitude

Table 1 Measured transmission functions at different wavelengths A
and fixed spectrometer voltage Uspec = —18.6kV (Fig. 7). The table
shows the upper limit of the energy distribution, Ejin, and the energy
spread, o g ; both values are derived from the fit result. The measurement
at 266 nm has been performed twice at —18.6kV

A (nm) Ejim (V) or (V) x*/ndf
266.0 0.82(2) 0.31(5) 1.39
266.0 0.82(2) 0.28(4) 1.40
272.4 0.74(1) 0.22(2) 1.18
282.4 0.61(2) 0.19(3) 1.23
292.4 0.47(2) 0.14(3) 3.38
302.4 0.33(2) 0.09(7) 3.46

we use a value which we call Ejip, . According to (7) it is possi-
ble to determine the photocathode work function by relating
the measured value of Ejjy to the known wavelength A. For
Eim we choose the energy where the distribution drops to
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25% of its maximum, because this gave results compatible
with the direct work function measurement (Fowler method,
see Sect. 3.6 below). The range [0; Ejim] then includes at
least 90% of the distribution’s integral, and we associate the
width of the energy distribution with this range. The value
o in Table 1 refers to the width of a symmetric normal dis-
tribution, which can be derived from the generalized normal
distribution. The transformation to og takes into account the
asymmetry of the distribution and allows comparing distri-
butions with different asymmetry.

The results indicate that owing to the small angular spread
in this setting, the width of the measured transmission func-
tion is fully dominated by the energy distribution of the elec-
trons. This is true especially for measurements with zero
angle and small wavelengths, where the angular distribution
has only a minor effect on the transmission function and the
energy spread is comparably large.

3.4 Magnetic reflection

Magnetic reflection occurs when the electron pitch angle
reaches 90° and the total kinetic energy is in the transver-
sal component. The pitch angle increases from the source
towards Bmax = 6T at the spectrometer entrance magnet as
a result of adiabatic transformation (2). Magnetic reflection
can be investigated by increasing the plate angle, ay, until
a rate decrease is observed at the detector. To ensure that
electrons are reflected only magnetically and not because of
an insufficient surplus energy (3), the measurement is per-
formed at large surplus energies g AU > 10eV. The rate
gradually decreases with increasing o, as more electrons are
reflected as a result of the angular distribution in the magnet.
The rate dependency can be modeled by a symmetric error
function, which allows us to investigate the angular distribu-
tion at large pitch angles & — 90°. The center position of
the error function is referred to as reflection angle omax; it
corresponds to the plate angle where 50% of electrons are
reflected.

At the monitor spectrometer, this measurement was
performed at four different azimuthal directions of the
plate angle to investigate possible asymmetries, o, =
0°,90°, 180°, 270° in the global coordinate system.5 Unless
stated otherwise in this publication, measurements are car-
ried out with o, = 0°. The results are shown in Fig. 8 (solid
lines). The underlying gauss-curves shown at the bottom of
the figure allows a better comparison of the angular distribu-
tions.

As will be shown later in Sect. 4.4, the produced pitch
angle 0 increases non-linearly with the plate angle . This

> When looking from the source towards the detector, o, = 0° points
to the left and «;; = 90° points upwards.
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Fig. 8 Measured magnetic reflection curves (fop) and angular distri-
butions (bottom) for different azimuthal angles of the source. The spec-
trometer was operated with Ugpec = —18.6kV and B:{an = 27 mT atthe
electron emission spot. The given residuals are in absolute units. Large
pitch angles are cut off from the transmission function due to magnetic
reflection at the spectrometer solenoids (Bmax = 6 T). By increasing
the plate angle oy, the transmission probability decreases until all elec-
trons are reflected. The point of reflection depends on the ratio of the
magnetic fields, Bstart/ Bmax. The angular distributions shown are given
in terms of plate angle («p); the actual angular spread in terms of pitch
angle (Omag) is g ~ 16°

results from the adiabatic transformation towards the spec-
trometer entrance magnet:

Bmax

o
0 ~ arcsin (ap k- A arcsin ( P ) , (15)
Qmax

where k is a scaling factor that depends on the non-adiabatic
acceleration of the emitted electrons, and Bgtart, Bmax are the
magnetic fields at the electron source and the spectrometer
entrance, respectively.

Table 2 shows the fit results of these measurements. For
nominal magnetic field at the electron source (Bgar =
27 mT), reflection occurs at a plate angle amax =~ 10°. The
width of the angular distribution is consistent over the four
measurements, yielding a width of o, = 0.40° for the under-
lying Gaussian distribution. The adiabatic transformation
(15) converts the value oy to an effective angular spread oy
in the magnet. The conversion employs the constraint that
magnetic reflection occurs at oy = max With 8 = 90°. This

B start

Table 2 Measured magnetic reflection curves at different azimuthal
directions «,; of the plate angle (Fig. 8). The table shows the reflection
angle & = o and the width oy, (in terms of plate angle) of the reflec-
tion curve that was determined by the fit. The angular spread o (in terms
of pitch angle) has been computed from the adiabatic transformation
(15) with the known reflection angle

@ () Omax (%) o (°) s (°) X*/ndf
0 10.06(2) 0.39(3) 16.0(10) 0.71
180 11.13(3) 0.39(3) 15.2(12) 0.88

90 9.56(2) 0.40(2) 16.7(9) 1.89
270 9.73(2) 0.40(3) 16.6(10) 0.82
Weighted average: 0.396(1) 16.20(7)

yields an average angular spread of oy = 16.2° at the maxi-
mal pitch angle of 90°. Note that the angular spread close to
magnetic reflection increases because of the non-linearity of
(15), and is significantly lower at smaller pitch angles.

The discrepancy between the measurements in four
azimuthal directions can be explained in two ways. Firstly,
particle-tracking simulations indicate that misalignments of
the emission spot relative to the plate setup of the elec-
tron source result in significant offsets of the produced
pitch angles. Such misalignments can result from mechanical
imperfections of the setup and are likely the explanation for
the observed asymmetry [29]. Secondly, phase effects can
affect the electron acceleration processes in the source. The
cyclotron phase of the emitted electrons differs depending on
the azimuthal direction into which the electron beam is colli-
mated. This results in slight variations of the produced pitch
angle, which depend on the azimuthal plate angle oy,. The
asymmetry in vertical direction (o, = 0°, 180°) is further
increased by the electric field of the dipole electrode.

The magnetic reflection measurements have been fitted
with MINUIT2 [36], using a normal distribution in inte-
gral form (scaled error function) to model the shape of the
reflection curve. The uncertainty of the electron rate has been
determined like explained above. An uncertainty of 0.05° is
assumed for the plate angle and included in the fit; this value
corresponds to the uncertainty of the plate angle read-out at
the source (Sect. 2.3).

3.5 Angular selectivity

When the plate angle at the source is increased, a larger pitch
angle relative to the magnetic field vector is imprinted on
the emitted electrons. The pitch angle in the analyzing plane
of the spectrometer is a result of the adiabatic transforma-
tion (2) and thus depends on the produced pitch angle at the
source and the magnetic field variation between source and
analyzing plane. The increased pitch angle leads to a shift of
the measured transmission function to higher surplus ener-
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Fig. 9 Measured transmission functions and angular distributions at
different plate angles ap with Uypa = —18.6kV and Bt . = 27mT.

start
The given residuals are in absolute units. As expected, a shift towards
larger surplus energies is observed for increasing plate angles. Magnetic
reflection occurs at ap ~ 10°, leading to a significant deformation of
the transmission function w.r.t. the reference measurement at o, = 0°.
The total shift in the transmission functions (0°-10°) corresponds to
the energy resolution of the spectrometer for an isotropic source

gies, as the transversal component of the kinetic energy is
larger in this case and needs to be compensated for. Such a
shift is only observable if the electron source can produce
large-pitch angles with a small angular spread, referred to as
angular selectivity. The measured shift between the minimal
pitch angle (8 ~ 0°) and the maximal pitch angle (6 = 90°
in the entrance magnet) allows us to determine the energy
resolution (4) of the spectrometer.

Figure 9 shows measured transmission functions at dif-
ferent plate angles «p,. The zero angle setting i, = 0° is
used as a reference for the other measurements. The trans-
mission functions are clearly separated and the expected
shift to larger surplus energies is observed when increasing
the plate angle. Table 3 shows the corresponding parame-
ters of the derived angular distribution. Magnetic reflection
occurs at o > 10° (as expected from the magnetic reflection
measurement, which yields apax = 10.1°; cmp. Sect. 3.4).
This results in a significantly deformed angular distribution,
because reflected electrons are missing from the observed
transmission function. Since the fit is based on a reference
measurement at o, = 0° to obtain the corresponding energy
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Table 3 Measured transmission functions at different plate angles .
The table shows the mean angle 6 and the angular spread oy in the spec-
trometer entrance magnet; the values have been determined by the fit.
An expected pitch angle Oana is derived analytically from adiabatic trans-
formation (5). At ap > ormax = 10° magnetic reflection is observed,
which leads to a significant deformation of the transmission function

ap (°) 6 o9 (°) x*/ndf fana (°)
0 1.7(1.3) 2.0(1.3) 1.09 2.0

2 5.7(3.4) 9.3(2.6) 1.07 13.5

4 23.2(0.3) 5.8(0.8) 1.12 25.4

6 38.2(0.2) 4.3(0.5) 1.31 38.6

8 55.2(0.3) 5.6(0.4) 1.50 54.7
10 89.3(0.8) 0.8(0.7) 10.9 85.7

Weighted average: 5.50.3 (excluding ap = 10)

distribution, the deformation affects the fit result and explains
the large x 2 value.

The transmission functions were fitted as explained above.
However in this case, free parameters were the amplitude and
background of the electron signal and the mean angle and
the angular spread. This allows us to determine the produced
pitch angle directly from the measurement, while assuming
a known energy distribution of the electron source. In this
case, areference measurement at nominal settings (zero angle
ap = 0°, A = 266nm, Uy = —18.6kV) was used for the
energy distribution (Sect. 3.3). The fit using the analytical
model of the transmission function is not very sensitive to
the actual shape of the angular distribution for &6 — 0° and
6 — 90°. The angular distribution determined from the mea-
surements at o, = 0° and o, = amax thus yield large uncer-
tainties, and the angular spread is significantly smaller than
at intermediate pitch angles. However, the fit results match
expectations from an analytical calculation of the pitch angle
based on the magnetic reflection limit discussed in Sect. 3.4).
The observed pitch angles are also confirmed by simulation
results (Sect. 4.4).

The total shiftbetween oy = 0° and o, = 10° corresponds
to the maximal difference of pitch angles in the spectrometer
entrance magnet, & = 0°—90°, and is thus equivalent to the
energy resolution of the spectrometer (4). The observed shift
of AEg = 1.20(6) eV corresponds to the expected energy
resolution of

0.38mT

AEgs = 18.6kV - = 1.18eV (16)

for the monitor spectrometer operating at B, = 0.38 mT
at the spectrometer’s center and By,x = 6 T.

3.6 Work function

The measured energy spread (Sect. 3.3) depends on the UV
wavelength (photon energy) and the work function of the
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photocathode material (7). The upper limit of the energy dis-
tribution is given by E}im = hv — @, and thus the work func-
tion can be determined from an energy distribution measure-
ment. In addition, a direct measurement of the work function
is possible by the method conceived by Fowler [25]. Here
the electron yield / is measured at varying UV wavelengths
A, and the work function @ can be determined by fitting the
Fowler function to the data,

1) < T? - £(p), (17)

=1 T+t (1 =0),
w) = —2u —3u

(e ) w0,

(18)

with u = (hv—®)/(kpT). Here kp is Boltzmann’s constant
and T the temperature of the photocathode. In comparison
to alternate methods such as using a Kelvin probe [37], this
in situ measurement allows us to determine the actual work
function of the photocathode under nominal conditions at
the experimental site. The determined work function thus
can be compared with the measured energy distributions of
the electron source.

Figure 10 shows the result of a Fowler-type measure-
ment that has been performed at the monitor spectrometer
setup. Six different UV LEDs have been used in combi-
nation with a monochromator to scan a wavelength range
between 261 nm and 321 nm. The emission profiles of the
used LEDs can be approximated by a Gaussian as shown
at the bottom of the plot. The achieved electron rate drops
significantly when moving away from the LED’s peak wave-
length, and the lower rate in these cases is compensated by
an increased measurement time to reach a similar statisti-
cal uncertainty. For wavelengths A = 270 nm, the observed
electron yield matches the expectation from the Fowler equa-
tion (17). For smaller wavelengths a deviation from the
expected behavior is observed, which gets more emphasized
for decreasing wavelengths. At A < 270nm, the electron
yield reduces again, which is in contrast to the well-known
three-step model of photoemission developed by Berglund
and Spicer [35,38]. This observation can be explained by
considering effects that become more dominant at higher
photon energies [39]. Close to the work function threshold
the photoemission is dominated by excitons, which are cre-
ated from incident light and move towards the surface where
they release their electron (exciton dissociation). At photon
energies well above the threshold (here 24.5¢eV), the pho-
toabsorption becomes dominated by electron-excitation into
unbound states. These electrons are not emitted from the sur-
face, and the total electron yield is thus reduced at smaller
wavelengths.

The fit results in a work function of ® = 3.78eV %
0.03eV(sys) = 0.01eV(stat) for the gold photocathode
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Fig. 10 Measured work function of the photocathode. The work func-
tion is determined from the measured electron yield w.r.t. to the UV
wavelength, a method proposed by Fowler [25]. The measurement was
performed using six UV LEDs with a monochromator to select wave-
lengths in the range 261-321 nm. The given residuals are in absolute
units. The fit results in a work function of ® = 3.78(1) eV, or a corre-
sponding wavelength of Aope = 326(1) nm as indicated by the vertical
line. The data points below 270nm were excluded from the fit. The
scale at the top shows the corresponding photon energy A v for the LED
peak wavelengths. The bottom plot shows the LED emission profiles
with their relative intensity

with 20nm layer thickness at 7 = 300K. The system-
atic uncertainty is estimated to 0.03eV from the uncer-
tainty of the wavelength caused by to the filter width of
the monochromator (0.01 eV=1 nm), and the uncertainty of
the LED peak wavelength (2nm). The monochromator was
calibrated beforehand using the known wavelength of the
UV laser (266 nm). The determined work function is equiv-
alent to a wavelength of Agpe = 328.2nm + 2.3nm(sys) +
0.7 nm(stat). The energy spread of the electron source can
be minimized by matching the UV wavelength to this value.
Unfortunately, the available LEDs limit the usable wave-
length range to about 320nm, as the very low rate at larger
wavelengths would require unfeasibly long measurement
times. However, even at wavelengths well above 266 nm, the
optimum for maximal intensity, the resulting energy spread
of 0.3eV or less is sufficiently small to determine the trans-
mission properties of the spectrometer (Sect. 3.3).

The work function determined from this measurement can
be compared with the result from investigating the energy dis-
tribution. The maximal kinetic energy E. max of the photo-
electrons emitted by the electron source is given by the rela-
tion

E¢max =hv — ® = he/A — D, (19)
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Table4 Work functions determined from measured transmission func-
tions at different wavelengths A (Fig. 7). The work functions & are
derived from (19), with E}jp, the upper limit of the energy distribution
(Table 1) and hc/A the known photon energy. The results are com-
pared with the work function ® = 3.78(4) eV that was determined in a
Fowler-type measurement (Fig. 10)

A (nm) he/x (eV) of (eV) of — @ (eV)
266.0 4.66(2) 3.84(4) 0.05(7)
266.0 4.66(2 3.84(4) 0.05(7)
2724 4.55(4) 3.81(5) 0.02(8)
282.4 4.39(4) 3.79(5) 0.00(8)
292.4 4.24(3) 3.77(5) —0.02(8)
302.4 4.103) 3.77(5) —0.02(8)
Weighted average: 3.810(1) 0.03(3)

with Planck’s constant %, the speed of light ¢ and the UV
wavelength A. The work function @ can thus be determined
from the upper limit of the energy distribution of the photo-
electrons, which is given in Table 1 (cmp. Fig. 7). The upper
limit shifts to lower values when the UV wavelength is
increased and the incident photons have less energy (i.e.
the distribution gets narrower). The resulting work func-
tions from this method should be consistent for measure-
ments performed at different wavelengths. Table 4 shows
the results from using this approach, and compares the deter-
mined work function ®' with the work function ® yielded by
the Fowler-type measurement above. A combined analysis of
the resulting work functions yields ®7 = 3.810(1) eV, using
a weighted average that takes into account the uncertainties
of Ejim. This result is consistent with the value determined
by the Fowler-type measurement. It is thus verified that both
methods produce consistent results, and that the determined
work function is applicable to the measured transmission
functions.

Our determined value for the work function of a gold
surface is far below the theoretical expectation of 4.2—
5.1eV [40,41]. However, the work function of our photo-
cathode is affected by various effects like the surface rough-
ness, impurities in the material and electric fields at the sur-
face [42,43]. These effects are largely eliminated when work
functions are determined under ideal laboratory conditions,
which makes these results incomparable to our in situ mea-
surement. This observation is confirmed by other measure-
ments performed at the KATRIN main spectrometer [29] and
in a test setup at WWU Miinster [44,45].

4 Simulations

The particle-tracking software Kassiopeia was developed as
a joint effort from members of the KATRIN collaboration
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to simulate trajectories of charged particles such as elec-
trons or ions in complex electromagnetic fields with very
high precision [23]. Kassiopeia is embedded in the so-called
KASPER framework, the overall KATRIN software pack-
age. The software is used to study the transmission proper-
ties of the KATRIN spectrometers and to investigate back-
ground processes, among other simulation tasks. For the
development of the electron source presented in this paper,
Kassiopeia simulations provided substantial input for opti-
mizations of the existing design. Detailed simulations were
performed to investigate the electron acceleration processes
within the source and to understand how the well-defined
pitch angles are produced.

4.1 Implementation into Kassiopeia

Kassiopeia performs tracking of charged particles in elec-
tromagnetic fields based upon a given simulation geome-
try. Electric fields are computed by the boundary element
method (BEM) from a set of charge densities at the elec-
trode surfaces. The charge densities are pre-computed from
the given electrode potentials with the iterative Robin Hood
method [46]. For axially symmetric electric fields, an approx-
imation method known as zonal harmonic expansion can be
used to speed up the field computations with negligible loss
of accuracy [47]. To accurately model the electron source
with all relevant components (e. g. the half-shell dipole elec-
trode) it is necessary to use geometric shapes that break
axial symmetry, thus no such approximation can be used.
KEMField supports OpenGL-based graphics processing unit
(GPU) acceleration, a feature that was utilized to consider-
ably reduce the required computation time of such complex
geometric structures. Magnetic fields are computed from a
given set of coil geometries (solenoids and air coils) via
elliptic integration; it is possible to apply zonal harmonic
expansions here as well [48]. The simulations of the elec-
tron source use a detailed model of the magnet system at the
monitor spectrometer. The particle-tracking in Kassiopeia is
carried out by discretizing the trajectory into a finite number
of steps. At each step the electromagnetic fields E(x), B(x)
are evaluated and the equation of motion is solved by inte-
gration [23,27,49], after which the particle propagates to the
next step. For charged particles, the Lorentz force (8) defines
the equation of motion.

The electrode geometry of the electron source was imple-
mented in Kassiopeia based on CAD drawings of the electron
source design. The position of the electrodes w.r.t. the spec-
trometer setup was determined from measurements at the
experimental site and from comparisons of simulated with
measured magnetic fields (Sect. 3.1). Figure 11 shows the
simulated magnetic field and electric potential between the
photocathode of the electron source and the entrance magnet
of the monitor spectrometer.
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Fig. 11 Simulated electric potential (solid red, left axis) and magnetic
field (dashed blue, right axis) at the monitor spectrometer setup w.r.t.
to the position of the photocathode. The electrons are emitted at Uit =
—18.6kV and accelerated towards ground potential. Trapped electrons
areremoved by adipole electrode with Ugip = +2kV. The spectrometer
magnet with Bpax = 6 T in combination with an additional air coil at the

electron source also defines the initial magnetic field By, = 27mT.

The length of the source cage corresponds to the shaded region, which is
enlarged in the inset. An acceleration potential U, = +5kV is applied
at the front plate (indicated by a dotted line in the inset)

4.2 Energy and angular distributions

The simulations allow us to investigate the electron accel-
eration mechanisms inside the source. An important ques-
tion is the effect of the electromagnetic fields on the energy
and angular distributions achieved. Electrons were started
from the emission spot on the back plate (radius 100 pm,
according to the dimensions of the optical fiber in the exper-
imental setup), where the starting voltage Uggre & —18.6kV
is applied. The initial energy is normal-distributed in the
range 0-0.6eV (W = o = 0.2eV). The initial polar angle
w.r.t. the back plate follows a cos 6-distribution in the range
0°—90°. The parameters of the energy distribution were cho-
sen according to measurement results, which yield an energy
spread of up to 0.3 eV (Sect. 3.3), while the angular distribu-
tion matches the results from [26].

In the simulations presented here, 1000 electrons were
created at the back plate for each setting. The electrons were
tracked up to the spectrometer entrance magnet in order to
determine the energy and angular distributions. Both distri-
butions are key parameters for the analysis of transmission
function measurements.

Figure 12 shows the correlation between the initial and
the final energy distributions w.r.t. the initial pitch angle.
The simulations used the zero-angle setting (op = 0°) at
Uace = 5kV and Ugip = 3 kV.® The distributions are char-

6 Note that the simulations use a 3kV dipole setting instead of the 2kV
setting used in the measurements discussed above, because they are
intended to be comparable with later measurements carried out at the
KATRIN main spectrometer.
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Fig. 12 Simulated energy distributions of 1000 electrons at Uggart =
—18,598.7 V. The plot shows the initial energy distribution, E,, on the
upper right; the shifted energy distribution in the spectrometer entrance
magnet, £ = Eyin + qUstart, on the bottom left; and the correlation
between the two distributions on the bottom right. The initial energy
E, corresponds to the start of the electron trajectory at 10nm distance
from the photocathode. The distributions are colored by the initial pitch
angle, which is cos 0-distributed as shown on the upper left. The median
and the 1o -width of each distribution is indicated by the black lines and
the shaded areas, respectively

acterized by their median and the 1o -width, which are both
computed using quantiles. The energy distribution in the
magnet yields a median energy of E = 0.24eV with an
asymmetric width of o, = 0.14eV and Ug' = 0.16¢V,
which is equivalent to the initial energy distribution. The
observed asymmetry results from excluding negative ener-
gies from the underlying normal distribution (E > 0eV).
It can be seen that the energy distribution is completely
unaffected by the acceleration processes inside the electron
source. The resulting distribution is shifted to larger energies
by the electrostatic acceleration, E = E¢ + g Ugart, but con-
sistent in width and shape. Further simulations showed that
this is also true for different values of Ugr = —18.6kV and
non-zero plate angles o, > 0°. The measured energy distri-
bution in the magnet (Sect. 3.3) is therefore fully equivalent
to the initial energy distribution at the photocathode. This
allows investigating the energy spread of the generated elec-
trons by transmission function measurements, and to deter-
mine the work function of the photocathode according to (7)
(Sect. 3.6).

Figure 13 shows results of the same simulation, but here
the correlation between the initial and final angular distribu-
tions is investigated w. r. t. the initial kinetic energy. The elec-
tron pitch angle is changed by the non-adiabatic acceleration
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Fig. 13 Simulated angular distributions of 1000 electrons at Ugrt =
—18,598.7 V. The plot uses the same approach as Fig. 12, but shows the
correlation between the initial pitch angle, 6y, and the produced pitch
angle in the spectrometer entrance magnet, 6. Here the distributions are
colored by the initial energy, which is normal-distributed as shown in
the upper left panel

and the subsequent adiabatic transport to the entrance mag-
net. While the initial pitch angles follow a cos 6-distribution
with angles up to 90°, the pitch angles in the magnet are nar-
rowly distributed. As above, the distributions were analyzed
by their median and width. The distribution in the magnet has
amedian pitch angle of 6 = 1.5° withan asymmetric width of
o, = 1.0°and 09+ = 1.4°. Here the asymmetry is caused by
the fact that the pitch angle is limited to the range 0° to 90° by
definition. Whenever the pitch angle would assume negative
values resulting from adiabatic transformation, it is instead
mirrored to a positive value. The observed distribution is
therefore “wrapped” into the positive regime at 6 = 0°,
and thus becomes asymmetric when this effect occurs. As
indicated by the coloring in the figure, the kinetic energy
of the electrons influences the produced angular distribu-
tion as well. Electrons with higher kinetic energies contribute
more to the observed angular spread than low-energetic elec-
trons. The same effect is also observed at larger plate angles
ap > 0°. This is explained by the efficiency of the non-
adiabatic acceleration in the plate setup of the electron source,
which is responsible for imprinting a well-defined pitch angle
on the electrons. According to the Lorentz equation (8),
the electrostatic acceleration becomes less effective as the
electron energy increases (cmp. Sect. 2.2). Low-energetic
electrons are therefore more strongly collimated, while for
electrons with higher initial energies the observed angular
spread increases. It is thus possible to further reduce the
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Fig. 14 Simulated pitch angle transformation between the photocath-
ode and the spectrometer entrance magnet for different plate angles
ap = 0°—10°. The plot shows the evolution of the pitch angle 6 as
a function of the distance d from the photocathode. The initial pitch
angles are cos 0-distributed and collimated into a narrow distribution
by the strong electric acceleration field at d < 1cm. For ap > 10°,
electrons are magnetically reflected before reaching the magnet. The
inset uses a logarithmic axis to focus on the conditions close to the
photocathode where the non-adiabatic acceleration takes place; this is
indicated by the shaded region in the main plot. The dashed lines mark
the position of the front plate (d = 1cm) and the end of the electron
source cage (d = 12.2cm)

angular spread by tuning the electron source to produce a
small energy spread, which can be achieved by matching the
UV wavelength to the photocathode work function.

4.3 Electron acceleration and transport

The performance of the electron selectivity in the electron
source can be assessed by an investigation of the pitch angle
transformation for op > 0°. Figure 14 shows the evolu-
tion of the pitch angles along the electron trajectory between
the photocathode and the spectrometer entrance magnet. The
produced pitch angle along the electron trajectory depends
on the plate angle o, as indicated by the color scheme. The
initial pitch angles are quickly collimated into a narrow dis-
tribution. Already at a distance d < 1 mm from the photo-
cathode, the electron beam reaches an angular spread of less
than 0.5° for any given setting of a.

Electrons that pass the front plate are further accelerated
to their full kinetic energy E = qUgay inside the source
cage and transported adiabatically towards the spectrometer
magnet. Because transmitted electrons pass the dipole elec-
trode only once, the electric dipole field has no significant
influence on the pitch angle transformation. However, the
stray electric field of the dipole electrode affects the electron
acceleration process itself: because of the asymmetric dipole
field, a vertical electric field gradient is generated inside the
source cage. Depending on the cyclotron phase of the elec-
trons (and thus, depending on the azimuthal plate angle o)
the electrons are accelerated differently and the pitch angle
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Fig. 15 Simulated pitch angle distributions at different plate angles
ap = 0°—10°. The plot shows the produced pitch angles in the spec-
trometer entrance magnet, using same data set as in Fig. 14. The vertical
lines at the bottom mark the median pitch angle of each distribution.
For & — 90° the distribution becomes asymmetric because of magnetic
reflection

changes accordingly. Simulations show that dipole voltages
Udip = 0—4kV lead to deviations of the pitch angle up to 2°,
an observation also made by corresponding measurements.
The deviations can be corrected by an empirical determina-
tion of the zero angle (cmp. Sect. 3). The pitch angle increases
towards Bmax as a result of adiabatic transformation. When
the pitch angle exceeds Omax = 90°, electrons are mag-
netically reflected. These electrons can get stored between
the photocathode and the entrance magnet and need to be
removed by the dipole electrode to avoid a possible Penning
discharge.

4.4 Production of well-defined pitch angles

Figure 15 shows the simulated angular distributions in the
spectrometer entrance magnet that are produced by the
angular-selective electron source. When a, is increased, the
angular distribution is shifted towards larger pitch angles,
while the angular spread and shape is not affected; for plate
angles ap 2 8°, a broadening is observed as 6 approaches
the 90° limit. In case of the ap = 10° setting, only a low
number of electrons reaches the magnet, as the majority is
magnetically reflected. Atoy, = 0°, the observed distribution
is asymmetric because the pitch angle cannot reach negative
values; hence, the negative part of the distribution is mirrored
atg = 0°.

The dependency of 0 in the entrance magnet on the plate
angle ap can be described by the adiabatic transformation
(2) of an electron that propagates towards the spectrometer
entrance magnet where a magnetic field By is achieved.
The electron starts from the photocathode with an effective
starting angle 63, , (cmp. Table 5) at the initial magnetic field
Bstart:

Table 5 Simulated pitch angles in the spectrometer entrance magnet
and derived effective starting angles. The table shows the median pitch
angle, é, and the angular spread, oy, in the entrance magnet for dif-
ferent plate angles o. The simulation results are compared with the
pitch angle determined from corresponding measurements, Omeas. An
effective initial pitch angle at the photocathode, 6, can be computed
from 0 using the adiabatic transformation (21) and the known magnetic
fields at the setup (Bstart = 27 mT, Bpax = 6T)

ap ©) é ) og (°) Omeas (°) es*tan °)
0 1.5 1.2 1.7(13) 0.1
2 11.5 1.3 5.7(34) 0.9
4 23.6 1.3 23.2(3) 1.6
6 36.8 1.5 38.2(2) 2.4
8 52.5 1.9 55.2(3) 32
10 78.9 4.2 89.3(8) 39
12 Magnetically reflected 4.6
—  90F 7 19
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Fig. 16 Simulated pitch angles at different plate angles c. The plot
shows the produced pitch angle in the spectrometer entrance mag-
net and the effective initial pitch angle at the photocathode, which is
derived according to (21). The pitch angle in the magnet shows the
expected arcsin-dependency on the plate angle, while the initial pitch
angle depends linearly on the plate angle. Electrons are magnetically
reflected at ayax = 10.1°. The data point at o, = 10° is affected by
partial magnetic reflection and shifted to lower values; it is therefore
excluded from the fit

6 = arcsin (20)

One can assume a strictly linear dependency of the small
effective starting angle 67, , and the mechanical plate angle
op, O = f(ap) &~ k - ap, which is indicated in Fig. 16.

A relation between o) and the produced pitch angle 6 can

be derived by employing the approximation sin” x ~ x2 for
small x:

B
0 = arcsin | ap - k - 2. 21

B start

Because the transformation is fully adiabatic, it depends only
on the ratio of magnetic fields, Bggart and Bmax. This follows
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from (2) and (1) with the kinetic energy Ey = qUgarr =
const. The factor k then describes the effect of the non-
adiabatic acceleration in the electron source, which produces
the effective initial pitch angle 67, at the end of the grounded
source cage.

Table 5 lists the corresponding pitch angles and angular
spreads, which correspond to the median and the 1o -width of
the angular distributions. Again, the values were computed
using percentiles. It should be noted that the pitch angle at
ap = 0° is systematically larger because of the asymmetric
shape of the distribution, which shifts the median to larger
values. Similarly, the median at o, = 10° is systematically
smaller due to the deformation of the angular distribution,
which is caused by magnetic reflection. The angular spread is
comparable over a wide range of plate angles with g ~ 1.5°.
The spread becomes significantly larger for & — 90° as a
result of adiabatic transformation (21). The simulated pitch
angles and the angular spread are in good agreement with the
corresponding measurements (Sect. 3.5). Table 5 also lists
the measured pitch angles Opeas (cmp. tab. 3), and shows that
both results are typically in agreement. An effective starting
angle 67, has been computed via (21), showing a strictly
linear relation to the plate angle c.

The measurements and simulations discussed in this work
clearly show that the electron source achieves angular selec-
tivity and can produce well-defined pitch angles with small
angular spread. Figure 16 shows the produced pitch angle
in the spectrometer entrance magnet (solid red line) and the
pitch angle at the end of the source chamber (dashed blue
line) according to simulations. At omax = 10.1°, the pitch
angle reaches 90° and magnetic reflection occurs. Resulting
from the finite angular spread, at o, = 10° a fraction of the
produced electrons is already reflected and cut off from the
observed angular distribution. The simulated reflection angle
is in excellent agreement with the magnetic reflection mea-
surement (Sect. 3.4), where apmax = 10.06(3)° was observed
for a,; = 0°. The effective initial pitch angle shows a strictly
linear dependency to the plate angle with a factor k and a con-
stant angular spread oy start = 0.1°.

5 Conclusion

An angular-selective electron source has been developed for
the commissioning measurements of the KATRIN main spec-
trometer. In the first major measurement campaign at the
KATRIN main spectrometer, several design improvements
could be identified. After their implementation, the electron
source was tested successfully at the monitor spectrometer
in 2014. These preparation measurements demonstrated that
the design requirements are completely fulfilled and that the
electron source achieves all key features:
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e Angular selectivity: The source produces well-defined
electron pitch angles in the spectrometer entrance mag-
net. Magnetic reflection occurs when the pitch angle
exceeds 90°, which was observed at a plate angle of 10.1°
in measurements. This value is in excellent agreement
with the corresponding simulations, which also yield a
reflection angle of 10.1°.

e Small energy spread: Depending on the wavelength of
the used UV light source, an energy spread between
0.09(7)eV at 302nm and 0.031(5)eV at 266nm was
observed in transmission function measurements at Usgar
= —18.6kV. A measurement at low voltage Uspec =~
—200V allows us to determine the energy spread with
much higher precision because of the improved energy
resolution of the spectrometer. While this feature cannot
be applied at the monitor spectrometer, it is of great use
for the commissioning of the main spectrometer where
low-energetic electrons can be detected through the use
of a post-acceleration electrode.’

e Small angular spread: at the monitor spectrometer setup
with Bpax = 6 T and Bggrr = 27 mT, an angular spread
of 5° or less was observed in transmission function mea-
surements at different plate angles. Simulations indicate
that the angular spread is typically even smaller (about
2°) for pitch angles 6 < 70°.

e Electron rate: The electron source achieves a stable elec-
tron rate at the detector of 1500 cps with the laser, and up
to 400 cps with the LEDs as light source. It is possible to
regulate the rate by tuning the intensity of the UV photon
system, e.g. varying the pulse width of the LED pulser
or by adjusting the laser diode current.

e Pulsed mode: The light sources were operated in pulsed
mode during the monitor spectrometer measurements.
The pulsed mode allows time-of-flight (ToF) measure-
ments to characterize several properties of the MAC-E
filter. The ToF mode plays an important role in the com-
missioning measurements of the main spectrometer.

The energy spread of the generated electrons depends on
the work function of the photocathode and can be minimized
by adjusting the UV wavelength to the properties of the uti-
lized material. For our gold photocathode a work function
of 3.78eV % 0.03eV(sys) £ 0.01 eV (stat) was found. Our
value was determined in situ and is considerably lower than
the literature value for a clean gold surface that has been pre-
pared under ultra-high vacuum conditions. This observation
is explained by surface impurities from the continuous oper-
ation at p ~ e — 7 mbar, where residual gas can be adsorbed
onto the photocathode surface. Other effects, such as the
unavoidable surface roughness and strong electric fields at the

7 The post-acceleration electrode (PAE) shifts the electron energy by
up to 10keV between pinch magnet and detector wafer [14].
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photocathode, can additionally lead to areduction of the work
function. We used two different methods to directly deter-
mine the work function of the photocathode. A Fowler-type
measurement, which investigates the wavelength-dependent
electron yield, and a direct investigation of the energy distri-
bution of the photo-electrons, which is derived from trans-
mission function measurements. One advantage of the latter
method is that the work function can be determined without
requiring a dedicated wavelength scan. We demonstrated that
this alternate method produces comparable results.

Particle-tracking simulations were performed with the
Kassiopeia software, providing vital input for the analysis
of the measurements, and allow us to get a precise under-
standing of the electron acceleration processes in the electron
source. The simulation results are typically in good agree-
ment with the measurements. We showed that the energy dis-
tribution of the electrons in the spectrometer entrance magnet
corresponds to the initial energy distribution, while both dis-
tributions show the same width and shape in the simulations.
Itis thus possible to fully determine the electron energy spec-
trum by performing transmission function measurements
with a MAC-E filter. The angular distribution in the spectrom-
eter magnet results from the non-adiabatic acceleration of
the emitted electrons in the plate setup of the electron source
and the subsequent adiabatic transport towards the spectrom-
eter entrance. The electron beam is collimated by the strong
electric acceleration field at the photocathode and reaches
an effective angular spread of roughly 0.1° when leaving
the non-adiabatic acceleration region. According to simula-
tions, an angular spread of less than 2° (increases to 4.2° for
0 — 90°, see Table 5) is reached in the spectrometer mag-
net. The simulated angular spread of 2° to 4° is lower than
the measured average of approximately 5.5° (Table 3). The
produced pitch angle and the angular spread in the magnet
strongly depend on the magnetic fields at the setup. The dif-
ferences between measurements and simulations can there-
fore be explained by undetected misalignments of the setup
and entailing inaccuracies of the computed fields.

Our electron source allows us to investigate major charac-
teristics of a MAC-E filter, such as the transmission proper-
ties and the effective energy resolution of the spectrometer.
We studied key features of the electron source in measure-
ments at the KATRIN monitor spectrometer and in a suite
of accompanying simulations. We fully characterized our
electron source and demonstrated a reliable operation in a
MAC-E filter setup. The electron source can be utilized as a
vital tool for the commissioning of the KATRIN main spec-
trometer and in preparation of the upcoming neutrino mass
measurements.
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