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Abstract The KArlsruhe TRItium Neutrino experiment

(KATRIN) aims to determine the effective electron (anti)-

neutrino mass with a sensitivity of 0.2eV/c2 by precisely

measuring the endpoint region of the tritium β-decay spec-

trum. It uses a tandem of electrostatic spectrometers work-

ing as magnetic adiabatic collimation combined with an

electrostatic (MAC-E) filters. In the space between the pre-

spectrometer and the main spectrometer, creating a Pen-

ning trap is unavoidable when the superconducting mag-

net between the two spectrometers, biased at their respec-

tive nominal potentials, is energized. The electrons accumu-

lated in this trap can lead to discharges, which create addi-

tional background electrons and endanger the spectrometer

and detector section downstream. To counteract this problem,

“electron catchers” were installed in the beamline inside the

magnet bore between the two spectrometers. These catchers

can be moved across the magnetic-flux tube and intercept

on a sub-ms time scale the stored electrons along their mag-

netron motion paths. In this paper, we report on the design

and the successful commissioning of the electron catchers

and present results on their efficiency in reducing the exper-

imental background.

1 Introduction

The KArlsruhe TRItium Neutrino experiment (KATRIN) [1]

at the Karlsruhe Institute of Technology is aiming to deter-

mine the average electron (anti)neutrino mass with a sensitiv-

ity of 0.2eV/c2 (90% CL) [2] in a direct, model-independent

way using a precision measurement of the tritium β-decay

spectrum near the endpoint. The observable in this case is an

incoherent sum over the mass eigenstates contributing to the

electron (anti)neutrino νe, given by

m2(νe) =
∑

i

|Uei |
2m2(νi ), (1)

where Uei are the elements of the neutrino-mixing matrix

connecting the electron neutrino flavour to the i th neu-

trino mass state of mass mi . The former upper limit of

m(νe) � 2eV/c2 on direct mass measurements have been set

by the Mainz [3] and Troitsk [4,5] which has been recently

improved by the KATRIN experiment by almost a factor of

two: m(νe) < 1.1eV/c2 [6]

Figure 1 shows an overview of the KATRIN setup. Elec-

trons emitted in the Windowless Gaseous Tritium Source

(WGTS) are adiabatically guided by superconducting mag-

nets through the transport section, where tritium is removed

by differential and cryogenic pumping. The electrons then

enter a tandem of electrostatic spectrometers, known as the

a e-mail: kostina@uni-muenster.de (corresponding author)

pre- and main spectrometers, which operate in MAC-E-filter

mode [7]. The electrons transmitted through both spectrom-

eters are then counted by the focal plane detection system

(FPD) [8].

The key components of a MAC-E spectrometer are a mag-

netic guiding field and an electrostatic barrier; in KATRIN,

the first is created by superconducting solenoids on both ends

of each spectrometer. In the center of the main spectrometer,

the magnetic field can be fine-tuned by a low-field correction

system (LFCS) consisting of vertical air coils surrounding

the main spectrometer vessel, and by additional horizontal

coils to compensate the Earth magnetic field (EMCS) [9].

β-electrons enter a spectrometer from the source side and

follow the magnetic field lines in cyclotron motion into the

spectrometer. On their way, the magnetic field drops by sev-

eral orders of magnitude, resulting in an almost complete con-

version of the cyclotron motion of the adiabatically moving

electrons into longitudinal motion. In the middle of the spec-

trometer, the electrons encounter the maximum of the electro-

static potential at the analyzing plane, and those which have

enough energy to overcome it are reaccelerated toward the

exit of the spectrometer. In the case of the pre-spectrometer,

the electrons then proceed to the main spectrometer, while in

the case of the main spectrometer they are counted by the FPD

[8], a monolithic, silicon PIN diode with 148 pixels arranged

in rings. FPD data are collected by the data-acquisition hard-

ware, which is controlled and read out by Object-oriented

Real-time Control and Acquisition (ORCA) software [10].

The task of the pre-spectrometer is to reflect all low-energy

electrons which do not carry information about the neutrino

mass. Therefore its design retarding potential is set about

300 V below the endpoint of the β-spectrum, i.e. to − 18.3

kV. The main spectrometer analyzes the kinetic energy of

the remaining β-electrons with eV resolution. Its retarding

potential is scanned around the endpoint energy within a

range between about − 18.5 kV and − 18.6kV.

2 Inter-spectrometer Penning trap problem and

countermeasures

To reach the proposed sensitivity in KATRIN, the experi-

mental background must be kept low, with a total rate of

10 mcps. β-electrons inside the main spectrometer can pro-

duce secondary electrons via a chain of processes, several of

which will be discussed below. These low-energy secondary

electrons can then be accelerated toward the detector by the

electric potential of the main spectrometer to energies around

18.6 keV. At these energies the secondary electrons cannot

be distinguished from signal electrons in the endpoint region,

so an overall increase in the background level results. To

counteract this effect, the pre-spectrometer is used to reduce

the flux of the β-electrons entering the main spectrometer.
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Fig. 1 Experimental setup of the KATRIN experiment. The main components are: (1) calibration and monitoring rear section, (2) windowless

gaseous tritium source, (3) transport section, (4) pre-spectrometer, (5) main spectrometer, and (6) focal plane detector
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Fig. 2 Distribution of electric and magnetic fields in the region of the

inter-spectrometer Penning trap with 71% of the maximum magnetic

field of the solenoid. The shaded areas mark different subsystems: pre-

spectrometer (red), inter-spectrometer region (white) and main spec-

trometer (green)

However, the combination of the retarding potentials (the

pre-spectrometer at UPS = −18.3 kV, the main spectrome-

ter at UMS ≈ −18.6 kV and the beamline between them at

ground potential) and a magnetic field of up to 4.5 T produced

by their common superconducting magnet forms a Penning

trap for negatively charged particles (see Fig. 2). An electron

passing through this region can lose energy due to processes

of elastic and inelastic scattering on residual gas molecules

and by cyclotron radiation, thereby becoming trapped. Apart

from the β-electrons from the tritium source, the trap is fed

by background from both spectrometers.

Several physical processes are connected to the presence

of stored electrons in the inter-spectrometer region:

(a) Electrons stored in the Penning trap lose transverse

kinetic energy due to cyclotron radiation. The energy loss

E⊥(t) = E⊥0 · e−Γ t (2)

(E⊥ is the transversal kinetic energy of the electron

dependent on time t with a starting value of E⊥0) is char-

acterized by the attenuation factor [1]

Γ =
1

τCy
=

Ė⊥

E⊥

≈ 0.4 s−1

(

B

1T

)2

, (3)

where B is the magnetic field at the electron trajectory

and τCy is the cyclotron cooling time.

The exact losses depend on the magnetic field (which

is not constant throughout the trap volume) and on the

electron’s polar angle to the magnetic field lines θ . Also,

cooling via cyclotron radiation can be enhanced by elastic

scattering of the electrons on the residual gas molecules,

as part of the kinetic energy can be reshuffled into the

transverse component which then allows the energy to

be radiated away.

(b) Due to inelastic scattering with residual gas molecules,

additional electrons are created and trapped. There is

a significant chance for a trapped primary electron to

induce ionization in the high-electric-potential region at

either end of the trap shortly before its return point (where

it gets reflected by the electric potential); the maximum

of the ionization cross section σ ion
e (E) ≈ 10−20m2 of

H2
1 by electron impact corresponds to electron kinetic

energies around 70 eV [11]. In this case, a secondary elec-

tron, which is trapped as well, can gain enough energy to

trigger further ionizations. The mean time between ion-

izations at a pressure of p = 4 × 10−11mbar (or the cor-

responding particle density of n(H2) = 9.7 × 1011m−3)

and a temperature of 300 K is estimated for an electron

of velocity v using the maximum cross section at E = 70

eV as

τion =
1

Ṅ ion
e

=
1

nvσ ion
e

=

√

me

2E

1

nσ ion
e

≈ 20 s, (4)

where Ṅ ion
e is the rate of ionization collisions for a sin-

gle electron and me is the mass of the electron. This can

lead to an avalanche process, creating more and more

charged particles. According to detailed electron tracking

calculations, which include electron inelastic and elas-

tic differential scatterings with H2 molecules (including

1 In the ultra-high vacuum conditions of the KATRIN spectrometers,

most of the residual gas consists of H2 molecules.
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angular changes) and cyclotron radiation in a 4.5 T mag-

netic field, an initially stored electron with E0 = 18 keV

starting energy produces Ne−i = 108 ionizations. This

multiplicity is very sensitive to the electron energy: with

10 keV, 5 keV, and 1 keV, it is only 40000, 1000, and 20,

respectively. With 1 × 10−11 mbar residual gas pressure,

the electron cooling time is of the order of 1 h. A large

number of electrons can build up a space charge that will

even affect signal electrons passing through the Penning

trap region.

Due to the good vacuum, the stored electrons cannot leave

the Penning trap in radial direction (perpendicular to

magnetic field) by collisions with residual gas molecules.

Nevertheless, the long duration of the storage of electrons

in the Penning trap can be influenced by plasma instabili-

ties, which can exist in the non-neutral (electron) plasma

of a Penning discharge. Fluctuating azimuthal electric

fields can induce a radial E×B drift-diffusion of the elec-

trons, which is called anomalous diffusion, and reduces

the electron storage time in the trap [12–15]. There are

various plasma instabilities; one example, which could be

interesting for our Penning trap, is the cross-field (E × B)

instability which requires a radial plasma density gradi-

ent and an inwardly directed radial electric field in the

trap [16,17].

(c) The ions, created along with the secondary electrons, are

not trapped inside the inter-spectrometer Penning trap

and can leave toward the spectrometers. There, in the low

magnetic field, they move non-adiabatically until they hit

the spectrometer vessel, having on their way a minor (but

still non-zero) probability to produce background elec-

trons due to scattering with residual gas. The ionization

collision cross section of H+ and H+
2 of 18-keV kinetic

energy with H2 molecules is about σion = 10−20m2,

which for the pressure of p = 4×10−11 mbar and a mean

ion path length of l = 24 m gives an ionization probabil-

ity of Pion = σion · n · l = 2.3 × 10−7. This means that

for each trapped primary electron with a starting energy

of 18 keV, up to N ionization
trap ≈ Ne−i · Pion = 23 electrons

can reach the detector.

Apart from ionization of the residual gas, the ions can

produce electrons by hitting the metallic surface of the

spectrometer walls. The surface, however, is efficiently

shielded by the approximately axisymmetric magnetic

field and by the wire electrode system of the spectrometer.

The lower limit for the suppression factor of the shielding

is about 104 [18]. Assuming again that 108 electron-ion

pairs are generated for each primary trapped electron and

further assuming that each ion knocks out 10 electrons at

the surface, there could be up to 105 electrons reaching

the detector per primary trapped electron by this process.

(d) UV photons can be created from the de-excitation of

residual gas molecules after colliding with trapped elec-

trons. These photons, not being affected by electric

and magnetic fields, can hit metal surfaces and release

more electrons, or, in the extreme ultraviolet case, cre-

ate secondary electrons by photoionization of residual

gas molecules, potentially leading to background rates

comparable to those caused by ions.

(e) Another recently identified source of background elec-

trons, which was overlooked in the past, is highly excited

neutral atoms or molecules, e.g. Rydberg atoms or

molecules. Such particles are produced via ion-induced

sputtering and can propagate freely within the spectrom-

eters. They can be ionized by infrared photons from the

blackbody radiation of the spectrometer vessel (or by

auto-ionization if more than one electron of the atom is

excited). Electrons from this process feed the trap, and

Penning-trap induced ions entering the main spectrom-

eter produce electrons, which cannot be distinguished

from normal signal electrons, via the sputtering-Rydberg

process.2

In consequence, electrons accumulating in the Penning

trap between the pre- and main spectrometers can lead to

elevated background rates much larger than tolerable at the

KATRIN experiment. An exponentially growing avalanche

or discharge may present a danger for the spectrometer and

detector section of KATRIN. Not only is the former effect

strongly dependent on pressure (as shown in the discussion

above), but the latter is as well: the formative time t f of a

Penning discharge is inversely proportional to the pressure

p of the residual gas inside the Penning trap: t f ∝ 1/p [20].

Therefore, the residual pressure in the spectrometers, along

with their electric potentials, is a crucial parameter for the

inter-spectrometer Penning trap problem.

Since this Penning trap cannot be avoided in a tandem

MAC-E-filter setup and since the filling of the trap by elec-

trons is very difficult to completely avoid, a method to eject

stored electrons from the Penning trap before they can ion-

ize residual gas molecules is required. Several ejection pro-

cesses have already been investigated in the past with a goal

of achieving an ejection time shorter than the ionization time:

τeject < τion. (5)

In an early study it was shown from simulations [21] that

electrons stored in the Penning trap between the two KATRIN

spectrometers will indeed lead to a cascade of secondary

electrons producing a significant amount of background. It

was also investigated how an E × B drift could eject stored

2 It should be noted that in [19] the background due to β-electrons when

operating the KATRIN experiment with zero pre-spectrometer potential

(as an option to prevent creation of the trap) was calculated to be a

negligible value of about 0.001–0.01 mcps at 1×10−11 mbar, however,

the Rydberg-states-related process was not yet considered there.
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electrons when applying a transversal electric field, but this

method would require very high electric fields which would

probably lead to discharge problems. Therefore a mechanical

ejection method was developed and tested [22,23] using the

spectrometer from the former Mainz Neutrino Mass Experi-

ment [3]. It was shown that a wire sweeping through the Pen-

ning trap removed stored electrons and successfully stopped

the build-up of background processes. The position of the

wire was controlled by an electric current through the wire,

which subsequently moved in the magnetic field due to the

Lorentz force. The slowly sweeping wire was able to catch

all trapped but fast-moving electrons because the magnetron

motion of the trapped electrons caused them to collide with

the wire within a very short time (see Sect. 3 below). The fact

that the magnetron drift is really sufficient to safely remove

electrons stored in the Penning trap even under the conditions

at KATRIN was investigated in detail in a test experiment at

the KATRIN pre-spectrometer [24]. Here, the principle of

the electron catcher in the form of a thin pin was success-

fully demonstrated for the first time.

Apart from accumulation and multiplication of electrons,

there are possible antagonistic processes which lead to los-

ing electrons from the inter-spectrometer Penning trap. In

addition to the elastic scattering on residual gas particles

mentioned above, stored electrons will have Coulomb inter-

actions with other electrons and with the plasma; these inter-

actions can promote much more angular changes and thus

higher rates of cyclotron emission. Another possible loss

mechanism is due to time-dependent non-axisymmetric elec-

tric fields of plasma instability, which can result in electrons

leaving the trap in the radial direction. Also, since each of the

spectrometers is an electrostatic and magnetic bottle trap for

low-energy positive ions, there is a small overlap of the clouds

of electrons and ions (stored inside the inter-spectrometer

region and the spectrometers, respectively), which can give

an additional weak electron–ion recombination contribu-

tion. While the rate of elastic scattering on residual gas is

directly proportional to its pressure, Ṅ elastic
e = nvσ elastic

e , the

electron–electron scattering, plasma instability, and recombi-

nation are pressure-independent. Additionally, for electrons

with energies above 90 eV, the inelastic cross section is higher

than the elastic cross section [22]. Therefore, as is schemat-

ically illustrated in Fig. 3, the electron-loss rate will domi-

nate the ionization rate at low pressures, providing a pressure

region where the Penning trap can exist without developing

discharges. A continuously operated or periodically actuated

electron catcher would additionally remove stored electrons,

enlarging the pressure range in which the system can be oper-

ated safely.

In view of these studies, the interception of trapped elec-

trons with a movable electron catcher was chosen as the most

suitable and reliable method. Therefore, newly developed

electron catchers were implemented inside the magnet bore

Fig. 3 A schematic qualitative illustration of the ionization rate due

to electron inelastic scattering (solid orange line) and the electron-loss

rate (solid blue line). The latter rate has contributions from elastic scat-

tering (dashed blue line) and Coulomb interaction together with recom-

bination (dash-dotted blue line). In the pressure region to the left from

the crossing point of these two processes (red cross) the electron-loss

rate dominates, preventing the Penning trap from igniting. A contin-

uous operation or a periodic movement of an electron catcher would

increase the total electron-loss rate, thereby shifting the corresponding

line upwards (dotted blue line) and shifting the crossing point to higher

pressures (green plus)

between the two spectrometers. In this paper we report on

the successful commissioning of the electron catchers, when

their effectiveness for eliminating Penning trap activity was

demonstrated.

3 Working principle and technical realization of the

electron catchers

The three electron catchers are bent rods (2 mm in diameter)

made of nickel–chromium–iron alloy, Inconel, and installed

at three different positions inside the valve connecting the

pre- and main spectrometers, as shown in Fig. 4. Each of

the catchers is connected at one end to an individual bel-

lows attached to the valve housing. This movable connection

allows the free end of the catcher to be moved from its park-

ing position (outside the flux tube) to its operating position

(within the flux tube). When it is moved in, it traverses the

flux tube in a radial direction from its edge up to the center.

The catchers are tilted in such a way (7.5◦ with respect to

the horizontal axis; see Fig. 4b) that the number of detec-

tor pixels affected when the catcher is inside the flux tube is

minimized.

The principle of electron removal with the installed elec-

tron catchers is based on the specifics of electron motion

inside the Penning trap. In a classical Penning trap [25],
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Fig. 4 a The beamline region inside the superconducting solenoid

between the pre- and main spectrometers. (1), (2), (3) the electron catch-

ers; (4) a catcher’s controller; b end view of the electron catchers in their

operational positions, relative to the FPD looking down the beamline

toward the main spectrometer

electrons are constrained radially by a homogeneous axial

magnetic field and axially by a quadrupole electric field. In

a homogeneous magnetic field, an electron would move in a

circular motion, called the cyclotron motion, around the mag-

netic field lines with a corresponding cyclotron frequency:

ωc =
q

m
B. (6)

Due to the additional electric field in the Penning trap

and due to inhomogeneities of the magnetic fields, stored

electrons undergo a more complex motion, which can be

represented as a superposition of three different components:

1. the axial oscillation along the trap axis, independent of

the magnetic field, with the frequency

ωz =

√

q

m

U

d2
, (7)

where U is called the “trap depth”, as particles with an

energy lower than qU will not be able to escape the trap.

The parameter d describes the trap dimensions, and in

the case of a classical Penning trap with hyperbolic elec-

trodes it is

d2 =
1

2

(

z2
0 +

r2
0

2

)

, (8)

where 2z0 is the distance between electrodes and r0 is the

trap radius.

2. the “modified” cyclotron motion, which has a frequency

slightly different from Eq. (6) but which strongly depends

on the trap depth and dimensions:

ω+ =
ωc

2
+

√

ω2
c

4
−

ω2
z

2
≈ ωc −

U

2d2 B
. (9)

3. the magnetron drift around the trap axis (formula given

for a homogeneous magnetic field):

ω− =
ωc

2
−

√

ω2
c

4
−

ω2
z

2
≈

U

2d2 B
. (10)

In the case of the inter-spectrometer Penning trap, which

has a length of 2z0 ≈ 1.5 m (see Fig. 2) and a trap radius of

r0 = 3.6 cm at the center of the solenoid (due to the confine-

ment of the transported magnetic flux3 of φ = 133.7 T cm2

[1] by the magnetic field of 3.2 T), the corresponding dimen-

sional parameter is d ≈ 1.1 m (according to Eq. (8)).

Because the trap depth is about U = −18 kV, the fre-

quencies of the stored electrons are ωz ≈ 5 × 107s−1,

ω+ ≈ 8×1011s−1 and ω− ≈ 2×103s−1. Due to magnetron

motion, which is slow with respect to the axial and cyclotron

components but still fast compared to the subsecond-scale

mechanical movement of the catcher, an electron stored

somewhere inside the trap will eventually be intercepted by

the electron catcher. Faster axial motion will lead to “gaps”

along the circumference of the electron’s magnetron motion,

but the size of the gaps is much smaller than the diameter of

the electron catchers, so the trapped electron will not be able

to avoid the catcher (see Fig. 5). Each catcher is designed

such that when it is inserted into the flux tube its free end

reaches the center of the flux tube. This guarantees that all

stored electrons will in the end be removed by hitting the

inserted catcher. As has been discussed above, for a pres-

sure of 10−11 mbar the time interval between ionizations in

3 Which is constant over the entire KATRIN beamline.
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Fig. 5 Simulated track of a trapped electron (red) up to the point where

it hits the electron catcher (blue) (looking down the beamline). Simu-

lation is done with the Kassiopeia software [26]

the Penning trap is of the order of tens of seconds and the

electron cooling time is of the order of 1 h. Because these

timescales are much longer than the sub-ms scale of the mag-

netron motion, the catcher is able to stop the electron multi-

plication process and effectively suppress the corresponding

background.4

The mechanical design of the electron catchers is shown

on Fig. 6. The catcher is attached to a bellows fixed inside

a hinge to allow for tilting around one axis. This joint is

contained within a housing, and a spring attached to one of

the walls holds the hinge in the parking position. On the

other side, the hinge is connected via a Bowden cable to a

pneumatic muscle which, when contracted, pulls the hinge

and moves the catcher into the flux tube. The pressurized

air actuating the muscle is supplied through a pneumatic

valve from a compressed air supply. The contraction speed of

the pneumatic muscle, which determines the electron catcher

sweeping speed (one-way movement on a sub-second scale),

can be regulated by manually adjusting a flow control valve.

The photoelectric sensor of each electron catcher contains

an infrared LED and a photodiode. When the catcher is

moved into the flux tube, the LED light is reflected from

the hinge and strikes the photodiode. All this instrumenta-

tion was developed and tested to be fully compatible within

a multi-Tesla magnetic field.

A schematic illustration of the combined setup used to

operate a single electron catcher is shown in Fig. 7. The

system works in a triggering mode: a TTL signal is created

by a pulse generator (Agilent 33220A) and is converted at

the signal processing stage to a 24-V signal. As long as the

signal stays at this level the pneumatic valve to the muscle is

closed, the muscle is relaxed, and the catcher remains outside

the flux tube. When the signal drops low the valve is opened,

the muscle contracts, and the catcher moves into the flux

4 Note that these timescale considerations are only valid under the con-

dition that the trapped electron does not interact with other accumulated

electrons, which does not hold when a Penning discharge takes place.

Fig. 6 Technical drawing of an electron catcher controller: (1) elec-

tron catcher, (2) bellows, (3) hinge, (4) rotation axis, (5) spring, (6)

photosensor housing, (7) pneumatic muscle cable slots. The grey arrow

shows the direction of the catcher when moving inside the flux tube

tube. In this case the photodiode creates a current that is sent

to the signal processing stage where it is converted to a TTL

signal. The rising edge of the signal (or its trailing edge in

the opposite case when the catcher is moving out of the flux

tube) is detected, read out, and synchronized with the ORCA

data stream. The pulse generator controlled by ORCA allows

one to adjust the movement patterns (“in” and “out” times)

and to operate the catcher in different modes: (a) automatic

mode, in which the catcher is inserted into the flux tube at

regular, adjustable intervals, (b) safeguard mode, in which

the catcher is triggered when the detected electron rate at

the FPD surpasses a user-defined threshold, and (c) manual

operation mode.

A continuously inserted pin would shadow some of the

FPD pixels (see Fig. 8). Therefore, the ability to quickly move

the electron catchers into and out of the flux tube prevents

unnecessary losses in statistics. The bellows of the catchers

are specified to 1.5 million movements, which makes a total

of 4.5 million movements for the three catchers, which in

turn allows to move the catchers about every 20 s during the

3 years of measurement time of KATRIN.

In the following section, we report on our investigations

of the inter-spectrometer Penning trap behavior and the effi-

ciency with which the electron catchers empty the trap.

4 Measurements and results

4.1 Background measurements before bake-out

During the first test of the system in 2016, the pressure inside

the spectrometers was on the order of 10−9 mbar. With

the electron catchers retracted from the flux tube, the main

spectrometer was operated at UMS = −18.6 kV, and the

beamline magnetic field was set to 20% of its maximum
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Fig. 7 Schematic diagram of the electron catcher operation. The

arrows show the direction of the data flow. To remove the catcher from

the flux tube: (1) the pulse generator is first activated by ORCA and

creates a TTL signal, (2) the signal proceeds to the signal processing

stage and is transformed to a 24-V signal which closes the pneumatic

valve (a) to the compressed air supply, (3) the pneumatic muscle (c),

which is connected to the hinge (d) held by the spring (e), is relaxed.

When the signal drops low, the valve reopens, causing the contraction of

the muscle which then pulls the hinge and rotates it around the axis (f),

thereby moving the electron catcher (g) back to the flux tube. The speed

of the muscle contraction and consequently of the catcher’s movement

can be regulated by the manual flow control valve (b). In this config-

uration, infrared light from an LED installed inside the photoelectric

housing (h) is reflected from the hinge onto the photodiode (i). The

photodiode signal enters the signal processing stage and is converted to

a TTL signal. The signal increase (or decrease for the case in which the

catcher is removed from the flux tube) is read out by the DAQ system

value (setting A, Table 1). At a pre-spectrometer voltage

of UPS = −2.6 kV, Penning discharges appeared within

5 min from the start of the background measurement. With

the magnetic field set to 80% of its maximum value (setting

B, Table 1), this voltage threshold value was even lower, at

UPS = −2.0 kV, consistent with the fact that higher mag-

netic fields create stronger trapping conditions. Frequent and

intense rate bursts were observed unless stopped by an elec-

tron catcher. Figure 9 shows a test in which one of the electron

catchers was moved into the flux tube in a regular pattern with

30-s breaks, during which background spikes developed a

couple of times. The electron catchers were tested in different

operational modes. A periodically actuated electron catcher

demonstrated the ability to quench erupting discharges, but

it couldn’t prevent their full development. A continuously

operated catcher made it possible to reach −18.4 kV at the

pre-spectrometer without observing background rate bursts

(see Fig. 10). However, this configuration is disadvantageous

for data-taking during neutrino mass measurements, since a

Fig. 8 a View of the catchers installed in the valve between the spec-

trometers (looking down the beamline). The left and central catchers

are inserted into the flux tube, while the right catcher is retracted. b

FPD pixels affected by the shadow from the central electron catcher

(the position of the shadow is mirrored to the image of the catcher on a

because of the opposite direction of view). The total electron count from

a photoelectron source was measured with the catcher inserted into the

flux tube, and this count was then subtracted from the count obtained

with all three catchers retracted for the same amount of time (10 min);

therefore, higher counts are observed for the shadowed pixels

non-negligible part of the measurement statistics would be

lost due to pixels shadowed by the catcher.

4.2 Background measurements at different pressures after

bake-out

Before the subsequent measurement in 2017, the system was

baked out [27], and tests were conducted at different pres-

sures. The pressure in the system was changed by injecting

small amounts of argon gas through one of the main spec-

trometer pump ports. Two sets of measurements, one at a

residual gas pressure of ∼ 1.2×10−11 mbar and the other at

∼ 4.7 × 10−10 mbar (setting C, Table 1), were performed to

determine the background rate. As can be seen in Fig. 11, the
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Table 1 Settings for measurements before (A, B) and after (C–H) the bake-out of the spectrometers

Setting A B C D E F G H

Pressure (mbar) ∼ 10−9 ∼ 10−9 Variable Variable ∼ 10−11 ∼ 10−11 ∼ 10−11 ∼ 10−11

Solenoids’ magnetic field 20% 80% 70% 70% 70%a 70% 70% 70%

LFCS magnetic field 20% 80% 42% 42% 70% 42% 42% 70%

UM S (kV) −18.6 −18.6 −18.6 −15.1 −18.6 −18.6 −18.6 −18.6

UP S (kV) Variable Variable Variable −18.4 −18.3 −18.3 −18.3 −18.33

Ion gauge On On On Off Off On Off Off

The magnetic fields are given in percentage of the maximal field settings for the the spectrometers’ solenoids (e.g. 4.5 T for the common magnet)

and the LFCS (0.9 mT)
a Except for the pre-spectrometer magnets operated at 4.1 T to mimic the influence of magnetic stray fields from the transport section in the main

spectrometer

Fig. 9 Focal Plane Detector background electron rate for setting A,

Table 1 and the electron catcher operated in a mode in which it moved

in a repeated pattern of 4 s inside the flux tube, 4 s outside the flux tube,

4 s inside the flux tube, and 30 s outside the flux tube; however, when

the safeguard script was triggered by an FPD rate higher than 10 kcps,

the catcher was inserted an additional two times (each time for 4 s, with

4 s in between)

system was very sensitive to the pressure: while the rate was

low and stayed constant at the pressure of 1.2×10−11 mbar,

a dramatic increase was observed when the pressure was

increased fortyfold and the pre-spectrometer was ramped to

more negative potentials below −14.4 kV.

During the same measurement, the catcher was tested in its

safeguard mode at elevated pressures. The ORCA software

was set to trigger the electron catcher for 20 s when the FPD

rate surpassed 10 kcps. In Fig. 12 we show the background

rate as the pressure fell from ∼ 1.3 × 10−9 mbar (when reg-

ular discharges were observed and effectively suppressed by

the electron catcher) to ∼ 7 × 10−10 mbar (when the dis-

Fig. 10 Focal Plane Detector background electron rate for setting A,

Table 1 and a stationary electron catcher inside the flux tube. No rate

bursts were observed with this configuration

charges disappeared completely) by pumping out previously

injected argon gas.

4.3 Background measurements at nominal pressure and

spectrometers’ settings

The bake-out of the spectrometers allowed them to reach

their nominal pressure of ∼ 10−11 mbar. The electric and

magnetic field settings at the spectrometers planned for use

during the neutrino mass measurements were used in a long-

term background measurement in late 2017. No discharges

or rate spikes were observed during two weeks of data-taking
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Fig. 11 Background measurements at two different pressures and vari-

able UPS (setting C, Table 1). A strong increase of the background rate

induced by the Penning trap manifests itself during the higher pressure

measurements (red dots) for PS voltages more negative than −14.4 kV,

while for the lower pressure measurements (blue dots) the rate stays

essentially unchanged for the whole range of UPS. For the measure-

ment at increased pressure, the indicated pressure value is corrected for

argon

Fig. 12 Background measurement with decreasing pressure (by pump-

ing out previously injected argon gas) when the electron catcher was

run in safeguard mode (setting D, Table 1). The electron catcher suc-

cessfully quenches discharges until the discharges disappear below

∼ 8 × 10−10 mbar. Pressure values are corrected for argon

(see Fig.13; here, two pixel rings (pixels 4–10 and 136–147,

see Fig. 8b) which were damaged by a Penning discharge

during one of the tests before the long-term measurement are

excluded). For these measurements, the ion gauge at the pre-

spectrometer was switched off since it was previously shown

to be a background source. The electron catcher system was

operated in safeguard mode during the measurements but was

not triggered.

Fig. 13 Background rate during a long-term measurement at nominal

spectrometer conditions (setting E, Table 1). Shown for comparison are

the average rates from measurements taken with a lower LFCS magnetic

field in which the ion gauge state was toggled (settings F and G, Table

1). For all three measurements here, two pixel rings (pixels 4–15 and

136–147, see Fig. 8b) which were damaged by a Penning discharge

during one of the tests before the long-term measurement are excluded

4.4 Measurements with active tritium source

The observation that no Penning discharge appeared during

normal operation of the KATRIN spectrometers at a pressure

of 10−11 mbar does not mean that the Penning trap was com-

pletely empty and thus inactive. We only can conclude that

in this low-pressure regime the loss processes in the Penning

trap were faster than the ionization processes. This prohibits

the build-up of an avalanche of stored electrons. However, if

a huge flux of electrons was sent into the pre-spectrometer,

some residual effects from the Penning trap would still be

expected.

Figure 14 shows the rate measured when running with

tritium in the windowless gaseous tritium source. Data was

taken both with and without periodic electron catcher oper-

ation. The column density of the tritium source was about

2.5 × 1017 T2 molecules/cm2, which corresponds to about

50% of the nominal KATRIN column density and a β-

electron rate of about 5× 109 electrons/s entering and being

reflected in the pre-spectrometer. For the periodic electron

catcher operation, one out of the three electron catchers was

inserted into the flux tube for 5 s during changes in the retard-

ing voltages, typically every 5 min. Figure 14 does not exhibit

any indication of discharge-like events, but it also shows that

the rate without periodic electron catcher operation is ele-

vated by about 20 mcps with respect to the case of periodic

electron catcher operation. This difference can be explained

by some (beta) electrons producing positive ions before enter-

ing the pre-spectrometer. They undergo the above-mentioned
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Fig. 14 Electron rate during measurements with about 2.5 ×

1017 T2 molecules/cm2 tritium column density both with and with-

out electron catcher operation (setting H, Table 1). When in operation,

the catcher was moved into the flux tube for 5 s when the retarding

voltage was changed. A reduction of 20 mcps was observed when the

catcher was used, indicating the presence of a Penning-trap-induced

background when the catcher was not used

sputtering-Rydberg process [see point (f) in Sect. 2] and cre-

ate electrons feeding the trap, or stored themselves in the Pen-

ning trap. These processes are slow enough for the catchers

to be effective.

5 Conclusion

We have discussed in this work how the inter-spectrometer

Penning trap, which is unavoidable in a two-spectrometer

setup, represents a considerable problem for the KATRIN

experiment. The trap is a potential limiting factor for the

experiment’s ability to achieve the required background

level. It is also a danger to the spectrometer and detector

hardware due to possible discharges when system is operated

at pressures higher than the nominal of ∼ 10−11 mbar. An

effective solution is therefore required. The chosen option

of using electron catchers to remove trapped particles was

investigated. At pressures in the 10−9 mbar region two poten-

tial modes were tested: a continuously operated electron

catcher was able to preserve a quiet environment while a

periodically actuated catcher was able to fully quench dis-

charges that occurred between the periodic electron catcher

insertions. After the bake-out of the spectrometers, measure-

ments at lower pressures demonstrated a strong dependence

of the Penning trap behavior on this parameter. With the

finally achieved ultra-high vacuum of ∼ 10−11 mbar, no

Penning discharges were observed during a final two-week

background measurement as well as during operation with

an active tritium source (with 50% of the nominal KATRIN

column density), while in the latter, operation of the elec-

tron catcher reduced the background rate by about 20 mcps.

Therefore, the electron catcher setup has proven itself to be a

reliable measure against the inter-spectrometer Penning trap

effects.
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