
Design considerations for a Beam Loss Monitor at
the Photo Injector Test Facility at DESY in Zeuthen

(PITZ)

Diplomarbeit

Humboldt Universität zu Berlin
Mathematisch-Naturwissenschaftliche Fakultät I

Institut für Physik

eingereicht von

Peter Spanknebel
geb. am 16.06.1979 in Berlin

1. Gutachter: Prof. Dr. Hermann Kolanoski
2. Gutachter: Prof. Dr. Thomas Lohse
Berlin, September 2006





Zusammenfassung

Der Photoinjektor Teststand am DESY [13] in Zeuthen (PITZ, [39]) ist ein kleiner Lin-
earbeschleuniger der die Produktion von Elektronenpaketen in Bezug auf die transver-
sale Emittanz und andere Strahlparameter optimiert. Der Betrieb des Teststandes mit
Elektronenpaketen hoher Ladungsdichte und extrem kleiner transversaler Ausdehnung
kann für den Linearbeschleuniger selbst gefährlich sein, wenn der Strahl andere Elemente
des Linearbeschleunigers trifft als den Strahlabsorber am Ende der Strahlführung. Um
eine Beschädigung des Teststandes zu vermeiden, wird ein System zur Strahlverlustkon-
trolle (Beam Loss Monitor) benötigt. Dieser soll problematische Strahlverluste erkennen
und, wenn nötig, die Unterbrechung des Strahls auslösen.
Ein kurzer Überblick über bestehende Systeme zur Strahlverlustkontrolle wird gegeben.
Die Anforderungen eines solchen Systems zur Strahlverlustkontrolle am PITZ werden
abgeschätzt. Dabei richtet sich das Augenmerk auf den lokal begrenzten, plötzlichen
Temperaturanstieg innerhalb von 800 µs in der Strahlröhre.
Ein auf szintillierenden Fasern basierendes System zur Strahlverlustkontrolle wurde ent-
worfen und am PITZ getestet. Die beobachteten Signale sind deutlich vom Hintergrund
zu unterscheiden. Die Möglichkeit der Positionsbestimmung des Strahlverlustes wurde
ebenfalls betrachtet. Auch hier konnte gezeigt werden, daßsich ein auf szintillierenden
Fasern basierendes System zur Strahlverlustkontrolle für den Einsatz am PITZ eignet.
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1 Introduction

A Free Electron Laser (FEL) is a source of high intense, coherent, short bunched light
pulses. For the lasing of a FEL, electron bunches of high charge have to pass through an
arrangement of alternating magnetic fields realized in so called undulators. These elec-
tron bunches need to have extremely low transverse emittance (see Sec. 2). The Photo In-
jector Test Facility at DESY [13] in Zeuthen (PITZ) [39] is a small linear accelerator (linac)
optimizing the production of electron beams with respect to the transverse emittance and
other parameters. Operation with electron bunches of high charge at extremely small
transverse beam sizes can be dangerous for the linac itself, if the beam is dumped to any
other component than the absorber. To avoid damage of the facility and it’s components,
a Beam Loss Monitor (BLM) is needed to detect and to avoid intolerable beam losses and
cause the interruption of the beam if needed.
In this work a survey on existing BLM systems with respect to the needs at PITZ has to
be given. The basic needs and the requirements on a BLM system for PITZ have to be
defined. In this context, the local temperature rise of the beam tube due to beam losses
at different operation parameters of PITZ, has to be estimated. The BLM should allow to
determine the position of the beam loss.
Concentrating on beam losses within 800 µs, the intolerable temperature rise in the beam
tube is estimated. Based on this, the requirements on a BLM system for PITZ are deduced.
A system using scintillating fibers was designed and tested in laboratory, at DESY3 in
Hamburg and at PITZ. The possibility to estimate the position of the beam loss with the
scintillating fibers was tested as well. Monte Carlo calculations were applied to supple-
ment and understand the measurements.
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2 Photo Injector Test Facility at DESY in Zeuthen (PITZ)

Electron bunches are short packages of high electron density. PITZ aims for 0.9 π mm
mrad normalized transverse emittance at 1 nC charge per bunch. Up to 7200 bunches in
a train of up to 800 µs length will be repeated with a rate of up to 10 Hz. The electrons are
aimed to have a maximum momentum of 40 MeV/c.
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Figure 1: Dependence of the output radiation power P of a FEL on the normalized beam
emittance εn for the example of the TTF FEL at λ = 6.4nm. The energy width ∆Ee

Ee
of the

electron beam is 0.1 %. The path length of the electron in the undulator is z. The plot was
taken from [25] and slightly restaurated.

As mentioned in Sec. 1, Free Electron Lasers (FELs) need amongst other things elec-
tron bunches of extremely low transverse emittance. The transverse emittance is a mea-
sure for the area occupied by the electron beam in the phase space. For the x direction the
emittance is defined as

εx =
√

〈x2〉 · 〈x′2〉 − 〈x · x′〉 (1)

with x′ =
dx

dz
(2)

and for the y direction respectively. Following Liouvilles theorem, the emittance is often
normalised with 1

βγ
where

β =
v

c
(3)
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γ =
1

√

1 − β2
. (4)

Extremely small transverse beam sizes are connected to low transverse emittance via (2).
As shown in Fig. 1, the saturation level of the output power of a FEL is falling with rising
emittance, while the needed travelling length in undulators increases. Longer undulators
would be more expensive themselves, but extending the tunnel would blow up costs for
a FEL. The variation of the undulator length would not increase the output power satura-
tion level anyway. In linear accelerators, the emittance produced at the source determines
the emittance available for the FEL.

The PITZ linac consists of a 1.5 cell normal conducting copper gun cavity (GUN), a
normal conducting 9 cell booster cavity (BOOSTER), several diagnostic elements and an
absorber at the end of the beam line. A scheme of PITZ is shown in Fig. 2 [37]. As shown
there, the beam line is around 13 m long. It is planned to extend the beam line up to
18 m [37].
The electron bunches are produced via the photoelectric effect induced by an ultravio-

Figure 2: Schema of PITZ (status after second upgrade).

let (λ = 263nm) laser hitting a Cs2Te photocathode. The photocathode is located at the
beginning of the GUN. The GUN and the attached beam line are kept at Ultra High Vac-
uum (UHV) of lower than 10−9 mbar during operation. Especially the cathode has to
be protected from vacuum higher than 10−8 mbar. The laser pulses are coupled into the
vacuum system through a vacuum window and are directed to the photocathode with
a mirror. Radio Frequency (RF) with a peak power of 4.3 MW at the cathode and a fre-
quency of 1.3 GHz is coupled into the GUN via a special coaxial coupling device to pro-
vide an accelerating field for the electron bunches emitted from the cathode. The electron
bunches are accelerated immediately after emission, which reduces the effect of expan-
sion due to space charge. A magnetic field applied in the GUN compensates this effect
in addition. After few diagnostic devices following the GUN, the electron bunches enter
the BOOSTER. While the electrons have roughly 5 MeV after the GUN, the BOOSTER
provides additional acceleration up to 12 MeV. Behind the BOOSTER further diagnostic
stations are mounted. For some of the elements of the PITZ beam line the longitudinal
positions [37] (z-positions) are listed in Table 1.
The beam tube has typically an outer diameter Douter of 42 mm and an inner diameter
Dinner of 38 mm and is made of steel (Remanit 4306 [42]). Diagnostic stations mounted
along the beam line have different transverse dimensions in the order of decimeters. Sup-
port frames and flanges between diagnostic stations and the beam tube cause unsteady
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device position [cm]

cathode surface 0.0
GUN 18.9
BOOSTER 355.3
HIGH1.ICT1 418.7
EMSY1 slit mask 428.7
Wire of Wirescanner 570.4
HIGH1.ICT2 653.1
EMSY2 slit mask 663.1

Table 1: Longitudinal positions of some devices of PITZ (status after second upgrade). For
extended devices the end position is given. EMSY1 and EMSY2 are named HIGH1.Scr1
and HIGH1.Scr4 in Fig. 2.

transverse dimensions too. Fig. 3 is a photograph of the beam line and may give a better
impression of transverse extensions of the beam line than words can do.

Some of the diagnostic devices were used in the Beam Loss Monitor (BLM) measure-
ments. These are described with respect to the need for these measurements:

• Integrating Current Transformators (ICTs)
ICTs [6] are devices for beam charge measurement. They act as current transforma-
tors with their housing as primary coil and a solenoid inside the housing as sec-
ondary coils. An ICT gives a signal proportional to the overall charge of particles
passing through it. This also includes secondary particles produced by beam losses
and passing through the ICT. So, if secondary or lost particles occur near to the ICTs
these might be included in the measured charge [8]. A photograph of an ICT is
given in Fig. 18.

• Wirescanners
A tungsten wire of 30 µm diameter is fixed between the legs of a fork. It can be
inserted to the beam line by a motor driven device. The shower produced by the
interaction of the electrons with the wire is detected outside the beam tube by a
scintillator plate few decimeters behind the Wirescanner. The light output of the
scintillator is proportional to the beam profile. The Wirescanners are used to esti-
mate the transverse position of the beam and it’s profile.

• Emittance Measurement SYstem (EMSY)
Several EMSY stations are mounted along the beam line. The EMSYs measure the
emittance of the electron bunches inserting slit masks of 1 mm tungsten into the
beam line via a motor driven device. Most of the electrons are stopped by the slit
mask. Electrons passing the slit are visualized with a fluorescent screen. Their dis-
tribution is used to estimate the emittance of the beam.
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Figure 3: Photograph of the PITZ beam line. The blue rings are magnets at the GUN.
From above, the RF waveguides power the GUN and the BOOSTER.

The time structure of the electron bunches equals the time structure of the laser mi-
cropulses. The same is true for bunch trains and macropulses. A macropulse of 800 µs
length as shown in Fig. 4, consists of several micropulses. Each micropulse is approxi-
mately 25 ps long. The maximum number Nm of micropulses in a macropulse and the
time ∆t1 between the micropulses depend on the frequency νlaser of the laser. The laser
can be operated at 1 MHz. The design goal of 9 MHz for the laser has to be taken into
account, although not possible in the current upgrade status of the laser. The repetition
of the macropulses is adapted to the repetition rate of the RF System. A set of operation
parameters is summarized and assigned to the resulting mean current I in Table 2.
Besides these operation modes, any wanted number of bunches per train Nb/train with

Nb/train ≤ Nm (5)

can be realized. Typically, a bunch train made of up to hundred bunches of 1 nC charge is
used for the measurements at PITZ. 7200 bunches will be possible in the future and have
to be taken into account for the design of the BLM.
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Figure 4: The time structure of the laser at PITZ. The values for ∆t1 and ∆t2 for given
νlaser and νrepetition are listed in Table 2.

νlaser [MHz] Nm ∆t1 [µs] νrepetition [Hz] ∆t2[s] I [µA]

1.0 800 1.0 1.0 1.0 0.8
1.0 800 1.0 2.0 0.5 1.6
1.0 800 1.0 10.0 0.1 8.0
9.0 7200 0.11 1.0 1.0 7.2
9.0 7200 0.11 2.0 0.5 14.4
9.0 7200 0.11 10.0 0.1 72.0

Table 2: Mean current I in the PITZ linac. A charge of 1 nC for each micropulse was
assumed. ∆t1 and ∆t2 correspond to Fig. 4
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3 Beam losses and their impact at PITZ

An accidental loss of a beam can not be excluded at such complex machines like PITZ.
The losses can be grouped into fast and slow losses [45]. Slow losses occur mainly in
circular machines, where a certain fraction of the beam is lost every revolution. For the
PITZ linac, slow losses are a minor problem, because only few electrons are lost spread
over a relatively large area. Fast losses include the complete loss of the beam into some
of the machine components concentrated on a small area.
The worst case, that has to be considered for PITZ occurs with the following set of pa-
rameters.

• High charge
Electron bunches of 1 nC charge are a main item of the PITZ design values. The
current status of laser and cathode allows charges up to 1.3 nC per bunch. Improved
cathodes or upgrades of the laser may result in charges higher than 1.3 nC per bunch
in the future.

• Small transverse beam size
In extreme cases, beam sizes of 20 µm can not be excluded in the final state of PITZ.

• High electron energy
The design goal for PITZ is an energy of 40 MeV per electron.

• High rate of bunches
In the final state, the laser will be able to produce 7200 pulses per train, i.e. 7200
electron bunches within 800 µs will be transported through the beam tube.

For the elements of the PITZ beam line, the highest risk is the local heating at the po-
sition where a beam of small size goes into the material. The time domain for instan-
taneous temperature rise ∆Tinst can be defined as ≤ 800µs, which is within one bunch
train. Longterm heating of the material can harm the machine as well as instantaneous
temperature rise. Here, several bunch trains have to be considered. Heat transfer from
the central impact volume beneath the hot spot to the surrounding material acts as cooling
effect for the hottest region. Effects contributing to the heat transfer are

• heat conduction,
Based on Fourier’s law, the conductive transfer of heat dQ per time unit dt is pro-
portional to the contact surface Acontact and the temperature gradient dT

dx
with the

thermal conductivity η [44]

dQ

dt
= η · Acontact ·

dT

dx
. (6)

• convection and
Particles whose kinetic energy exceed the work function of the material, can leave
either into the vacuum or the air. They can carry some energy with them, which
results in a net cooling for the heated volume [11].

• radiative cooling.
Radiation emitted by the heated volume introduces an additional cooling. This ef-
fect will be rather small compared to the previous ones due to small contact area to
air and vacuum. On the other hand, the emitted power is proportional to T 4.
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These cooling effects have to be considered for longterm heating starting from approxi-
mately 800µs.
The upper temperature limit for the beam tube is it’s melting point Tmelt ≈ 1700K. Degra-
dation of the vacuum might be caused by temperature rise below Tmelt. This has to be pre-
vented, because vacuum above 10−8 mbar destroys the properties of the photo cathode.
For the case of an instantaneous temperature rise there is no information on outgassing or
melting available. The producer of the steel announces [42], that a continuous operation
at 350 K, which equals

Tmelt − 300K

4
= 350K (7)

is possible. Hence, an instantaneous temperature rise of

∆Tinst = 350K (8)

is considered as upper limit.
The lowest temperature rise that can harm the beam tube is deduced from Hook’s law.

In the range of small expansion ∆L � L the tension τ is proportional to the strain ε = ∆L
L

with the coefficient of elasticity E

τ = E · ε = E · ∆L

L
. (9)

In combination with the coefficient of thermal expansion α, which is defined as

α =
1

L
· ∆L

∆T
(10)

in the linear case, the expression

∆T =
τ

E · α (11)

can be derived. Using the technical elastic limit R0.2 as maximum allowed tension, results
in

∆Telastic =
R0.2

E · α . (12)

The index of the elastic limit denotes, that the relative expansion caused by this tension
is limited to 0.2 %. At this level the deformation is still reversible. For the steel [42] of the
PITZ beam line we find ∆Telastic ≈ 56K. In addition, ∆Telastic should be cut down to 50 K
per bunch for PITZ. Below ∆Telastic the steel parts of PITZ will not be damaged, because
deformations due to the temperature rise are still elastic. If the temperature rise is above
∆Telastic, it has to be assured that the beam will not hit this position frequently. Otherwise
the steel will loose it’s properties like vacuum tightness and robustness at this position
after some time.
Hence, the BLM must prevent instantaneous temperature rise ∆Tinst higher than 350 K to
assure that the steel does not melt. Below 50 K the mechanical stress due to local heating
is reversible and the BLM is not needed.
To simplify the further calculations the beam tube is assumed to be made of iron. The
difference in nuclear properties is negligible.
Neglecting any cooling effects with respect to the short time range of the heating process,
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the instantaneous temperature rise due to energy loss in iron of 2 mm depth (which equals
the typical thickness of the beam tube’s wall) can be estimated by

∆Tinst =
nelec · dx

V · c · dE

ρdx
. (13)

Here, dx the thickness of the material, V the volume beneath the hot spot and c = 0.5 J
gK

the specific heat capacity of iron. The number of electrons nelec in (13) considers the num-
ber of electrons entering the considered volume. Roughly 39% of the electrons of a two-
dimensional Gaussian distributed beam will be included in the range of 2σ around the
mean. Considering a cylindric volume of 2σ cross section,

nelec ≈ Nb/train · Q · 0.39

e
(14)

is the number of electrons per bunch train with bunches of charge Q contributing to ∆Tinst

of (13). Fig. 5 shows the temperature rise ∆Tinst in a cylindric iron volume of 2σ diameter
for different numbers of bunches as function of the beam size σ.

Figure 5: Instantaneous temperature rise ∆Tinst plotted against the beam size σ for differ-
ent amounts of 1 nC bunches. While an energy of 40 MeV for the electrons is the design
value for PITZ, in the present stage max. 12 MeV can be reached. Note, that the num-
ber of bunches is included in nelec of (13). Starting from 50 K operation might harm the
machine. ∆Tinst > 350K has to be prevented.
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The interaction of the beam with iron was also simulated with GEANT (see Appendix
C.1) and FLUKA (see Appendix C.2) yielding to lower ∆Tinst than with (13). These calcu-
lations are based on Gaussian beams directed to cylindric volumes of 200 µm length and
σ radius. The finite binning might cause the lower values of ∆Tinst.

N       = 6b/train
N        = 3residue

N     = 15max

time
µ s

N      = 2train

time

bunch train

350

T [K]∆

800

bunch

Interlockt

Figure 6: Illustration of the variables Nmax, Ntrain, Nb/train and Nresidue needed for (18).
Here an example of Nb/train = 6 and Nmax = 15 is choosen. Note, that the time axis is not
in scale. The time between two subsequent bunch trains will be much longer (depending
on νrepetition) than illustrated here. The temperature curve is just a plain illustration and
does not show the real development of ∆T .

Depending on the particular PITZ operation parameters, different loss limitations
have to be defined. The time until the subsequent electron bunches hitting the beam
tube cause an temperature rise ∆Tinst just below 350 K is called tInterlock.
The following formula (18) can be used to calculate tInterlock for any number Nb/train of
bunches per train (see Fig. 6 for a graphical illustration). Note, that tInterlock is the time,
in which the intolerable beam loss occurs. A BLM needs to be faster than this and stop
operation within tInterlock.

Nmax =

[

350K · e · π · σ2 · c
Q · 0.68 · dE

ρdx

]

(15)

denotes the maximum number of allowed bunches1 based on (13) and (8). Q is the charge
per bunch and c the specific heat capacity. The number of complete bunch trains that are
allowed

Ntrain =

[

Nmax

Nb/train

]

(16)

1the integer part [47] of a number is denoted with [number]
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Ee− [MeV] σ [cm] Nb/train νLaser [MHz] Nmax Ntrain Nresidue tInterlock

40 0.004 7200 9.0 5 0 5 0.56 µs
40 0.02 7200 9.0 137 0 137 15.2 µs
40 0.02 50 9.0 137 2 37 200 ms
40 0.02 10 1.0 137 13 7 1.3 ms
40 0.0015 1 1.0 0 0 0 –
12 0.002 7200 9.0 2 0 2 0.22 µs
12 0.02 800 1.0 262 0 262 262 µs
12 0.02 150 1.0 262 1 112 100 ms
12 0.2 100 1.0 26263 262 63 26 s
12 0.02 10 1.0 262 26 2 2.6 s
12 0.2 10 1.0 26263 2626 3 262 s
5 0.004 100 1.0 13 0 13 13 µs
5 0.02 10 1.0 344 34 4 3.4 s
5 0.2 10 1.0 34424 3442 4 344 s

Table 3: The maximum number of full bunches (Nmax) allowed to stay below the
∆T inst = 350K and the corresponding time interval tInterlock in which these bunches
occur, are listed here for different operation modes. A charge of 1 nC per bunch was as-
sumed. The values are based on (18). tInterlock is given in reasonable accuracy w.r.t. the
time domain.

is given by the integer part [47] of the ratio of Nmax and Nb/train.
After Ntrain bunch trains, the number of residual allowed bunches is

Nresidue = Nmax −
(

Ntrain · Nb/train

)

. (17)

With νrepetition as the repetition rate of the bunch trains the estimation of tInterlock is

tInterlock =
Ntrain

νrepetition

+
Nresidue

νlaser

. (18)

For example, a 40 MeV electron bunch with σ = 200µm and 1nC hitting the tube wall,
causes a temperature rise of ≈ 2.54K. With 7200 bunches per train ∆Tinst is approximately
18 ·103K within 800 µs. Therefore the beam has to be interrupted within

tInterlock ≈ 15.2µs (19)

(137 bunches) which corresponds to ∆Tinst ≈ 350K.
If only few bunches are included in one train, the time domain may justify the applica-
tion of effects yielding to cooling of the heated volume. This longterm heating results in
a longer tInterlock than given by (18).
tInterlock was calculated based on (18) for different operation modes of PITZ. Some sets of
different parameters in Tab. 3.

An energy of 5 MeV is reached at PITZ if only the GUN is powered with RF. If beam
sizes in the order of 40 µm appear, interruption is needed within 13 µs, i.e. 13 bunches at
νlaser = 1MHz at this energy. tInterlock calculated with (18) shows, that damage of the ma-
chine can be excluded for beam sizes around 200 µm, because cooling effects will lower
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the temperature at the hot spot in the time domain of seconds. If cooling balances the
heating, a stable temperature below 350 K will be reached after some time.
If, in addition to the GUN, the BOOSTER is operated, an energy of 12 MeV can be reached
up to now. At this energy, operation is uncritical at 10 bunches per train. Starting with
150 bunches per train at beam sizes of σ = 200µm the beam has to be interrupted within
the second bunch train (see Tab. 3). Effects yielding to cooling of the heated volume will
already be important in the time domain of milliseconds.
At the energy of 40 MeV extremely small beam sizes can be reached. Note, that if the
beam hits the beam tube at σ = 15µm the beam would have to be stopped within the first
bunch (see Tab. 3) to stay below ∆Tinst = 350K. This is not possible and the operators of
PITZ have to take care themselves to prevent such situations (see Sec. 7).
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4 Beam Loss Monitor systems

Beam Loss Monitor (BLM) systems are used to detect the particles produced in showers
of partial or complete loss of accelerated particles. The monitoring of the dose rate [31] is
common as well as the monitoring of single pulses [14, 33].
The concept of most BLMs is to detect the electromagnetic shower (see Appendix B) pro-
duced by the loss of the beam into the wall of the vacuum chamber or other parts of the
beam line. A fraction of the electrons produced in these showers can be detected by the
sensitive parts of the BLM due to their energy loss. Some ways to detect this energy are
described in the following sections.
Different approaches of BLMs can be grouped to discrete and continuous BLM systems.
The monitoring of special, selected points or parts of a beam line can be done with dis-
crete BLM systems. If the whole beam line has to be monitored, either many discrete
BLMs or a continuous BLM is needed.

4.1 Beam Loss Position Monitors

Beam Loss Position Monitors (BLPM) offer the feature to determine the position of the
beam loss. This is not necessarily included in all BLMs.
For discrete BLMs, the longitudinal and transverse position of the beam loss is given by
the position of the detector. In the case of continuous detectors, advanced methods have
to be applied if the BLM should inform about the longitudinal position of the beam loss.
If fibers are used to detect the showers at linear accelerators, the following two methods
are thinkable.

• Time measurement
Either the difference of the arrival time of the pulses from both sides of the fiber
might be measured or the difference of the arrival times of the direct and the re-
flected pulse (see Sec. 4.4.2).

• Measurement of the amplitude
Here the fibers are read out from both sides and the ratio of the resulting signal
amplitudes should allow the estimation of the position of the beam loss (see Sec.
4.4.3 for the principle).

Estimations on the transverse position of the beam loss can be achieved by distributing
four fibers around the beam tube [33], as for example shown in Fig. 10 and illustrated in
Fig. 11.

4.2 A BLM system for PITZ

PITZ needs a BLM system including longitudinal and transverse position estimation of
the beam loss. The main tasks of a BLM at PITZ are

• to avoid intolerable losses,

• to inform about the location of any losses with an error of ± 50 cm,
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• to detect off-axis beams before they could be lost.

The whole beam line needs to be monitored continuously to fulfill these goals. The beam
loss has to be detected before the lost particles can damage the components of the ma-
chine. Referring to Tab. 3, the BLM has to be able to interrupt the operation within few
bunches. Therefore the dead time, when new signals can not be interpreted due to recov-
ering of the detector, has to be lower than 0.11 µs. Otherwise single pulses could not be
detected at νlaser = 9MHz (see Table 2).
Being a test facility, PITZ is under steady improvement. The elements of the beam line
might be exchanged from time to time for this purpose. A BLM should therefore be easy
to dismount during mechanical work on the beam line and to remount afterwards.

4.3 Implementations of discrete BLM systems

Possible detectors for discrete BLMs are based on scintillator plates, ionisation chambers,
Aluminium Cathode Electron Multipliers (ACEM)2 and PIN (Positive Intrinsic Negative)
Photodiodes [45].
An example of a discrete BLM is the detector manufactured by the company BERGOZ [6].
They offer a BLM based on two PIN diodes mounted face to face. While many photons

Figure 7: Principle of operation of the
BERGOZ BLM. The picture was taken
from the manual [7].

Figure 8: Photograph of the BERGOZ
BLM mounted in iron housing together
with needed electronics.

will be stopped in the first PIN diode, minimal ionising particles (MIPs) will penetrate
both diodes and give signals there. The coincidence of the two signals has a reduced
background from photons. If the measurements are disturbed by X-ray background, the
BLM needs more shielding than the housing shown in Fig. 8 provides [6].

4.4 Implementations of continuous BLM systems

Following the concept of continuous beam loss monitoring three important technical im-
plementations have to be mentioned. The main ideas of these three BLM systems are
described in the following.

2applied in the CERN-PS and the PS-Booster
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4.4.1 BLM system based on Long Ionisation Chambers

The Long Ionisation Chamber (LIC) is basically an air filled coaxial cable operated as ion-
isation chamber. In an ionisation chamber, charged particles cause the local ionisation of
the chamber’s gas. Ionised pairs are separated applying voltage between the anode wire
and the camber wall. The type of cable suitable for this purpose is commercially avail-

Figure 9: Picture of a cable suitable for BLM use. The picture was taken from the datasheet
[1].

able [1]. The technique of these kind of BLM is approved for example at the radiation
source ELBE [18] where the beam is continuous (Continuous Wave (CW) mode) with a
mean current of 64 mA. For PITZ this kind of BLM is not promising, as PITZ has a pulsed
beam with a maximum mean current of 72 µA.

4.4.2 BLM system based on the Cherenkov effect in optical fibers

Charged particles travelling through matter with a velocity higher than that of light in
this matter, generate Cherenkov light. A fraction of the light generated by the passing
electrons is trapped in the fiber via total reflection. This part travels in both directions
through the fiber. The read out is done by a Photo Multiplier (PM) in upstream direction.
Measuring the arrival times from both sides of the optical fiber is not useful, because sub-
sequent losses in the downstream direction could overlap. Looking on the direct pulse in
the upstream direction and the reflected pulse from the other end of the fiber, the position
of the beam loss can be calculated [33] from the different arrival times. As the reflected
light has to travel long distances in the fiber, the attenuation length λatt (see Sec. 5.1.1)
should be as low as possible. Systems like this are used for example at FLASH [24] or at
DELTA [14] and are working well. A photograph of the fibers placed along the beam line
of FLASH is given in Fig. 10. At FLASH and DELTA the systems are not used for machine
protection in case of sudden beam loss but for tuning, i.e. localise beam losses to deter-
mine the useful beam steering knobs. At FLASH, a system for machine protection based
on many discrete BLMs was installed before the Cherenkov system was available [34].
The fibers used at FLASH are commercially available, radiation hard and generate Che-
renkov light for electrons with energies above 175 keV [33]. To estimate, if this system is
suitable for PITZ the lowest electron energy for which signals are needed from the BLM
(5 MeV) was assumed. A GEANT simulation scored the number of electrons and their
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Figure 10: Photograph of the optical fiber BLPM at FLASH. The fibers are feeded in red
and black plastic tubes.

12 cm

beam tube

Fiber 3Fiber 4

Fiber 1 Fiber 2

Figure 11: Sketch of the alignment of the fibers relative to the beam loss and the beam
tube. The situation shown, is the worst case w.r.t. the transverse position of the beam
loss.

energy when entering the fibers. The fibers are feeded along an iron tube in a PITZ ge-
ometry. The alignment around the beam tube is illustrated in Fig. 11. An electron beam
of 6 · 107 electrons (≈ 9.6pC) with 5 MeV was directed to the beam tube. According to this
simulation roughly 103 electrons above 175 keV enter Fiber 1. Extrapolating the number
of electrons to 6.24 · 109 (equivalent to a beam charge of ≈ 1nC), approximately 105 elec-
trons that are able to generate Cherenkov light are estimated. The same is true for Fiber 2.
For Fibers 3 and 4 less electrons are estimated from the simulation, because these fibers
are at the opposite side of the beam loss. But for 1 nC still 5 · 104 electrons are predicted
for these fibers. Test measurements at PITZ in coordination with FLASH were foreseen
but had to be postponed.

4.4.3 BLM system based on scintillation fibers

The scintillation light generated from the deposited energy is partly transported along
the scintillation fibers and connected via optical fibers to Photo Multipliers (PMs) located
on both ends of the optical fibers. The mechanism of scintillation light generation is de-
scribed in detail in Appendix A. Details on the setup are given in Sec. 5.
The method to determine the position of the beam loss is assuming the attenuation of an
initial scintillation light amplitude A0 along a fiber is constant. Then the fraction of A0

which is trapped in the fiber by internal reflection can be called Aleft and Aright . One can
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Figure 12: Particle crossing a fiber.

assume that the amount of light travelling to both sides of the fiber is equal

Atrapped ≡ Atrap = Aleft = Aright . (20)

So the attenuated amplitude A1 after a certain travelling distance z1 in the fiber can be
written as

A1 = Atrap · e−
z1

λatt . (21)

λatt is the attenuation length of the fiber (see Sec. 5.1.1).
The problem of the unknown amplitudes Atrap can be solved if the amplitude A2 corre-
sponding to a different travelling length z2 in the fiber is known in addition. The ratio of
the amplitudes delivers

A1

A2

=
Atrap · e−

z1
λatt

Atrap · e−
z2

λatt

= e
−

z1−z2
λatt (22)

ln

(

A1

A2

)

= −z1 − z2

λatt
. (23)

If z1 and z2 are the distances from the position of A0 to the fiber’s ends, the sum of z1 and
z2 is the length Lfiber of the fiber.

z1 + z2 = Lfiber (24)

z2 = Lfiber − z1 (25)

Combining (25) with (23) allows to calculate z1:

ln

(

A1

A2

)

= −2z1 − Lfiber

λatt
(26)

=⇒ z1 = −1

2
·
(

λatt · ln
(

A1

A2

)

− Lfiber

)

. (27)

With (27) we found x1, i.e. the position of A0 from one of the fiber’s endings. The plot of
ln A1

A2
versus z is a straight line with negative slope according to (27).

A BLM based on scintillation in scintillating fibers was tested at PITZ. The setup and re-
sults are presented in Sec. 5 and Sec. 5.4. The straight line with negative slope derived
from the measurements is shown in Fig. 35.
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5 Measurements with scintillating fibers

Originally it was planned to measure solely at PITZ. Unfortunately PITZ was temporar-
ily not operationable, due to severe vacuum problems. Therefore, measurements were
performed in laboratory using a 106Ru source and at the proton ring accelerator DESY3
at DESY in Hamburg as well. These measurements are described in the Sec. 5.2 and
5.3. The measurements that were done at PITZ before the vacuum leak interrupted usual
operation, will not be presented in this work. These were first experiences with the ex-
perimental setup and operation at PITZ, yielding for example to the conclusion that the
distance between the PMs and the beam line has to be at least 80 cm. The ability to es-
timate the position of a beam loss with scintillating fibers is shown in Sec. 5.4.1. Some
constraints on the results and fiber BLMs in general are discussed in Sec. 6.

5.1 The experimental setup

The experimental setup of the beam loss monitor using scintillating fibers was improved
several times. Two slightly different setups differ in the kind of scintillator fibers chosen
and will be described in this chapter.

The main concept is, to connect the scintillating fiber with optical fibers on both ends

PM PM

Connectors

Scintillating Fiber

Optical Fibers

Figure 13: Sketch of the experimental setup. The scintillation fiber was mounted parallel
to the beam tube.

which are read out by Photo Multipliers (PMs). The gluing of the scintillating fibers to
optical fibers was dismissed in favor of commercial connectors (see Fig. 14) of the com-
pany tyco electronics3. This was motivated by the experience, that the scintillating fibers
needed to be dismounted from the beam line several times. The connectors introduce an
additional attenuation of the signal, because the boundary layers of the fibers are sepa-
rated by thin air gaps in these connectors. These connectors, which are manufactured for
fibers with 1.0 mm diameter, were drilled to fit the fiber’s diameter. On both sides of the
scintillating fibers, optical fibers guide the scintillation light to Hamamatsu Multianode

3see www.tycoelectronics.com: Part No. 228087-1 and 228042-1
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Figure 14: Photograph of one commercial connector used to connect optical and scintil-
lating fibers.

Figure 15: A PM box with black
tape sealing. The four cables for
the signal transport leave this
box to the left side.

Figure 16: The PM box in addi-
tional shielding with lead bricks.
The robust plastic tube protecting
the optical fibers from mechanical
damage can be seen entering the
lead shielding.

Photomultiplier Tubes4. At a wavelength of 437 nm (481 nm) the PMs are supposed to
have a quantum efficiency of 11 % (10.4 %) [30]. The optical fibers have a length of 2 m
between the scintillating fibers and the PM. A mask is adjusting the optical fibers to point
on the four pixels of the PMs, which are mounted in an iron box. Having 4 pixel at each
PM, allows to read out different fibers. This makes test measurements easier and will be
needed to estimate the transverse position of the beam loss in the future (see Sec. 4.1).
The anode uniformity amongst the 4 pixel is specified by the manufacturer with maxi-
mum deviation of 18 %, the cross talk within 1.3 % [30].

For the read out, the signal was taken directly from the anode of the PMs without in-
termediate electronics and transmitted along approximately 2 m of coaxial cable [43] and
approximately 45 m of N-type triaxicial cable [19] to the Control Room (CR) of PITZ. Here
the signals were digitized and displayed by a Tektronix TDS5104B Digital Phosphor Os-
cilloscope. Most measurements presented in this work were done using the measurement
function of this scope.
The scintillating fibers were supported by plastic rods (Fig 19). Doing this has several
advantages:

4type: R5900U-00-M4 [30]
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scintillator WLS optical fiber

manufacturer Kuraray POL.HI.TECH. POL.HI.TECH.
type SCSF-81M POLIFI S248-150 POLIFI 2-OP
diameter 480 µm 1.5 mm 1.5 mm
core material polystyrene unknown unknown
λabsorption unknown 420 nm unknown
λemission 437 nm 481 nm unknown
λatt ≈ 2.5 m unknown ≈ 5 m

Table 4: Properties of the fibers. λemission is the peak maximum of the emission wavelength
spectrum, correspondingly λabsorption. WLS stands for Wave Length Shifter and λatt for
attenuation length.

• the fibers are better protected from folding or other mechanical damage,

• the distance of the fiber to the beam tube is more close to be constant,

• storing the fiber (if unmounted) is done in a straight line not in circles; this prevents
the plastic tube from additional folds which may hurt the fiber.

A disadvantage arising from the plastic rods is, that the distance from the beam line has
to be enlarged up to 12 cm. Without rods, the fibers can be adopted to the beam lines
shape.

5.1.1 Properties of the fibers

An important property of fibers transporting light is the attenuation of light along its path
through the fiber. The attenuation length λatt is a measure for the distance, over which
the original intensity I0 is attenuated to 1/e ≈ 37 % [50]. Amongst others, the attenuation
length depends on the wavelength of the transported light, the index of refraction of the
fiber and its cladding. The cladding is a thin layer of a special material that supports the
total reflection of light inside the fiber.
Different scintillating fibers were used. One setup was a bundle of seven fibers of 480 µm
each. These are Kuraray5 SCSF-81M and were delivered to DESY in 1998 on spool.
WaveLength Shifting (WLS) fibers of 1.5 mm diameter from the company POL.HI.TECH.
[41] were used as well. They were delivered to DESY in November 1996. The WLS fiber
was used as scintillating fiber emitting light with 481 nm. A WLS fiber has a longer at-
tenuation length than pure scintillation fibers. The optical fibers were manufactured by
POL.HI.TECH. too and delivered to DESY in Feb. 1997.
Unfortunately is was not possible to find out more properties of the POL.HI.TECH. fibers
than summarized in Tab. 4.
Due to the age of all these fibers, aging and therefore deviations of the referred values can
not be excluded. Measurements investigating the effect of aging on these fibers were not
done and publications investigating the aging without irradiation where not found. The
fibers were stored in the cellar of DESY in Zeuthen. Aging can be tolerated if it results in

5www.kuraray.de
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Figure 17: Seven circles of approximately 0.48 mm in one circle of 1.5 mm

Figure 18: The connectors
wrapped in black tape. In the
background the housing of an ICT
is visible.

Figure 19: These plastic rods sup-
port the fibers whose flexible plas-
tic tube is stuck to the opposite side
of the rods.

homogenous changes for the whole fiber. The storing in the cellar should assure this.
For the measurements a 385 cm long WLS fiber from POL.HI.TECH. and 300 cm long
fiber bundles of Kuraray SCSF-81M were prepared. The WLS fiber is composed of two
fibers glued to each other. This introduces an additional attenuation at one position of the
fiber in the order of 5 % [4].

5.1.2 Comparing bundle of thin fibers to single fiber

Using a set of thin fibers instead of one single fiber leads to a less sensitive detector, be-
cause the volume of the fiber bundle is just smaller than the volume of the single fiber. A
rough estimation is given by the ratio of the volumes V7·0.48mm

V1.5mm
≈ 0.72. The sensitive vol-

ume of the fiber bundle is just 72 % of the massive fibers volume.
One advantage arises from the fact, that the thin fibers are less fragile than a single fiber.
In addition, the breakup of one thin fiber can at most reduce the amount of light traveling
to the PM by 1/7 whereas the breakup of the single fiber at one position means a complete
loss of all light for one PM of the detector.
The cross section area of the seven 480 µm fibers fits geometrically to the cross section

area of a 1.5 mm fiber as visualized in figure 17. From this point of view, the coupling to
the optical fibers is no problem.
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5.1.3 Shielding of fibers and PMs

The experimental setup is shielded against visible light with several methods. The scin-
tillating and optical fibers are placed in flexible light tight plastic tubes. In addition the
set of four optical fibers was joined in a robust plastic tube on their way from the scin-
tillating fibers to the PMs (see Fig. 16). The connectors between optical and scintillating
fibers are supposed to be almost light tight but anyway they were wrapped in black tape
in addition (Fig. 18). The PM boxes were also sealed up with black tape at the opening
(Fig. 15).
In the presence of high background (see Sec. 5.3) the PMs need to be shielded against
photons and electrons originating directly from interaction of the beam with the beam
tube wall. Although it is unknown, if additional shielding with lead bricks is needed at
PITZ, it was applied (see Fig. 16).
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Figure 20: Sketch of the experimental setup looking for the coincidence of three PM sig-
nals. The scintillator plate had dimensions of approximately 10 cm x 10 cm x 1 cm.

5.2 Measurements with a 106Ru source

The measurements with a 106Ru source were performed, because PITZ was not opera-
tionable due to severe vacuum problems for several month. Using the Ruthenium instead
of PITZ as electron source, investigations on the attenuation length of the scintillating
fibers as well as the prediction of signal height and charge were planned.
106Ruthenium is a β− radiator. It has a half-life of (366.6 ± 0.9)d and the electron emitted
has an energy of (39.2 ± 0.3)keV .6 The product of interest of the decay

106Ru −→ 106Rh + e− + ν̄e (28)

is not the electron but 106Rhodium. The electrons produced in the decay of the 106Rhodium
are more significant. They were found by D.E. Alburger [2] to have energies of
(3.53 ± 0.01) MeV (68%), (3.1 ± 0.1)MeV (11%) and lower. The half-life of Rhodium is in
the order of few seconds and therefore not important for this experiment.
The 106Ruthenium source used, is a sealed radioactive source7. The certificate8 specified a
nominal activity of 4 MBq on th 18th March 2004. As the measurements with this source
where done in March 2006, an activity of roughly 1 MBq was available.
A fiber bundle (seven fibers of 480µm, see Tab. 4) was set up in laboratory along a table
and connected via optical fiber to a PM. An increase of counting rate was observed when
exposing the fiber bundle to the source. Yet, unstable perturbations of unknown origin
eliminated the possibility to relate specific signals to the Ruthenium source. To correlate

6see [35], p.376f
7a so called Demonstrationsstrahler
8no. 71616 - MG 348, AEA Technology QSA GmbH (Braunschweig-Germany)
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Figure 21: Experimental setup for the measurements with 106Ru. The cloth covering the
fibers was removed for the photograph.

the observed signals, a trigger based on the coincidence of three signals was build up.
For this purpose, a plate of scintillator was placed beneath the fiber. The scintillation
fiber bundle and the scintillator plate were enwrapped in black cloth and black plastic
foil. From the top, the Ruthenium source was fixed with support material pointing on
the fiber bundle and the plate beneath. The scintillator plate was read out from two PMs
(Fig. 20). The signals from the three PMs were transformed to rectangular pulses using a
NIM discriminator9. These three rectangular pulses were connected to a NIM coincidence
unit10 and their coincidence was used as trigger pulse for an oscilloscope. The signals ob-
served using this trigger were not stable.
Apart from the problems to identify pulses originating from the Ruthenium source, the
increase of the signal rate was obvious. A NIM counting unit11 was used to count the
number of coincidences of the three rectangular pulses originating from the three PMs.
Shifting the support material with the Ruthenium source and the plate enabled different
positions of irradiation along the fiber bundle and therefore different travelling length of
the scintillation light through the scintillation fibers of the bundle. A series of measure-
ments was done to estimate the attenuation length λatt of the scintillation fibers.
The fluctuations of the observed counting rates were tremendous.

Fig. 22 gives an impression of these fluctuations. The temporal stability of the number
of coincidences from the three PMs is shown there. These measurements were performed
at fixed position of the 106Ru source relative to the fibers and without long temporal gaps
between the measurements. Similar fluctuations were observed at other positions.
A β− source with A = 1MBq activity coming through the circular opening (Ø 7 mm) of
the sealed source is the equivalent of the fluence Φe− of

Φe− =
A

area
≈ 26 · 103mm−2s−1 . (29)

Looking only for electrons above 3 MeV the fluence has to be reduced to 79 % according
to Alburger [2]. So a fluence of Φe− ≈ 21 · 103mm−2s−1 has to be taken into account. Let
6 mm of each fiber be directly irradiated by the source. This assumption results in an
effective area of Afibers = 7 · 6mm · 0.48mm = 20.16mm2 of the irradiated scintillator. The

9CAEN, 4 Channel discriminator, mod. 84
10CAEN, QUAD Coincidence Logic Unit, mod. N455
11CAEN, QUAD Scaler and Preset Counter, mod. N145
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Figure 22: Test of signal stability at 80 cm distance from the optical fibers. Each measure-
ment was counting all coincidences from the three signals for 600 seconds.

product of the fluence Φe− and the area Afibers gives the rate

re− ≈ 4 · 105s−1 (30)

of electrons passing through the fibers.
The cosmic muon background has to be taken into account. Considering only cosmic
muons from above, [15] announces a flux of Φµ = 130 · m−2s−1 = 1.3 · 10−2 cm−2s−1 while
[3] gives Φµ = (1.44 ± 0.09) · 10−2 cm−2s−1. For a rough estimation of the muon back-
ground [3] will be used. The seven fibers of 480 µm on the scintillator plate with a length
of 10 cm cover an area of

Afibers on plate = Afop = 10cm · 7 · 0.048cm = 3.36cm2 . (31)

This results in a muon rate of

rµ = Φµ · Afop = (4.8 ± 0.3) · 10−2 s−1 . (32)

The 3 MeV electrons of the 106Ru source have a mean energy loss of dE
dx

∣

∣

e−
≈ 1.883MeV

cm
in

polystyrene [21]. This nearly equals the energy loss of the muons dE
dx

∣

∣

µ
≈ 1.998MeV

cm
[21].

With almost equal energy loss but seven orders of magnitude difference in the rate, the
cosmic background can not be the origin of the fluctuations. Further investigations on
the source of these fluctuations were aborted in favor of measurements at the proton
accelerator ring DESY3.
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5.3 Measurements at the DESY3 proton ring accelerator

At DESY in Hamburg the facility DESY3 is a ring accelerating protons with a ramp of
4.7 GeV/s up to a momentum of 7.5 GeV/c. There are 11 bunches with approximately
1011 protons per bunch in one injection cycle.
At the beginning of the ramping the proton bunches, which are very broad and almost
adopt the complete tube diameter, are following each other nearly continuously along the
ring. Increasing energy leads to a compression of the bunches and rising temporal gaps
between them.
The ramping from 0.3 GeV/c to 7.5 GeV/c takes approximately 1.6 seconds and is suc-

Wire Scanner

Scintillating fiber

Magnets

Figure 23: The experimental setup at the DESY3 proton ring.

ceeded by a flat top of approximately 0.6 seconds at 7.5 GeV/c. The proton bunches are
then ejected to PETRA12 and from there injected to HERA13 for further acceleration and
collision with electrons.
At a certain position of DESY3, a Wirescanner is mounted and used for tests of beam diag-
nostics. This wire is different from the one described in Sec. 2. Here, a 7 µm graphite wire
is used. Although the shower produced by protons in the wire or the iron tube walls is
mainly hadronic, it includes an electromagnetic component originating for example from
the decay of charged pions (see [10] for example).
Unfortunately a bending magnet was following behind the Wirescanner in a distance of
lower than 1 m (Fig. 23). Considering the energy of the protons, it is rather improbable
that a great fraction of the secondary particles produced by the wire find their way to
the fibers before entering the magnet. Anyway, there should be much electrons around
the beam tube, as the beam is very broad and interaction with the tube wall results in
secondary particles too.

A FLUKA simulation was applied to estimate the expected amount of electrons (see
Fig. 26, 27 and 28). The geometry was implemented to include an iron tube (Ø 2.0 cm),
the graphite wire (at z = 50 cm) and four scintillation fibers of Ø = 1.5 mm made of
polystyrene (see Appendix A). The polystyrene fibers were placed in a distance of 3 cm
from the beam axis. The protons had a momentum of 7.5 GeV/c and were Gaussian
distributed with σ = 2mm. The shower produced by the wire of the Wirescannner con-
tributes very little to the deposited energy in the fibers according to this simulation. The

12Positron Elektron Tandem Ring Anlage
13Hadron Electron Ring Accelerator facility
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Figure 24: PM in the DESY3 tunnel.

Figure 25: Scope signal of one injection cycle.

proton beam was started at z = 3 cm. The main contribution to energy deposition in the
fibers is caused by particles produced by the interaction of the protons with the tube wall
(see Fig. 28).
The fibers were mounted along a short part of the beam tube including the WS station
(Fig. 23). The PMs were put to the ground behind some iron parts of the support frame
of the following magnet (Fig. 24). It turned out, that this shielding was not enough. The
signal recorded (Fig. 25) when the optical fibers were disconnected from the PM (i.e. the
PM should be ’blind’) was not different from the signal with optical fibers and scintillat-
ing fibers connected. As expected, the influence of the wire being ’in’ or ’out’ of the beam
was not visible.
DESY3 was a strong demand on the need of proper shielding for the PMs. The following
measurements at PITZ where done with additional lead brick shielding (see Fig. 16).
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Figure 26: Plot of a FLUKA simulation showing the proton density per incident proton.
The wire of the Wirescanner is visible at z = 50 cm. The fibers are visible at x = ± 3 cm
parallel to the beam tube.
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Figure 27: Electron density per incident proton (same simulation as Fig. 26). Most elec-
trons are produced shortly after the z = 3 cm, where the proton beam started in this
simulation.
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Figure 28: Density of energy deposition per incident proton (same simulation as Fig. 26).
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Figure 29: Longitudinal positions of the scintillating fibers at PITZ. The scintillating WLS
was shifted once from a) to b) with the fiber starting at z = 120 cm in configuration b).
Note, that z = 0 cm is the beginning of the fibers in configuration a), not the beginning of
the beam line. The absolute positions relative to the cathode surface can be derived with
Tab. 1. The ICTs are situated before EMSY1 and before EMSY2 (see also Tab. 1).

5.4 Measurements at PITZ

The measurements at PITZ were done in July 2006 at PITZ (status after second upgrade)
and are all based on a WLS fiber with 1.5 mm diameter (see Tab. 4). The fiber was sup-
ported by a plastic rod (see Fig. 19) and mounted almost parallel to the beam axis in a
distance of approximately 12 cm. After the BOOSTER, the electrons had an energy of
approximately 12 MeV. Fig. 29 shows two different settings of z-positions for the fiber.
Steering the beam into the beam tubes wall at a precise position would be difficult and
hardly reproducible. Instead the EMSY slit masks and the wire of the Wirescanner are
used to produce showers which have a known origin and are easily reproducible. The
z-position of these devices is used w.r.t. the beginning of the WLS fiber in configuration
a). As visible in Fig. 2, other screens (HIGH1.Scr2 and HIGH1.Scr5) could have been
used as well. Due to unknown material and material thickness of these screens, this was
abandoned.
Typical signals at the scope are shown for the Wirescanner in Fig. 30 and for the EMSY1
in Fig. 31. In these screenshots from the scope, the magenta signal belongs to ICT1 (see
Fig. 29 and Tab. 1) the green signal to ICT2. The yellow signal (Ch1 of the scope) is the
signal from the WLS fiber in upstream direction, the blue signal (Ch2) from the WLS fiber
in downstream direction. The PITZ master-trigger was used.
GEANT simulations were applied to understand the signals. A vacuum filled iron tube
was implemented and surrounded by 4 polystyrene (see Appendix A) fibers of 1.5 mm
diameter. An electron beam was directed to a 1.0 mm plate of tungsten. The electrons
were Gaussian distributed with a σ of 0.2 mm and given the momentum of 12 MeV/c.
The deposited energy in the fibers was scored and averaged yielding to (0.193 ± 0.03) keV
per incident electron. Similar results were obtained with FLUKA.
From the ICT signal in Fig. 31 a charge of 0.98 nC was detected. This amount was inci-
dent to the tungsten slit mask. Extrapolating the simulation data to the measured charge,
a total deposited energy of (1170 ± 20)GeV is estimated. The effects considered for sig-
nal transport and processing are summarized in Tab. 5. Taking these into account ends
up in a predicted charge at the scope of (93 ± 42)nC. This differs from the measured
(0.23 ± 0.02)nC by more than two orders of magnitude. Although the effects listed in
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Figure 30: Signals from the WLS fiber displayed on the digital scope in configuration a).
The yellow and the blue signal are from the different ends of the fiber. Magenta and green
belong to ICT1 and ICT2 (see Fig. 29). The wire of the Wirescanner was inserted at this
measurement. The signal from ICT2 (green) is a little bit smaller than that from ICT1 (ma-
genta). This indicates, that only few electrons of the bunch interacted with the wire and
are not detected by ICT2. The signal from the upstream side of the fiber (Ch1) is slightly
bigger than that from the downstream side (Ch2). Considering that the shower initiated
by the wire passes the fiber before it’s middle, the signal ratio is reasonable. For each
channel the peak to peak (pk-pk) voltage and the area included by the signal is measured.
These measurements are done between the cursors (indicated by dashed vertical lines:
one in the middle, the other at the right border) and displayed on the screen. The mean
(µ) and the standard deviation (σ) are calculated based on the last 32 measurements and
displayed. In addition the minimum (m) and maximum (M) value is shown.
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Figure 31: Here the tungsten slit mask of EMSY1 was inserted to the beam line between
the ICT1 and ICT2 in configuration a). ICT2 detects almost no charge because the charge
is mainly absorbed in the tungsten mask of EMSY1 and the beam tube. The signals from
the WLS fiber are much higher than the signals obtained when the Wirescanner was in-
serted (Fig. 30). EMSY1 is situated at the beginning of the fiber. Hence the signal of Ch1
is much bigger than that of Ch2. The different runtime of the signals Ch1 and Ch2 is
approximately 28 ns. Using a pulse generator the difference in the runtime of the signals
due to different cable length was measured to be ∆tcable ≈ 9.0ns (Ch1 9 ns before Ch2). In
Sec. 5.4.1 we will learn, that the energy deposition from EMSY1 is located 22 cm behind
the beginning of the scintillating fiber. Hence, the different runtime of the scintillation
light in the fiber is ∆tfiber = ∆s

vlight
= 385cm−2·22cm

c/n
= 3.41m·1.581

3·108m
· s = 18ns. Here, ∆s is the

difference of travelling length in the fiber, c the speed of light in vacuum and n = 1.581 the
refraction index of polystyrene [17]. The sum of ∆tfiber and ∆tcable is 27 ns and explains
the observed temporal difference. In Fig. 30 approximately 8 ns between Ch1 and Ch2 are
measured. Here, the longitudinal position of the energy deposition in the fiber is 181 cm
(see Wirescanner in Sec. 5.4.1). Thus, the difference including the different cable length
should be ≈ 10ns, which is still a good estimation.
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Table 5: Effects of signal transport and processing
considered effect Value unit data source

light yield in scintillating fiber 8000 γ
MeV

[9]
trapping of photons in scint. fiber 4 % [27]
attenuation length of the scint. fiber 3.1 m Sec. 5.4.1
attenuation at the plugs to optical fibers 5 % [4]
attenuation length of the optical fiber 5.0 m [41]
attenuation at the interface to PM 20 % educated guess

quantum efficiency of PM at 481 nm 0.104 e−

γ
[30]

gain of PM at 400 V 104 - [30]
attenuation along 45 m N-type cable -2.2 dB [19]

Tab. 5 are rather estimations (relative error of 50 %), the difference of two orders of mag-
nitude is not understood.
Anyway, the S/N ratio is by far good enough to identify and count individual pulses
easily, which will be necessary for the specification of intolerable beam losses. The signal
height for real beam losses into the beam tube of PITZ should give even better signals.
The prediction of signals using an experimentally adjusted conversion factor is one of the
possible next steps to classify not only the number but also the quality of a beam loss
belonging to a special scope signal.

5.4.1 Scintillating fibers for position estimation

The estimation of the position of a beam loss can be done by evaluating the ln
(

A1

A2

)

with

A1 and A2 being the signal amplitudes of the scintillating fiber in upstream and down-
stream direction (see Sec. 4.4.3). If the signal transport and processing is equal for both
signals, the ratio of the amplitudes at the fiber’s ends equals the ratio of the signals mea-
sured with the scope. It was assured, that these conditions are fulfilled as good as possi-
ble. Some constraints are discussed in Sec. 6.
For these measurements, the two EMSY slit masks (EMSY1 and EMSY2) were subse-
quently inserted to the beam line (configuration a) in Fig. 29). FLUKA plots of the sim-
ulated electrons and the energy deposition are shown in Fig. 32 and 33. As only the
ratio is considered, even the signals from the Wirescanner should match to this series of
measurements and were recorded (configuration a) again). To obtain an additional point
in the measurement series the scintillating WLS fiber was shifted in the PITZ tunnel. In
this configuration b) the EMSY2 was at z = 135 cm.
A problem occurs when the measured amplitude ratios have to be assigned to z-positions.

Here, the position of the energy deposition in the fiber has to be chosen as z-position. This
information is experimentally difficult to access. Discrete BLMs of the company BERGOZ
(see Sec. 4.3) were used to determine the position of the beam losses. Due to a lack of ex-
perience with these devices, the measurements did not succeed because the shielding was
not sufficient. FLUKA and GEANT simulations were applied to determine the positions
of the energy deposition into the fibers. The geometry was kept as described in Sec. 5.4
but the number of fibers was reduced to one.
The energy deposition in the fiber was counted including the longitudinal position in a
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Figure 32: FLUKA plot showing the geometry and the electron density per incident 12
MeV electron.
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Figure 33: FLUKA plot showing the geometry and the density of deposited energy per
incident 12 MeV electron.
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Figure 34: Histogram of the energy distribution at one end of the fiber.

histogram. The mean value and the error of the distribution of the energy along the fiber
was calculated with the PAW [38] statistics option. The mean was taken as z-position of
the energy deposition into the fiber yielding to (2.4 ± 7.3) cm distance between EMSY slit
masks and the deposition maximum in the fiber. For the tungsten wire this distance is
(21.1 ± 10.7) cm. These displacements were used for the determination of z-positions for
the measured and the simulated amplitude ratios and are listed in Tab. 6. The observed
temporal difference between the upstream and downstream signal (see Fig. 31) can be
explained applying these z-positions.

Whenever a particle lost energy in the fiber, energy deposition and the corresponding
z-position were used to calculate the amount of energy arriving at the both ends of the
fiber based on exponential attenuation according to

dE(z) = dE · e−
1

λatt
·z

. (33)

The energies calculated for the fiber’s ends were summed up on the one hand and scored
in a histogram on the other hand. The histogram in Fig. 34 shows a part of the Landau
distribution of energies retrieved from for one end of the fiber. Here a Gaussian fit was
made to estimate the most probable energy Asim,i (i=1,2) and it’s error σsim,i. The different
Asim,i were then taken for the amplitude ratio. It turns out, that the ratio of the energies
that were summed up is similar to that of the most probable energies Asim,i. In Fig. 35
the logarithm of the for measured and simulated amplitude ratios is plotted versus the z
position of the energy deposition in the fiber. The errors were propagated according to
the laws of error propagation (see (35)) and are summarized together with the values in
Tab. 7.
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position of position of maxi-device
device [cm]

∆z [cm]
mum in fiber [cm]

σzpos [cm]

EMSY1 20 ± 2 2.4 ± 7.3 22.4 7.6
EMSY2 b) 135 ± 2 2.4 ± 7.3 137.4 7.6
Wirescanner 160 ± 2 21.1 ± 10.7 181.1 10.9
EMSY2 a) 250 ± 2 2.4 ± 7.3 252.4 7.6

Table 6: Relative longitudinal positions of the devices inserted into the beam line (see Fig.
29) and their errors. ∆z is the longitudinal distance between the position of the device and
the simulated maximum of energy deposition in the fiber. The errors of ∆z were retrieved
from a Gaussian fit of the simulated distribution. The errors of the device position and
∆z were propagated to the errors σzpos of the position of the maximum in the fiber.

Figure 35: The logarithm of the amplitude ratios in dependence of the z-position of the
energy deposition in the fiber.

36



measurements, κ = exp

device Aexp,1 [V] σexp,1 [V] Aexp,2 [V] σexp,2 [V] ln
(

Aexp,1

Aexp,2

)

σexp,ln

EMSY1 0.338 0.007 0.077 0.008 1.5 0.1
EMSY2 b) 0.167 0.008 0.091 0.007 0.61 0.09
Wirescanner 0.011 0.001 0.0044 0.0007 0.9 0.2
EMSY2 a) 0.104 0.006 0.115 0.007 -0.1 0.09

simulation with λatt = 310cm, κ = sim

device Asim,1 [keV] σsim,1 [keV] Asim,2 [keV] σsim,2 [keV] ln
(

Asim,1

Asim,2

)

σsim,ln

EMSY1 10.01 0.01 3.722 0.003 0.99 0.001
EMSY2 b) 7.09 0.006 5.188 0.004 0.312 0.001
Wirescanner 5.93 0.01 6.34 0.01 -0.067 0.003
EMSY2 a) 4.79 0.004 7.465 0.006 -0.444 0.001

Table 7: Measured and simulated amplitudes used for Fig. 35.

The error σκ,ln (κ = sim,exp) of the logarithm of the amplitude ratio is based on the
observed standard deviations σκ,i (i=1,2) of the amplitudes Aκ,1 (upstream direction) and
Aκ,2 (downstream direction)

σκ,ln =

√

(

σκ,1
∂

∂Aκ,1

ln

(

Aκ,1

Aκ,2

))2

+

(

σκ,2
∂

∂Aκ,2

ln

(

Aκ,1

Aκ,2

))2

(34)

=

√

(

σκ,1

Aκ,1

)2

+

(

− σκ,2

Aκ,2

)2

. (35)

By applying (33) to the measurements, an attenuation length of (310 ± 5) cm was found
for the scintillating WLS fiber. The nominal attenuation length of the WLS fiber is not
known (see Sec. 5.1.1), but 3.1 m seem to be realistic [41]. The difference between mea-

sured and simulated ln
(

Aκ,1

Aκ,2

)

can be cleared by applying a correction factor of fcorr = 1.69

to the measured amplitudes of PM2. PM1 (upstream direction) was operated at 470 V and
PM2 (downstream direction) at 400 V. These values were chosen, because the amount of
light from the WLS fiber caused saturation of the PMs if higher voltage was applied. A
High-Voltage of 400 V is at the lower limit of the PM operation range [30]. The different

PM

Optical Fibers LED

pulse generator

Figure 36: Experimental setup for PM calibration.
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Figure 37: Results of the calibration measurements with LED.

High-Voltage or individual variations of properties of the PMs could have caused the dif-
ference between simulation and measurement.
Further measurements were done to calibrate the PMs and determine the correction fac-

tor fcorr. For this purpose a Light Emitting Diode (LED) was glued to an optical fiber
and powered by a pulse generator (Fig. 36). Directing the light of the LED to the dif-
ferent PMs which were used for the measurements, allows to estimate this factor to be
fcorr = (2.42 ± 0.04) (see Fig. 37). The measurements still differ from the simulation if
this factor is considered. This might be caused by systematic errors in the simulation
(see Sec. 6). Another source of systematic errors is the wavelength λLED ≈ 560nm of the
LED, which differs from the emitted λemit = 481nm of the WLS fiber. Different quantum
efficiencies could change fcorr and therefore the differences between measurement and
simulation.
The attenuation originating from the glue connection of the WLS fiber (see Sec. 5.1.1)
might as well contribute to this difference as the different cable length to the CR. Where
the glued connection causes an attenuation of < 5% the different cable length contributes
≈ 3 %.

Despite of these uncertainties, the estimation of the position of a beam loss is possible,
if the setup is not changed. Knowing the total length of the fiber and the position of the
fiber w.r.t. the beam line, allows the estimation of the beam loss position by looking up
the ln A1

A2

in Fig. 35. Even if the total length of the fiber and the attenuation length are
unknown, the position estimation is still possible once the fiber is calibrated with at least
three devices of known position.
Transforming the linear approximation extracted from Fig. 35

ln

(

Aexp,1

Aexp,2

)

= −0.0062 · cm−1 · z + 1.6493 (36)
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to

zesti (Aexp,1, Aexp,2) =
ln

(

Aexp,1

Aexp,2

)

− 1.6493

−0.0062 · cm−1
(37)

=
ln (Aexp,1) − ln (Aexp,2) − 1.6493

−0.0062 · cm−1
(38)

allows to estimate the error of the longitudinal position estimation that results from the
uncertainty of the logarithm of the amplitude ratio via error propagation. In addition, the
error σzpos of the z position is considered (see Tab. 6). The error of the position estimation
σesti is therefore

σesti =

√

(σzpos)
2 +

(

σexp,1 ·
∂

∂ Aexp,1
zesti

)2

+

(

σexp,2 ·
∂

∂ Aexp,2
zesti

)2

(39)

where the measurement with the maximum errors (Wirescanner) is considered.

σesti =

√

(10.9cm)2 +

(

− 0.001

0.011 · 0.0062 · cm−1

)2

+

(

0.0007

0.0044 · 0.0062 · cm−1

)2

(40)

≈ 31cm (41)

which is below 50 cm (see Sec. 4.2). It has to be pointed out, that the measurement of the
wire’s shower is different from that of the EMSY slit masks. Obviously the dimensions
of these devices are completely different. In addition, the housings of the diagnostic sta-
tions of EMSYs and Wirescanners differ at least in material thickness. This reduces the
showers, but should not influence the ratio of the signal amplitudes. On the other hand,
is easy to see (Fig. 35), that the measurement with the Wirescanner diverges from the
almost perfectly straight line through the three EMSY measurements. But there is no clue
to a systematic or accidental mistake for the Wirescanner measurement and therefore this
measurement is kept in the series. The accuracy of the position estimation would rise, if
a systematic error for this measurement would be considered. Additional measurement
points in the series could also help to decrease the influence of the Wirescanner measure-
ment and lower the error of position estimation. The use of fibers with shorter λatt will
decrease the errors too.
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6 Constraints the BLM based on scintillating fibers

Continuous BLMs based on optical or scintillating fibers are limited in some points. The
amount of energy deposition in the fiber depends on the amount of material that the
shower travels through before. The beam line at PITZ is full of different devices. At the
diagnostic stations a shower would have to pass through much more material than at the
plain beam tube. Flanges may shield the fiber from secondary particles which are needed
to evaluate a beam loss correctly. On the other hand, several so called bellows are used
along the beam line. Here the material is more thin than the average beam tube. Beam
losses at such positions will cause signals, that do not correspond to the known relation
of signal and temperature rise. The BLM might either underestimate or overestimate the
situation in cases of different material dimensions. An adapted threshold might either
disturb the operation without need or risk the damage of the machine. As the damage of
the machine has to be excluded, either it turns out to be possible to define safe threshold
values not disturbing the usual operation or the threshold values have to depend on the
position of the beam loss. The latter case would result in plenty of work, but should pro-
vide the reliable and save system demanded.

The simulations done for this work were done with very simple geometries, which
are only rough approximations of the real beam line. The results are therefore first esti-
mations and not precise predictions.
Another uncertainty in the simulations is the base material of the WLS fiber. The WLS
fiber used for the measurements at PITZ has an unknown plastic base (see Tab. 4). Nei-
ther this information is available in the internet, nor in the documents at DESY in Zeuthen.
The company POL.HI.TECH. could not give the information up to now. In the simula-
tions, polystyrene was used for the WLS fiber material. Possible aging of the fibers was
not considered in the simulations and calculations.

The estimation of the position of a beam loss with scintillating fibers is based on the
assumption of constant attenuation along the scintillating fiber. If permanent diffuse radi-
ation causes the pointlike attenuation at single position of a scintillating fiber, the ratio of
the amplitudes will be changed and the estimation will be wrong. Radiation hard fibers
are available nowadays and might lower this risk.
The temperature rise ∆inst = 350K might be too high for the so called bellows. Bellows
are intermediate elements of the beam line used to even out little vertical shifts of the
beam line. Bellows are made of extremely thin (0.13 mm), folded steel (like an accordion).
These might not withstand the same temperature rise as the beam tube.
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7 Considerations for the integration into the BIS

A threshold value for an electronic system for beam interruption, must depend on the
operation mode of the PITZ machine. In the frame of the work it was not possible to
define concrete threshold values. Nevertheless it is possible to define a general structure
for an decision tree. If the laser is not in operation or the laser shutter is closed, no pho-
toelectrons are emitted and the BLM is not needed. The same is true, if the GUN power
PGUN = Pforward,GUN −Preflected,GUN is below some threshold. Starting from the photoelec-
trons being accelerated in the GUN, the BLM has to be used. Even the 5 MeV electrons
after the GUN might harm the machine if 7200 bunches are dumped into the beam tube
with small beam size. If in addition the BOOSTER is supplied with RF power (which is
the normal operation mode), the electrons can have up to 12 MeV (current upgrade sta-
tus of PITZ). In this energy regime the operation with 800 bunches of 1 nC, results in an
interlock time in the order of microseconds when a beam with σ = 200µm is lost (Tab. 3).
The threshold values might be a combination of pulse height (peak to peak measurement
for example) and number of pulses that are still allowed. The choosen values of number
of pulses and the pulse height, have to depend on each other as well as on further infor-
mation of the operation mode. They must scale with the charge of the bunches and must
depend on whether some diagnostic devices are inserted to the beam line. The energy
of the photoelectrons has to be estimated based on the effective RF power in GUN and
BOOSTER and must be considered as well.
The beam size is not easily accessible but very important for the threshold value. Here,
either realistic estimations for different parts of the beam line have to be used or the min-
imal beam size has to be choosen for the whole beam line.
There has to be a threshold applied for each bunch train and a different one monitoring
the longterm heating caused by consecutive bunch trains. Effects like thermal conduction
and radiative cooling, which are not considered for instantaneous temperature rise, have
to be considered in the latter case. In both cases, it might be reasonable to monitor the
ratio of the beam loss signals too. So, if the position of the beam loss changes, the counters
for the number of pulses might be reset to 0 yielding to more stable operation.
Instead of using the BLM system based on scintillating fibers for the longterm heating,
other existing detectors, for example monitoring vacuum pressure or temperature at spe-
cial positions, might be useful too. A simple flow chart roughly summarizing this deci-
sion tree, is shown in Fig. 38. In addition, status information on deflecting magnets can
be used to exclude beam losses behind these magnets.
The BLM should be integrated to the Beam Inhibit System (BIS) [40] already existing at
PITZ. The BIS can limit operation parameters or stop the operation of PITZ if needed.
It monitors parameters like RF power for GUN and BOOSTER as well as the status of
diagnostic elements. These are some of the input parameters, that an BLM based on scin-
tillating fibers would need, to adjust the threshold values to the operation modes. Beam
interruption can be done in the order of milliseconds by the BIS, which is not fast enough
for all possible beam losses (see Tab. 3). An electrical system, which is able to interlock
the operation within few hundred nanoseconds, has to be developed. This is needed for
instance, when three pulses of 0.11 µs each result in an intolerable temperature rise. If this
is not possible, other action is needed. The BIS could for example increase the interlock
time by limiting the bunch charge (tInterlock: Sec. 3). When the PITZ operators have en-
sured the proper transport of the bunches, the charge could be increased again. Besides
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Figure 38: Roughly summarized decision tree for the BLM. Any diagnostic elements are
abbreviated as DIAG. For the estimation of tlong cooling effects and heat conduction have
to be considered.

the plain interlock function of a BLM system at PITZ, the system might as well be used
for beam alignment in normal operation. A possible display structure is given in Fig. 39.
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Figure 39: Possible display structure of a window for the operators of PITZ. The idea was
activated by the BLPM at FLASH. Corresponding to the four fibers distributed around
the beam tube, four plots could be realized. Each plot might show the z-position of any
signal (regardless if harmful or not) and the signal shape (height and width). Supported
with this information, the operators could determine the cause of misalignment easily
in many cases. Below each z axis a sketch of PITZ (in this illustration the sketch is very
rudimental) might illustrate the longitudinal position of the beam loss in addition to the
plain z-value.
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8 Conclusion

Calculations based on analytical formulae and Monte Carlo data were done, estimating
the temperature rise in the beam tube of PITZ. Focussing on heating within 800 µs cooling
effects were not considered. Considering 350 K as limit for a temperature rise within 800
µs, the required interlock time was calculated for different operation parameters of PITZ.
A BLM system based on scintillating fibers was build up and tested at PITZ. It was ex-
perimentally proved that a BLM based on scintillation fibers could be used at PITZ. The
obtained signals can be separated from the background without any problems. Measure-
ments were performed and proved, that an estimation of the position of the beam loss
is possible analysing the signal amplitude ratio from both ends of the scintillating fiber.
The estimation of the longitudinal position of the beam loss is possible with an error of
± 40 cm. The estimation of the transverse position of beam losses was not tested at PITZ.
At FLASH [33] at DESY in Hamburg this is done with four fibers around the beam tube.
This should work at PITZ too, as nice signals are observed with the scintillating fibers.
The concrete threshold values needed for an integration of the BLM in the BIS of PITZ
could not be specified yet.
For a BLM with scintillating fibers the next steps are:

• Improvement of the experimental setup
Exchange of the used WLS fiber with a radiation hard scintillation fiber. Fibers with
diameters below 1.5 mm should be considered as well. A shorter attenuation length
will increase the accuracy of the position estimation. Experience with fibers longer
than 4 meters in the PITZ tunnel is needed as well. A special support for the fibers,
that can be permanently mounted on the PITZ support frame, has to be designed.

• Advanced simulations
Simulate the beam losses including the following effects:

– loss of heat carried by particles leaving the material [11]

– heat conduction to the material surrounding the heated volume

– temperature dependent energy loss

The geometries that are used in the simulations, should include different diagnostic
stations to investigate their influence on BLM signals.

• Integration to the BIS
Define threshold values for all different operation modes at PITZ and assure the
integration to the BIS. Advanced electronic components will be needed to assure
fast interlock.

• Precise determination of the limit for ∆Tinst

The upper limit for instantaneous temperature rise ∆Tinst = 350K is a rough estima-
tion. To verify this limit, either measurements or advanced simulations have to be
applied. Establishing contact to manufacturers or other experienced groups might
be successful too.

The BLPM based on Cherenkov light in optical fibers as used at FLASH seems feasible
at PITZ as well. A portable version of this system was developed in cooperation of DESY
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and the Hahn-Meitner-Institute in Berlin [32]. The usage of such a system for interlock
purpose should be possible [34].

The possibility to detect off-axis electron bunches before the complete bunch train is
lost, could not be tested because of limited measurement time. A display structure like
shown in Fig. 39 might be a first step in this direction.
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A Mechanism of scintillation light production

Charged particles travelling through scintillating materials, cause the emission of opti-
cal photons produced in the scintillating material. Most scintillating materials are com-
pounds of a plastic base material including aromatic rings. As plastic base normally
polystyrene (C6H5CH=CH2) or polyvinyltolulene (2-CH3C6H4CH=CH2) are choosen [48].
The aromatic rings are fluorescent molecules emitting photons when they are excited.
On their way through the scintillating material, charged particles excite some molecules
of the plastic base material. Direct emission of ultraviolet photons by the excited plas-
tic base molecules is dominated by energy transfer from the excited plastic molecules
to the primary fluorescent molecules via resonant dipole dipole interaction (Förster [26]
mechanism). This is possible, because of the high concentration (≥ 1 %) of the primary
fluorescent molecules which cause mean distances of ≈ 100 Å between fluorescent and
the excited base molecules [48]. The primary fluor molecules emit UV light which is ab-
sorbed by secondary fluorescent molecules. These cause a shift to optical wavelength
around 400 nm. Around 3 % of the initial energy of the excited base molecules is released
as scintillation light this way [48].
A certain part of the emitted light will be absorbed by the fluorescent molecules them-
selves, because the absorption and emission spectra usually overlap. This causes a higher
attenuation of the scintillation light in the scintillating material. Shifting the scintillation
light to a longer wavelength is a possible way to reduce the attenuation.
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B Physics of electromagnetic showers

High energy particles, which are sensitive for the electromagnetic force, cause electro-
magnetic cascades of secondary particles when travelling through matter. These cas-
cades are also known as electromagnetic showers or simply showers. The initial particles
are electrons (e+e−) and photons (γ). Let the cascade start with a high energetic electron.
When the initial electron is deflected in the Coulomb field of electrons of the material, it
emits Bremsstrahlung photons, which can decay via pair production to e+e− pairs. These
secondary e+e− pairs can release Bremsstrahlung photons themselves. This leads to an
exponential rise of photons and e+e− in the shower. As the secondary and higher order
e+e− and γ have lower energy than their predecessor particles in each step, the cascade
dies after a certain distance in the material. This is induced by the electron’s energy falling
below the critical energy Ecrit. The critical energy is defined [5] as the energy, where the
radiation energy losses (Bremsstrahlung) equal the collision losses (Ionisation)

dE

dx

∣

∣

∣

∣

Bremsstrahlung

=
dE

dx

∣

∣

∣

∣

Ionisation

. (42)

For energies lower than the critical energy14

Ecrit =
610 MeV

Z + 1.24
, (43)

the energy loss of electrons in a material with atomic number Z, is dominated by ionisa-
tion processes. These do not contribute to the production of further shower particles.
The energy limit for electron pair production is obviously the duplicated electron mass
hν ≥ 2 · me ≈ 1.022MeV/c2.
The longitudinal extension of the energy deposition caused by the shower depends on the
material and the initial particle’s energy Ein. The profile can be described by a gamma
distribution [36] with the maximum energy deposition [49] at

x

X0

= ln

(

Ein

Ecrit

)

+

{

−0.5 : incident electron
+0.5 : incident photon

(44)

where X0 is the radiation length and x the travelling length in the material. The transverse
dimensions of the shower are best described with the Molière radius RM which is defined
[49] as

1

RM
=

1
√

4π/α · mec2

∑

j

wj · Ecrit,j

X0,j
(45)

for compound materials. Here, α is the fine structure constant, c the speed of light, wj the
weight fraction of a compound of the material and Ecrit,j and X0,j its critical energy and

radiation length. If the material is no compound this simplifies to RM =
X0·

√
4π/α·mec2

Ecrit
.

14an approximation for solids and liquids [16]
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C Simulation tools

The local temperature rise in the beam tube in case of beam loss is a central point of this
work. Measurements would be difficult due to the problem of precise temperature mea-
surement at a very small hot volume inside the beam tube. The prediction of the position
of this volume itself would be difficult enough, but temperature measurements are not
possible at the inner surface of the tube when this position is hit by the beam. Hence,
simulations have to be applied to predict the temperature rise of the beam tube in case of
energy deposition caused by a beam loss.
The energy deposition in the sensitive parts of the BLM corresponding to intolerable
beam losses have to be predicted by simulations, too. For this purpose, showers were
produced by insertion of diagnostic devices. The same devices were integrated in the
simulations to relate the simulations to the measurements.
To increase the trust in the simulations, two different simulation tools were applied and
are described in the following.

C.1 GEANT3.21

GEANT3.21 [28] (called GEANT in the following) is a FORTRAN77 [46] based detector de-
scription and simulation tool for high energy physics. It is part of the CERN library [12]
and is licensed under the GNU General Public License [29]. GEANT simulates the passage
of particles through matter, i.e. the transport of the particles and their interaction with
matter on their path is calculated based on the chosen physical effects and the known
properties of particles and matter. The particles simulated can be generated with external
Monte Carlo generators.
In GEANT, the setup is composed of user implemented volumes, which are positioned
in a superior mother volume, including all other volumes. Each volume is assigned to a
tracking medium. It is possible to assign several volumes, which do not need to be con-
nected, to the same tracking medium. Each tracking medium itself is assigned to a ho-
mogen material and connected to several values for different transport properties.
A graphical representation of the user implemented setup and the particles’ path through
it is possible with the interactive version of GEANT. Such figures is shown in Fig. 40
and 41. This allows effective debugging in many cases. The transport (called tracking in
GEANT) is done in single steps with material specific step length. The calculated energy
loss of each step can be accessed via the variable DESTEP.
The standard units of GEANT are second (time), centimeter (distance), kilogauss (mag-

netic field force), GeV (energy), GeV · c−1 (momentum) and GeV · c−2 (mass).

C.2 FLUKA2005 (version 6.0)

FLUKA2005 (version 6.0) [22,23] (called FLUKA in the following) is a multi-particle trans-
port code like GEANT and was developed for simulation of particle transport and inter-
action with matter. Electrons and photons in the range of 1 keV up to several PeV can be
virtually transported by FLUKA.
FLUKA uses a Combinatorial Geometry based on the geometry package of MORSE [20].
Here, bodies are defined and joined to regions by logical subtraction, intersection or
union. All regions are placed in the so called black hole region which corresponds to the
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Figure 40: GEANT plot of a typical PITZ geometry as used for this work. The left side
without electrons and with 200 electrons of 12 MeV on the right side. The cylindric plate
inside the beam tube is of 1 mm tungsten.

FI04⊄  FIB04

FI01⊄  FIB01

BETU⊄  IRON

VACU⊄  VACU

PITZ⊄  COMMON AIR

Figure 41: A cross section view of the geometry of Fig. 40. The labeling of volumes can be
done interactively with GEANT. Labeling of the cylindric plate, shown as the most inner
circle, was not possible, because the vacuum is surrounding the plate.

superior mother in GEANT. Regions do not have to consist of connected bodies. Each re-
gion is assigned to a homogen material.
The scoring of energy deposition is very similar to GEANT. In FLUKA the scored prop-
erties are normalized to one particle and listed per region. In the plots of setup including
data, densities are shown instead of absolut values (see Sec. 5.4 or 5.3 for plot examples).
To obtain absolute values, the user has to multiply the density values with the wanted
number of particles. The standard units in FLUKA are equal to these of GEANT.
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