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Chapter 1

Introduction

1.1 CERN
CERN is the world’s largest particle physics laboratory, an international organi-
zation situated on the Swiss/French border close to Geneva. It currently employs
almost 3000 people, including physicists, technicians, engineers and administra-
tors. In addition, some 6500 scientists - half of the world’s particle physicists - are
visiting CERN.

CERN was founded in 1954 by a total of 12 member states. Since then, the
number has grown to 20, plus 8 other countries or organizations with “observer
status”. The original objective was to study the atomic nucleus, but very soon
the work went beyond this, into higher and higher energy regions, using particle
accelerators in a continuous seek of the elementary constituents of matter.

Using various kinds of accelerators, CERN is able to accelerate charged parti-
cles up to extremely high energies whereupon they collide with either a relatively
large, usually non-moving, target or other charged particles going the opposite
direction. The latter will be the case for the famous LHC, due to start up in
2008. This is the world’s largest accelerator: 27 km long, circular and buried 50 to
150 m below ground. Two proton (or ion) beams will travel in opposite directions
in separate pipes, guided by powerful magnets; every single proton reaching ener-
gies of astonishing 7 TeV and one beam possessing a total energy of over 360 MJ
at collision. Along the accelerator, four main experiments will take place: ALICE,
ATLAS, CMS and LHCb, all using different approaches in the study of parti-
cles and the secondary particles created in the collisions, allowing the scientists
to experimentally test the Standard Model - an attempt to describe fundamental
particles and their ways of interacting. For instance, the ATLAS experiment may
turn up to find the only particle not observed in - but predicted by - the Standard
Model: the Higgs boson, a particle that can shed some light on what “mass” is.
On the other hand, should it not be found, theoretical physicists will have a lot of
work and rethinking to do. “That would be a lot more interesting”, as Chen Ning
Yang, Nobel Prize winner and one of the minds behind the celebrated “Yang-Mills
Theories”, replied when asked to comment about this quest during a seminar given

1
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at CERN.

*

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron
AD: Antiproton Decelerator
ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster
PS: Proton Synchrotron
LINAC: LINear ACcelerator
LEIR: Low Energy Ion Ring
CNGS: Cern Neutrinos to Gran Sasso
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Figure 1.1. CERN accelerator complex.

Apart from having earned the title “where the web was born”, many scientific
breakthroughs have occurred at CERN. In 1983 came the first experimental verifi-
cation of the existance of the W and Z boson by colliding protons and antiprotons
in the SPS. The following year (a remarkably short waiting period), the project
leader Carlo Rubbia was awarded the Nobel Prize along with his colleague Simon
van der Meer for this discovery.

Finally, some clarification about the acronym CERN is probably necessary. Its
original meaning was Conseil Européen pour la Recherche Nucléaire, a provisional
council established 1952. At the founding, the name was changed to Organisa-
tion Européenne pour la Recherche Nucléaire. Instead of changing to the not as
easily pronounced acronym OERN, the name CERN was kept (perhaps thanks to
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Richard Feynman, who, so the story goes, suggested: “But the acronym can still
be CERN even if the name is ...”).

1.2 MERIT
MERIT is short for MERcury Intense Target - a proof-of-principle test for a neu-
trino factory target taking place at CERN.

The basic concept for this factory is to let a proton beam interact with a free jet
of liquid mercury. As the proton beam smashes into the mercury target, secondary
particles are created, of which pions and kaons are the major neutrino contributors
(kaons mainly decay to a muon and a neutrino or pions). To collect the charged
pions from the target vicinity, the entire interaction region is surrounded by a
solenoid providing a magnetic field of up to 15 T.

The muons created from the pion decay can be guided into a storage ring where
the final step in the decay chain occur:

µ− → e− + νe + νµ
µ+ → e+ + νe + νµ

(1.1)

One measure of success for this type of factory is the yield of neutrinos per input
proton. To maximize this one must in each step of the decay chain collect and
store as many pions and muons as possible. The pions are partly taken care of
by mentioned solenoid. As the time for each individual decay is stochastical one
typically guides the muons into a storage ring before the final step occur. This
storage ring can have the shape of two long, straight sections connected by two
smaller semicircles (equipped with bending magnets). Here the muons circulate
until decaying and the Lorentz-boost will make the resulting neutrinos continue
in a direction practically parallel to one of the two straight sections, since the
probability of decaying in the semicircles is low. A neutrino detector is positioned
somewhere downstream of one of the straight sections (or both).

Doubtless, the importance of choice of target can not be overrated. At the
MERIT experiment it will face the challenge of withstanding 24 GeV/c protons
arriving in pulses of 30 TP while a steady, predictable flow of secondary particles
is desired. Conventional non-moving solid targets wear out with time as they are
constantly bombarded at the same spot, suffering radiation damages and changes
in material properties. The novelty of the MERIT target is that it uses a circulat-
ing, liquid target since the region exposed to the proton beam is then constantly
replaced. Each proton pulse will see a fresh target, which is the main reason why
liquid mercury, although toxic and difficult to handle, has been chosen as target
material.
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Chapter 2

Problem definition

The objective of this thesis is to set up a particle detection system for measurement
of the secondary particle flux during the MERIT experiment. This includes:

- Choosing a suitable type of detector

- Learning and handling all the peripheral equipment necessary to power and
read out the detectors

- Making simulations of the particle flux in order to confirm previous simula-
tions and estimate the performance required of the system

- Developing a software interface to the data acquisition and detector control-
ling systems for remote controlling

- Participate in the initial analysis of experimental observations

5
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Chapter 3

MERIT description

The MERIT experiment aims at demonstrating the feasibility of a liquid mercury
jet target system and a 15 T pion collecting solenoid, for use in a neutrino factory
or muon collider[2]. The behavior of the mercury jet subjected to a proton beam
will be studied, with focus on maximum repeatability rate, disruption threshold
conditions, magnetohydrodynamic pressure effects and recovery time.

3.1 Experimental setup

3.1.1 Mercury jet
As hinted in the introduction, there are many aspects to consider when choosing
a suitable target for a neutrino factory. A plausible scenario for future factories
of this kind will be a 50 Hz operation with a beam power of 4 MW - roughly
the electrical consumption of 10 000 apartments. At beam-mercury impact, vast
amounts of energy are deposited in the target in form of heat (which causes melting
or vaporization), pressure waves or triggered nuclear reactions. A solid target
exposed to this quickly wears out1 if it is stationary with respect to the proton
beam. Although it is possible to repeatedly replace the target as it degenerates, it
is not a satisfying solution, as it would require complicated mechanical assemblies,
rather risky for a high radiation environment. It would also put all activities
connected to the secondary particle beam on hold during the switch. Furthermore,
as the target has been exposed to a high intensity beam, it has become “hot”, i.e.
radioactive, which requires special handling. Ideally, once you have started up your
neutrino factory, you do not want anything to enter the area more than necessary.

Rotating-wheel targets have been used for a beam power less than 1 MW, but
for a quadrupling of the power not even this trick is satisfying[2]. Having dismissed
the solid state phase of a target the natural choice would be a liquid one. But
water, for example, would not do since the hydrogen and oxygen nuclei are too
light (a low-Z nucleus yields relatively few secondary particles when interacting

1A carbon target would have a lifetime of one or two days due to sublimation[2].

7



8 MERIT description

with a proton beam). Higher up in the periodic table we find mercury, which has
the great advantage of being liquid at room temperature, although i.e. molten
lead has been considered as a target candidate. This feature is important enough
to justify the complicated handling required for this toxic liquid.

When choosing a liquid as target, one faces another question: either to confine
the liquid inside a pipe, or let the proton beam impact directly on a free jet. Again,
the induced pressure waves might seriously damage the pipe by pitting, why in
MERIT the target is free mercury.

The very point about using a liquid is its fluidity. The mercury will obviously
suffer from all of the mentioned stresses. But if the liquid is a moving jet with high
enough velocity, the volume element exposed to one proton pulse (i.e. a heated up
and dispersed region) will move forward until the next proton bunch arrives. So
the next time the beam hits the mercury, it will enter a smooth target, unaffected
(if tuned correctly) by previous pulses.

In MERIT, the mercury target is manifested as a jet, with a cross section of
about 1 cm2 and a maximum velocity of 15 m/s[2].

Figure 3.1. Schematic sketch of mercury jet and proton beam surrounded by a solenoid.

The high speed serves to make the interaction region (the overlapping between
mercury and proton beam) as rod-like as possible by reducing the curvature - due
to gravitational forces on the mercury - of the jet, but also - even more important
- to ensure that a large enough, by the proton beam unperturbed, region has
enough time to replace the mercury just hit by the beam. So what happens to the
mercury, on a macroscopic level, at beam impact? Most importantly, the mercury
jet is soon dispersed and the smooth surface completely disrupted (see fig 3.2).

Clearly, this deformed shape is highly undesired when striving for a predictable
flow of secondary particles from the target: a disrupted jet would yield less par-
ticles, having less effective target volume as seen from the proton beam. The
rapid energy deposition inside the mercury preceding the visible disruption in-
duces expanding cavitation bubbles inside the target. This effect is not as visually
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Figure 3.2. FronTier simulation from 0 to 67 µs of a 1-cm-diameter mercury jet in zero
magnetic field subject to instantaneous energy deposition with a Gaussian spatial profile
peaked at 100 J/gm[4].

dramatic as the later jet disruption but nevertheless a potential problem for the
same reasons. These obstacles are partly overcome by a high jet velocity, but a
major supporter in keeping the jet shape smooth is the magnetic field provided by
the solenoid surrounding the interaction region by performing a magnetic pressure
on the target (see 3.1.3).

As seen in fig 3.1, there is a relative angle between the jet and the proton
beam of 33 mrad. A qualitative explanation is this: with no relative angle, the
overlapping region between jet and beam would be very long (infinite if not for
gravity). With an infinitely long target, all incoming protons would interact with
it, but the forward-directed secondary particles would at some point be reabsorbed
by the mercury, thus reducing the total yield. On the other hand, a very thin
target would not produce many secondary particles in the first place. In other
words; different angles correspond to different effective target lengths. The angle
corresponding to two interaction lengths2 seems to be the optimal one[2].

3.1.2 Proton beam
A future neutrino factory of this kind is ment to function at up to 50 Hz, meaning
the mercury target will be hit by a proton pulse every 20 ms. The protons provided
by the PS accelerator at CERN have a momentum of either 24 GeV/c or 14 GeV/c3
and are extracted into the TT2 tunnel (see fig 1.1) where the experiment will take

2One interaction length is defined as the target length required for reducing the initial proton
beam intensity a factor e−1.

3The maximum pump-probe time separation is longer at the lower momentum.



10 MERIT description

place. However, in this proof-of-principle experiment, a continuous 50 Hz operation
(which would be equivalent to a 4 MW proton beam) is not possible due to the
time required to reload the accelerator after each PS extraction and limitations in
magnet cooling4. To get around this, the protons in the PS ring are extracted in
two groups called “pump” and “probe”.

Pump

131 or 262 ns

Probe

1 bunch

1 spill

Figure 3.3. The pump-probe concept. The time between the pump and the probe pulse
will be varied from µs to ms. At most, there can be 16 micro-bunches in total.

The time separation within each group is either 131 ns or 262 ns5, while the
separation between the pump and probe is adjustable from some hundreds of
nanoseconds to one milliseconds. The pump hitting the mercury target triggers
dispersion of the jet shape and induces cavitation bubbles if the intensity is high
enough. However, it takes some time before these effects become visible; tens of
microseconds is estimated for the dispersion. As the time from the first to the
last bunch in the pump group is about 1-2 µs, the mercury response to each of
these bunches is expected to be fairly constant. The purpose of the next spill -
the probe - is to investigate the behavior of the target. Starting from a relatively
short pump-probe time separation, one can indirectly measure how the disruption
of the target proceeds by looking at the intensity of secondary particles. Initially,
the disruption and cavitation increase, rendering less secondary particles from the
probe impact. But after some time, the target starts to recover again as the
mercury jet travels forward, replacing the disrupted mercury with unperturbed.
By increasing the pump-probe time further, the time at which this phenomenon
occur can in principle be determined by scanning a wide range of pump-probe
times and investigate at what time the detectors’ responses to the probe spills are
the same as for the pump spills. For a 50 Hz operation, this time must be strictly
shorter than 20 ms, during which the mercury has covered about 40 cm.

4Furthermore, the PS machine is usually providing beam for several different users during a
16 second cycle. To gain exclusive right of all the beam is barely possible.

5The PS can be operated in “Harmonic 8” or “Harmonic 16”. In Harmonic 8 mode, the PS
is filled with eight equidistant proton buckets and the time between each bucket is 262 ns. At
Harmonic 16, the number of buckets are doubled and the time separation halved.
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Figure 3.4. Stray field from the solenoid at 10 Tesla.

3.1.3 Solenoid
Surrounding the interaction region is a solenoid capable of generating a magnetic
field of up to 15 Tesla. The coil is divided into three segments that are cooled with
liquid nitrogen. The magnet works in pulsed mode where a short current pulse
of 7200 A generates the desired magnetic field. To do this, the bulk temperature
of the magnet must be lowered to 85 K. When this temperature is reached, a
voltage can be applied over the coils and a current flows through the magnet,
generating a magnetic field inside. Since the inductance of the solenoid is high,
almost 0.5 Henry, it takes several seconds for the current to reach a level where
the induced axial magnetic field is high enough. During this time the magnet
temperature increases from 85 K to 115 K. When the magnetic field peaks, a
liquid jet of mercury is squirted from a nozzle into the center of the solenoid where
it interacts with a proton beam.

The magnetic field confines most of the charged secondary particles from this
interaction to the center of the solenoid and its main purpose is to collect the
charged pions. A less obvious effect is that on the mercury jet. As the proton
beam enters the mercury jet, the rapid energy deposition will cause it’s shape
to be heavily deformed and then dispersed. If the goal is to have a neutrino
factory with a predictable and stable yield of secondaries, this is not good. Now,
although the mercury itself is not magnetic the magnetic field still performs a
magnetohydrodynamic pressure on the fluid, which serves to stabilize the surface
as seen in figure 3.5.

3.1.4 Optical diagnostics
To study the behavior of the mercury jet four high speed cameras are positioned
along its trajectory. As the radiation levels are quite high this close to the target,
conventional cameras can not be used6. Instead, the mercury jet is illuminated

6A web camera was installed in the tunnel one meter away from the solenoid to monitor the
equipment during the installation phase. At the first target-in extraction it stopped working.
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Figure 3.5. Simulation of mercury jet 50 µs after energy deposition in a magnetic field
ranging from 0 to 10 Tesla parallel to the jet axis[4].

with a laser from one side. The light is reflected in a mirror at the other side and
guided into optical fibers which transfer the signal to a digital frame grabber in
the access tunnel. The maximum sampling rate of these side-view cameras is 2000
frames per second and they will provide a direct measurement of the jet quality
and mercury disruption development.

3.1.5 Cryogenics

The magnet works in pulsed mode which includes a ramping up of the current, a
flat top with constant magnetic field and a ramp down. The whole sequence takes
about 15 seconds and during the flat top, there is over 7000 Amperes flowing
through the magnet coils. Although the total resistance of the solenoid is low,
this will significantly heat up the whole device. And when the temperature goes
up, the resistance follows and another 15 T pulse would increase the temperature
even more. After a few cycles the target system and optical diagnostics inside the
solenoid would be at risk. To avoid this, the solenoid is cooled with liquid nitrogen
to 85 K. At this temperature, one single 15 Tesla pulse increases the temperature
of the solenoid some 30 K. The time required to recool the magnet is about 45
minutes, setting a lower limit of the repeatability rate.

3.1.6 Current transformer

A few meters upstream of the solenoid is a current transformer. Its purpose is to
give detailed information on the proton bunch structure just before target impact.
The positively charged beam is passing coaxially trough the stout ring seen in
figure 3.6 whereupon a current is induced in a circuit. This mirror current is
digitized at 500 MHz and by integrating the signal one can calculate the intensity
for each bunch.
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Figure 3.6. The TT2a current transformer.

3.2 Simulations of particle flux
Simulations have been made of the flux of secondary particles from the proton-
mercury interaction. Displayed in figure 3.7 is the flux of charged hadrons which
is of major interest from a detector point of view (see chapter 4).

The effect of the multi-tesla magnetic field inside the solenoid is clearly visible.
The trajectory for a charged particle will be a helix resulting in a forward shifted
total flux of charged secondaries. It will also result in more particles making it out
from the solenoid bore without being absorbed in the coils. The results from these
simulations will be taken into account when deciding where to place the particle
detectors. One should also have in mind that in the simulations, the incoming
protons are considered an instantaneous event, while in reality they are spread
out over some 40 ns.

3.3 MERIT participants
BNL, Princeton - project oversight, nozzle development, beam window design, op-
tical diagnostics
CERN - Proton beam facility interfaces, secondary flux detectors
MIT - Magnet design fabrication
ORNL - Hg target system design fabrication
RAL - Magnet cryogenics
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Figure 3.7. Flux of secondary particles (charged hadrons per cm2) with different mag-
netic fields. Total number of protons on target is 3 · 1013[13].



Chapter 4

Particle detectors

4.1 General detector requirements
There are three major things to consider when choosing a detector type for MERIT.
First of all, the time-scale is short. Individual proton bunches are separated from
only 131 ns and the width of each bunch is roughly 40 ns. The rise and fall time
of the signal from a detector must be in the order of nanoseconds to give a good
pulse resolution and catch the sudden changes in particle fluxes, as expected from
mentioned simulations.

Another issue is the very high intensity: up to ∼ 107 charged particles per cm2

per nanosecond several meters away from the solenoid[13]. Many conventional
detectors are designed to detect only single or a few particles, e.g. beam loss mon-
itors. If used in MERIT, a detector of this kind would immediately be destroyed
or saturated.

Finally, the magnetic field from the solenoid is still quite strong even at a
distance of a few meters. A reasonable requirement would be that a detector must
be virtually unaffected by magnetic fields up to some 400 G.

4.2 Detector positions
The main objective for the particle detectors is to make a signal-per-proton com-
parison for the pump and the probe. In this sense, the positioning of the detectors
is not crucial; it would suffice to give them a clear view of the solenoid and make
sure the flux is neither too high nor too low. On the other hand, it would be a
waste not too seize the opportunity to try to see some other things apart from
possible pump-probe variations.

One interesting thing would be to measure asymmetries in the angular dis-
tribution of the particle flux. This could indicate that the beam is not centered
on the target, hence biasing the net production of secondaries in one direction or
the other. It could also indicate that it is the target that is displaced from it’s
nominal position. By placing detectors in pairs with identical angles to the target

15
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one can compare the amplitudes of the signals. For this purpose, we have two
detector positions on the beam dump with the same angle and distance to the
target and another pair at 20 ◦ from the target positioned at the left and right
wall (see figure 4.1). There is also a detector position right in the beam line, but
behind the dump. While the other detectors should give more signal when the
beam interacts with a lot of mercury inside the solenoid, the ones placed here
should do the opposite as less of the beam reaches the dump - an effect that can
be useful when cross checking the data.

Three types of detectors have been considered: ACEMs, PIN-diodes and dia-
mond detectors.

ACEM
pCVD
PIN

Cabling

Figure 4.1. Detector positions and cabling (detector voltage and signal).

4.3 Aluminum Cathode Electron Multiplier

Figure 4.2. Schematic of the ACEM detectors.

The ACEM detector operates in principle as a regular photomultiplier, but
with an aluminum foil as cathode. As the foil is irradiated by incoming particles
(charged and photons), secondary electrons are knocked out. Between the anode
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and cathode is a series of dynodes; secondary emission-electrodes. The dynodes
are connected to a voltage divider, yielding a potential difference between each
dynode. The electric field between them accelerates the emitted electrons from
one dynode to the next where even more electrons are emitted, given enough
energy. With N dynodes, the total gain, M , is:

M =
N∏
i=1

gi (4.1)

where gi is the gain at dynode i andM the final number of electrons produced from
one cathode-emitted electron collected at the anode, where a signal is induced in
the circuit.

Dynodes 10
Cathode surface area 7 cm2

Max current 20 mA (short pulses)
Max HV 1.5 kV

Table 4.1. Some ACEM characteristics

Typical rise and fall times are in the order of nanoseconds. In “ordinary” cir-
cumstances, where the flux of incoming particles is low (single particle resolution),
typical voltage bias is about 1 kV. However, in MERIT the flux may be as high as
107 charged particles per nanosecond. To protect the detector from saturation and
high currents, the value of M will have to be low, which is realized by applying a
low voltage. Hence, the cathode-emitted electrons will not be as much multiplied
as guided between the dynodes toward the anode. It is unclear if this detector
type will behave normally at such a low operating voltage, so another system is
necessary for which the ACEMs can serve as a back up.

Figure 4.3. One ACEM detector.

The ACEM detector is basically just a tube with one voltage input and a signal
output. It is covered with a 1 mm thick layer of µ-metal on the sides and the top
that provides shielding from light and external magnetic fields that could disturb
the electron paths between the dynodes.
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4.4 Polycrystalline Chemical Vapour Deposition
Diamond

Charged particles traversing matter mainly loose their energy by ionization pro-
cesses, creating electron-hole pairs (e-h pairs) along their paths1. This property
can be utilized in a detector by applying an electric field across the detector body,
separating and accelerating the e-h pairs toward the contact surfaces. This move-
ment of charge inside the detector generates a current in the circuit which can be
displayed and recorded on a suitable device.

Property Value Symbol
Density 3.52 g/cm3 ρ
Electron mobility 0.22 m2/Vs νe
Hole mobility 0.16 m2/Vs νh
Electron saturated velocity 2.3 · 105 m/s νs,e
Hole saturated velocity 1.0 · 105 m/s νs,h
Bandgap 5.45 eV -
Energy to create one e-h pair 13 eV Eeh
Average ionization density for a MIP (e-h pairs/µm) 36 ρion

Table 4.2. Typical diamond characteristics[7].

Two types of solid state detectors have been considered for this experiment;
silicon diodes2 and diamond detectors. They are similar in terms of functionality
and generated current per detected charged particle. Both are also considered fast
detectors, with rise and fall times of a few nanoseconds. Two things, however, are
in favor of the diamond version, both concerning the high intensity of secondary
particles in MERIT. First, the diamond detectors are more radiation hard than
silicon. They have been verified to withstand fluxes of 1015 protons without any
significant deterioration[7]. Second, a MIP generates more e-h pairs per µm in
silicon than in a diamond (and thus a higher integrated current)[3]. This is a good
property when detecting single particles, but a potential drawback for MERIT.
The charge generated in the detectors must be extracted between two proton
bunches (131 or 262 ns) in order to clearly identify which part of the signal comes
from which bunch. Using a typical detector with an area of 1 cm2, the order of
magnitude for these currents is several amperes for a diamond3 - even higher for
a PIN diode - given that it is possible to drain the detector of free charge carriers
completely between two bunches. It is not entirely clear that a PIN diode can
survive such a current. The choice thus fell on diamond detectors as the main

1One particle with sufficient energy to create any e-h pairs is called a MIP - Minimum Ionizing
Particle.

2PIN-diodes, consisting of two p- and n-doped layers with a pure intrinsic layer in between.
3Rough estimation: With a detector thickness of 500 µm, 108 MIPs yields 108 · 36 · 500 =

1.8 · 1012 e-h pairs. Draining the diamond of this amount of charge in 50 ns would be equivalent
to a current of ∆Q

∆t ≈ 6 A
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detector type since these have been tested satisfactory in conditions similar to
that of a secondary particle detector position in MERIT, when a piece of diamond
were subjected to 109 protons distributed over eight bunches while giving a reliable
signal[7].

The diamonds are grown with a chemical vapor deposition technique which
gives a very pure sample. The finished detectors have a size of 0.5x7.5x7.5 mm3.
The top and bottom are coated with a conducting Cr-Au layer for signal read-out.

4.4.1 Signal generation
A voltage U applied to the two diamond contact surfaces yields an internal electric
field E = U

d , d being the distance between the contacts. The field accelerates
internal free charge carriers toward the anode or the cathode, depending on charge
polarity, which causes a change of potential on the electrodes and a current is
induced in the circuit[7]:

Ie = ne
qeνe
d

(4.2)

where subscript e denotes electrons as charge carrier (h for holes). ne is the number
of free electrons and νe the drift speed for electrons. For moderate voltages this is
proportional to the applied voltage[7]:

νe = µeE = µe
Ud
d

(4.3)

where Ud is the voltage over the diamond. This relationship breaks down for high
voltages as the drift velocity approaches the saturation velocity, νs. At these levels
the expression:

νe = µeE

1 + µeE
νs,e

(4.4)

is a better approximation[10]. Typical operating voltage is 500 Volts and is within
the region where the drift speeds are close to saturated.

The drift time for an electron is limited by the distance from its starting point.
Treating the diamond as an ideal capacitor, the electron yields a constant current
while between the contact surfaces. The collected charge for an electron released
at a distance z from the anode is given by:

Qc =
t∫

0

Ie(t) dt (4.5)

where t is the time for the electron to reach the anode. For an ideal diamond
crystal, the lifetime of an electron is infinite, but in reality impurities and the
boundaries of the polycrystalline structure cause drifting charges to be trapped
and reabsorbed. This is a statistical process and one can assign each type of charge
carrier a lifetime τ to model this loss of charge. The collected charge for a group
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of n0 electrons starting at z will be:

Qc = qe

t= z
νe∫

0

n0e
− t
τe
νe
d

dt = n0qeνeτe
d

(
1− e−

z
νeτe

)
≈ n0qe

z

d
(4.6)

The last expression is only valid when the lifetime is very long compared to the
drift time required for an electron to reach the anode (z/νe). A MIP will liberate
electrons (and holes) throughout the whole diamond. Thus, for the electrons
starting off close to the cathode, the collected charge is close to the original number
of cathode-close electrons (given that the lifetime is long compared to the required
drift time for an electron to traverse the diamond), while, somewhat counter-
intuitively, those created at the anode-side will barely make any contribution at
all to the total collected charge.

Assuming that one MIP generates n electron-hole pairs, equally spaced through-
out the diamond, the collected charge due to the moving electrons can be consid-
ered a sum of each individual electron-hole pair contribution with different starting
positions, zi = i

nd. Consider the collected charge from the electron contribution:

Qc,e =
n∑
i=1

qe
νeτe
d

(
1− e−

zi
νeτe

)
; zi = i

n
d (4.7)

Again, treating the lifetime as long compared to the drift time, a first order Maclau-
rin series gives:

Qc,e = qe
νeτe
d

∑
i

(
i

n
· d

νeτe

)
= . . . = qe

n+ 1
2
≈ qe

n

2
; n large (4.8)

Hence, even for a perfect diamond with infinite lifetime, the collected charge from
a MIP with high enough kinetic energy to cross the entire diamond is only half
the one generated (since one e-h pair represents two elementary charges).

4.4.2 Diamond readout
A few remarks on the design of the readout circuit should be made (see figure 4.4).

As mentioned, the expected currents are of the order of several amperes. But
this is only possible if the bias voltage across the diamond is maintained during
the entire proton bunch sequence. Should the voltage drop, the current will do
likewise. Therefore, it is of great importance that the electric potential at the
contact surfaces is stable. This is the purpose of the large 100 nF capacitor in the
circuit, serving as a charge reservoir. The power supply alone can not maintain
the operating voltage while draining the diamond of such a large current, as the
maximum deliverable current of such a device is usually limited to some mA.
When the diamond is not exposed to any radiation, the leakage current under
500 V is less than one nA. This means its resistance is in the order of TΩ. In
equilibrium virtually all the voltage will be over the diamond and the capacitor,
with a minute current from the power supply flowing through the circuit. The
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protection resistor of 1 kΩ in series with the power supply is to avoid short circuit.
Below the diamond is another resistor of 1 MΩ over which the output is taken
(50 Ω cable and an oscilloscope with the same input impedance).

As the diamond detector is exposed to ionizing radiation, it can be considered
to experience a dramatic decrease in resistance due to its internal free charge
carriers (it becomes quasi-conducting). The capacitor, that has been charged up
at 500 V, serves as a voltage source that causes a current to flow through the
circuit. While not irradiated, the leakage current was fully compensated by the
current from the power supply, but now this milliampere current is too low to keep
the diamond at 500 V. Instead, this has to be done by the capacitor. To do this
for 8 consecutive proton bunches, the total charge drained from the diamond must
be significantly lower than the charge stored in the capacitor. The number of e-h
pairs created is:

Qd = 8 bunches · 36 e-h pairs/µm · 500 µm · 108 MIPs · qe = 1.4 · 1013qe

while the initial charge stored in the capacitor is:

Qc = UcC = 500 V · 100 nF· = 3.1 · 1014qe ≈ 22Qd4 (4.9)

So, the maximum collectible charge from the diamond is less than 5 percent of
that stored in the capacitor. Hence, the capacitor should be able to maintain the
voltage across the diamond with a total voltage drop less than a few percent.

100n

C_reservoir

1MEG

R_1

R_prot

1k

+

-U_bias

500V
R_cable

50

pCVD

Figure 4.4. Diamond readout circuit.

4.4.3 Charge collection distance
The charge collection distance (CCD) is a parameter closely coupled to the charge
carrier lifetime and can be interpreted as the average distance that an electron-hole
pair move apart. In the ideal case, this distance is equal to the diamond thickness,
meaning that all the electrons and holes are collected at the electrodes. Finite

4Subscript c and d denotes capacitor and diamond.
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Figure 4.5. Circuit board. Diamond with a 7.5×7.5 mm Au-Cr contact surface in the
middle. To the left of this a PIN-diode for calibration purpose. The two detectors are
covered by a protective concave glass disc.

lifetimes limits this number to, at present, about half the diamond thickness for
polycrystalline samples. Definition of the CCD:

δ =
∫
Itot(t) dt
ρionqe

= Qc,e +Qc,h
ρionqe

(4.10)

where ρion is the linear ionization density for a MIP traversing the detector. To
measure this parameter, the detector was exposed to a suitable radiation source
(a β-source in this case, 90Sr). By integrating the induced current from a single
MIP, one gets Qc,tot. For illustrative purposes one can make the assumption that
the number of collected electrons (here denoted as a fraction λ of the originally
generated e-h pairs) is equal to that of the holes, yielding:

δ ≈ λeQg,e + λhQg,h
ρionqe

= λeρiondqe + λhρiondqe
ρionqe

= (λe + λh) d ≤ d (4.11)

The final step follows from eq 4.8, telling us that neither of the λ:s, in this model,
can exceed 1/2. Since the integrated current is due to moving holes as well as
electrons, this type of measurement is not feasible if one would like to investigate
further the individual properties of these complementary charge carriers. For the
diamonds used in MERIT, the collection distance has been measured to about
220 µm, or 0.44d.
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4.4.4 Diamond calibration with α-source
To determine other parameters for the diamond, the response when exposed to
radiation was measured by using 241Am as an α-source. The main difference from
β-radiation is that α-particles have a much shorter penetration depth. The setup
is described in fig 4.6.
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Figure 4.6. Sketch (simplified) of the α-calibration. Electrons will go one way and holes
the other, depending on the bias polarity. The signal is amplified and recorded on an
oscilloscope.

The kinetic energy, E0, of the α-particles is 5.5 MeV. Between the source and
the diamond is an air gap of dair = 0.6 cm followed by a Au-Cr contact with
thickness dAu = 250 nm. The stopping power for an α-particle in air is E′air =
712 MeV/g/cm2 and E′Au = 233 MeV/g/cm2 in gold (the contact is assumed
to be pure gold). Densities for air and gold are ρair = 1.2 × 10−3 g/cm3 and
ρAu = 19.3 g/cm3. Given these numbers, the average energy loss for an α-particle
before entering the carbon region in the diamond detector is:

Eloss = E′airdairρair + E′AudAuρAu = 625 keV (4.12)

As the stopping power in diamond is relatively high, an α-particle will be com-
pletely stopped after about 14 µm. Thus, one α-particle deposits E0 − Eloss =
4.87 MeV. Assuming that all energy is converted to creation of electron-hole pairs
this yields[7] 3.7 × 105 pairs.

Two points about this measurement should be made. First, the polarity of the
bias voltage at the side where the α-particles hit is very important as it determines
which type of charge carrier will traverse the diamond to the other side. With a
negative bias voltage, the top side becomes the anode and the bottom the cathode
with electrons and holes drawn to the opposite charge side. As the α-particle
penetration depth is very thin compared to the thickness of the diamond (500 µm),
almost all the e-h pairs will start off from the top, so the time for the electrons to
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reach the anode is much shorter than the time for the holes to reach the cathode. In
this case, the integrated charge due to electrons is close to negligible (see eq. 4.6).

In MERIT, the diamond will be exposed to high fluxes of light MIPs, e.g.
hadrons, electrons and muons which easily pass 500 µm of diamond with an aver-
age energy loss of some 500 eV/µm, the creation of electron-hole pairs no longer
restricted to the surface regions.

Second, these numbers are only valid for an α-particle whose trajectory is per-
pendicular to the diamond contact surface. The ones deviating from the shortest
path will lose more energy on their way and yield less electron-hole pairs. This
effect is taken into account using the histogram feature of the oscilloscope. Each
signal with a high enough peak triggers the scope, the signal is recorded and ana-
lyzed and the maximum amplitudes are placed in a histogram. The high-voltage
end of the histogram gives the expected signal for the most energetic incoming
α-particles (e.g. the ones with shortest air distance to travel). See figure 4.7.
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Figure 4.7. Histogram over signal peaks for diamond sample C420-5 exposed to α
particles.

The high-end side is here fitted with a gaussian. The voltage peak for the
particle trajectories perpendicular to the diamond surface has been interpreted to
roughly correspond to the value where the downslope of the histogram is steepest.
The results from these measurements are presented in table 4.3.

There are still signals with higher amplitudes than the values presented here.
Part of this can be blamed on noise and that the americium sample occasionally
emits multiple α-particles, yielding a higher signal than a straight-on single nucleus
even if they are separated a few nanoseconds, or have covered a longer distance in
air.
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Diamond sample Signal peak Diamond current
C-420-1 43 mV 2.08 µA/MeV
C-420-2 48 mV 2.32 µA/MeV
C-420-3 50 mV 2.42 µA/MeV
C-420-5 50 mV 2.42 µA/MeV
C-420-6 47 mV 2.27 µA/MeV
C-420-8 36 mV 1.74 µA/MeV

Table 4.3. Results from α-calibration of diamond samples. The numbers in the third
column are adjusted for an amplification of 85 and an input impedance of 50 Ω on the
oscilloscope.

The width of the signal is roughly 2 ns for the holes. By reversing the polarity
and doing the same measurements for the electrons, the signal width is estimated
to be 6 ns but with a lower amplitude. Yet, the integrated signal remains more or
less unchanged.

4.4.5 Extraction of diamond characteristics
Some vital parameters in making a decent diamond current model can be extracted
from the mentioned measurements. Of interest are the charge lifetime (τ), drift
velocity (ν) and the carrier mobility (µ) for the two carrier types.

First, we recall that the integrated signals for the holes and electrons with an
α-source are roughly equal, or, in other words, the “loss” of charge is about the
same regardless of carrier type. Assuming this is also the case when using 90Sr,
along with Qc,e = Qc,h and δ = 0.44d = 220 µm, we get from (4.7) and (4.10):

2× νhτh
dρion

n∑
i=1

[
1− e−

zi
νeτe

]
= δ = 0.44d⇔

νhτh
d

∑
i

[
1− e−

i
n ·

d
νhτh

]
= 0.22ρiond = 0.22n

(4.13)

Solving the equation (numerically) gives:
νhτh
d

= 0.22⇔ νhτh = 1.95 · 10−4 m (4.14)

This applies for the electrons (νe,τe) as well. The same relation could have
been calculated using the α particle response instead, but the signal data from that
series (only averaged signals available) are less reliable than the CCD value using
90Sr. However, the α responses can be fruitful in making a rough estimation of
the absolute values of ν and τ by modeling the diamond current as an exponential
function;

Ih(t) = n0
νhτh
d

e−t/τh ;
{
n0 = ρiond
t ∈ [0, dνh ] (4.15)

This current is amplified with a factor of 85 (G) into a 50 Ohm impedance. The
bandwidth of the amplifier is f0 = 500 MHz and it is modeled with the first order
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transfer function[11]:

Hamp(ω) = G

1 + j ωw0

; w0 = 2πf0 (4.16)

Corresponding impulse response:

Hamp(t) = Gω0e
−w0t; t ≥ 0 (4.17)

Since the analog bandwidth of the oscilloscope (GHz) is much larger than that of
the amplifier, it has been neglected here. The signal measured on the oscilloscope
is a convolution:

U(t) = R · Ih(t) ∗Hamp(t) (4.18)

The final step is to adjust νh and τh so equation (4.14) is satisfied on the one hand,
and that the output signal U(t) is fairly similar to the ones in the α measurements
- 50 mV peaks and about 2 ns long.

Evidently, there is no perfect fit; the modeled pulse is either too long or too
high. The chosen values are:{

νh = 1.75 · 105 m/s
τh = 0.9 ns (4.19)

The main objective for this choice is that it corresponds to the measured voltage
peaks of 50 mV, although the modeled signal width is longer than the measured
averaged signal width. Being an average, this property is given lower credibility
since it includes many signals where the α-particle has loosed more energy than
the straight-on ones and so have voltage peaks as low as 10-15 mV (see figure 4.7).
A signal with this peak amplitude, and a lifetime as short as 0.9 ns, will quickly
drown in noise and reduce the average pulse width.

Exploiting that the integrated charge is about the same for electrons at a
positive bias voltage, but with about a third in peak amplitude, finding the corre-
sponding electron carrier values is analogous:{

νe = 5.83 · 104 m/s
τe = 2.7 ns (4.20)

One vital property remains to find: the charge carrier mobility µ. With the
data available, this is somewhat cumbersome, but one can make a rough estima-
tion. At 500 V, the diamonds operate close to the saturation velocity for the charge
carriers (see equation (4.4). Assuming that ν(500 V) ≈ 0.9νs for both electrons
and holes, one gets:

µ = ν

E
(
1− ν

νs

) = ν

0.1E
⇒
{
µh = 1.75 m2/Vs
µe = 0.583 m2/Vs (4.21)

It ought to be stressed that the material parameters presented here are not
necessarily very close to the true values (and quite different from values found in a
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standard table) for our diamond samples. To get these, more careful measurements
need to be made. The purpose of extracting and presenting these parameters at
all is solely to gain material to use in a model (see section 4.4.6) that makes phys-
ical sense and, at least for low particle intensities, will recreate the real detector
response with some accuracy.

4.4.6 Simulation of pCVD signal
Using the equations and parameters from the previous section along with know-
ing the flux of secondary charged particles in time from simulations and the PS
machine, one can make a discretized model of the diamond current.

Simplification of readout circuit

The maximum current that can be drawn from the power supplies is a few mil-
liamperes which is negligible compared to the several ampere current that flows
through the diamond when exposed to a high flux of ionizing particles. So on a
short timescale (microseconds), the initially fully charged reservoir capacitor can
be considered the only voltage source in the circuit. The 1 MΩ resistor in parallel
with the 50 Ω resistor (cable characteristic impedance and oscilloscope input) is
replaced with a 50 Ω resistor. Another adjustment is to split up the diamond in
two parallel coupled parts, one for each type of charge carrier induced current and
denoting these with a specific time varying resistance. The circuit can now be
replaced with the simplified one as seen in figure 4.8. A voltage loop from ground
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to ground gives:

Uc(t)− Ud(t)−Roscitot(t) = 0⇔ Ud(t) = Uc(t)−Rosc (ih(t) + ie(t)) (4.22)

Drift velocity vs. internal charge

The induced current for a group of drifting holes (n in total) in the diamond at a
given moment is given by:

ih(t) = nqe
νh
d

= Qr,h
νh
d

= Qr,h
d
· µhEd

1 + µhEd
νh,s

; Ed = Ud
d

Qr,h is the remaining hole charge inside the diamond and, unless compensated by
incoming MIPs, this will decrease according to charge lifetime and when a hole
reaches the cathode side. Identifying the drift velocity gives:

νh = µhUd

d
(
1 + µhUd

dνh,s

) = µhUd
dβh

; βh = 1 + µh
dνh,s

[Uc −Rosc(ih + ie)] (4.23)

Further expansion:

νh = µh
dβh

[
Uc −

Rosc
d

(νhQr,h + νeQr,e)
]
⇔

νh
dβh
µh

= Uc −
Rosc
d

νhQr,h −
Rosc
d

νeQr,e ⇔

Uc = νh

[
dβh
µh

+ Rosc
d

Qr,h

]
+ νe

RoscQr,e
d

(4.24)

Corresponding expression for the electrons:

Uc = νe

[
dβe
µe

+ Rosc
d

Qr,e

]
+ νh

RoscQr,h
d

(4.25)

(4.24)− (4.25)⇒ νh
dβh
µh
− νe

dβe
µe

= 0⇔ νe = βh
βe

µe
µh
νh (4.26)

(4.26) in (4.24)⇒ νh

[
dβh
µh

+ RoscQr,h
d

+ βhµe
βeµh

· RoscQr,e
d

]
= Uc ⇔

νh = Uc
dβh
µh

+ Rosc
d

(
Qr,h + βhµe

βeµh
Qr,e

) (4.27)

This gives the drift velocity for a given amount of internal charge carriers and
capacitor voltage. Of course, the expression is a bit convoluted, since βh and βe
themselves depends on ν. Interpreting β as a diamond property when calculating
the current at time t, one could simply use the β-value for time t−∆t, ∆t being the
minimal time step, given that the changes in MIP intensity are not too dramatic
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to have a fair approximation. One thing can immediately be read out of the
expression. If the amount of charge in the diamond is large (Qr → ∞), the drift
velocity tends to zero. This is because the maximum possible current is limited by
the bias voltage (500 V) and the oscilloscope input impedance (50 Ω). The larger
the number of free charge carriers, the slower they must drift not to exceed this
upper current limit.

Another neglected effect here is the charge carriers screening effect on the
accumulated charge on the contact surfaces. This reduces the effective internal
electric field and thus yields lower drift velocities if the amount of internal charge
is large enough.

Internal charge distribution

To facilitate a time discrete model, some help variables are introduced. From
simulations of the number of charged secondary particles per beam proton and
known proton beam bunch structure, one can calculate the frequency of incoming
MIPs on the diamond surface fMIP [ti]5, measured in MIPs per second. This can
be interpreted as a total of n bunch packets or slices, each with their individual
intensity, delivered at different times. From fMIP , one can define another vector,
ηh[ki]:

ηh[khi ] ≡ fMIP [ti]∆tρionqe (4.28)

where ∆t is the length of the time step and ρion is the number of electron hole
pairs per meter created by a MIP. The independent variable is denoted khi since
the above definition is only an initialization value; ηh will later change with time
(so it is really a square matrix, ηh[khi , tj ]) and the initialization applies for tj = 0.
Subscript/superscript h denotes, as usual, holes as the charge carrier of interest.
Similar vectors are initialized for the electrons.

Next, we introduce ζ[khi ] defined as the total length a given slice of charge has
drifted (see figure 4.9).

The total hole charge inside the diamond at time tj is given by adding the area
of each slice (index tj omitted):

Qr,h =
khmax∑
i=kh

min

ηh[khi ]
(
d− ζh[khi ]

)
(4.29)

The markers khmin and khmax indicates which charge slices has been injected into
the diamond (khmax) and which has been completely extracted from it by reaching
the left edge at x = 500 µm (khmin + 1). Here is the reason why bothering to have
different superscript (khi , kei ) for electrons and holes: since their drift velocities are
different, a group of electrons generated at the same time as their hole counterparts
may still be drifting inside the diamond and induce a current after the holes have
been extracted from the detector.

5Here, the [] denotes a vector as a function of a discrete variable - time in this case.
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Figure 4.9. The internal charge distribution (holes) in the diamond at time t = tj .

Pseudo code for current computing algorithm

Following steps are performed at each tj :

1. “Decay” the present internal charge according to:

ηh[khi , tj ] = ηh[khi , tj−1]e−
∆t
τh khi ∈ [khmin, khmax − 1]

ηe[kei , tj ] = ηe[kei , tj−1]e−
∆t
τe kei ∈ [kemin, kemax − 1]

(4.30)

2. Calculate the total internal charge.

Qr,h[tj ] =
khmax−1∑
kh
i
=kh

min

ηh[khi , tj ](d− ζh[khi , tj ])

Qr,e[tj ] =
kemax−1∑
ke
i
=ke

min

ηe[kei , tj ](d− ζe[kei , tj ])

(4.31)

3. Add charge due to incoming minimum ionizing particles at time tj

Qr,h[tj ] = Qr,h + ηh[khmax, tj ] · d
Qr,e[tj ] = Qr,e + ηe[kemax, tj ] · d

(4.32)
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4. Calculate βh[tj ] and βe[tj ]:

βh[tj ] = 1 + µh
dνh,s

(Uc[tj−1]−Rosc(ih[tj−1] + ie[tj−1]))

βe[tj ] = 1 + µe
dνe,s

(Uc[tj−1]−Rosc(ih[tj−1] + ie[tj−1]))
(4.33)

5. Calculate drift velocities at time tj :

νh[tj ] = Uc[tj−1]
dβh[tj ]
µh

+ Rosc
d

(
Qr,h[tj ] +

βh[tj ]µe
βe[tj ]µh

Qr,e[tj ]
) (4.34)

νe[tj ] = βh[tj ]
βe[tj ]

µe
µh
νh[tj ] (4.35)

6. Move each charge slice a distance forward according to their drift velocities:
l = ν · ∆t. If a charge slice reaches the anode/cathode side, increase kmin
with 1.

ζh[khi , tj ] = ζh[khi , tj−1] + νh[tj ] ·∆t; khi ∈ [khmin, khmax]
ζe[kei , tj ] = ζe[kei , tj−1] + νe[tj ] ·∆t; kei ∈ [kemin, kemax]

(4.36)

7. Update the current flowing through the diamond

ih[tj ] = Qr,h[tj ]
νh[tj ]
d

ie[tj ] = Qr,e[tj ]
νe[tj ]
d

(4.37)

8. Reduce the voltage over the capacitor

C · ∆Uc
∆t

= i⇔ ∆Uc = (ih + ie)
∆t
C
⇒

Uc[tj ] = Uc[tj−1]− (ih[tj ] + ie[tj ])
∆t
C

(4.38)

9. Increase khmax and kemin with 1 to add more e-h pairs in the next iteration.

Simulation results for different parameters

At an early stage, the major concern is at which levels one can expect that the
diamonds start to show saturation effects; that is, the rate of created electron-
hole pairs is higher than what the bias voltage can manage to drain. When this
happens, the linearity between the integrated charge and the number of incoming
MIPs breaks down. As the extracted diamond parameters are a bit uncertain, the
lifetime can be set to higher than assumed while calculating the diamond current
for a given number of MIPs arriving during 50 ns. Should the current approach
the maximum (10 A) one should be aware that a detector subjected to such a flux
will not behave linearly.
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Figure 4.10. Simulation of diamond signal (current over a 50 Ω resistor) for different
charge carrier lifetimes. The voltage drop is calculated for 109 MIPs. Upper: τh = 20 ns,
τe = 60 ns. Lower: τh = 0.9 ns, τe = 2.7 ns.
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Figure 4.10 shows the simulated current for different charge carrier lifetimes
and number of MIPs. The time distribution of MIPs is assumed to be proportional
to a roughly Gaussian bunch spill with 50 ns width. The lower graph is calculated
using the lifetimes extracted in this chapter, while the upper is calculated using -
for polycrystalline diamond - unrealistically long lifetimes6. For the long lifetimes,
we see that for a large number of MIPs, the amount of generated charge is too high
for the read out circuit to effectively drain the diamond of free charge carriers and
the internal charge increases as long as MIPs are traversing the diamond. As the
flow of MIPs seizes, there is still a lot of charge inside the diamond that continues
to generate a current, long after the last ionizing particle has created any electron
hole pairs. The short-lifetime-case shows significantly narrower signals since the
internal charge in this case quickly gets trapped (“decays”) as soon as there is no
more ionizing radiation. For low fluxes of MIPs, the long lifetimes gives voltage
peaks about double that of the short lifetimes.
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Figure 4.11. Integrated charge (elementary charges) divided by number of created
electron-hole pairs.

By plotting the integrated charge versus generated number of e-h pairs(see
figure 4.11), one can see up to which levels a diamond behaves linearly. For an
infinite lifetime, the normalized integrated charge should be identical to 1, meaning
no charge loss during extraction. This is almost the case for the long lifetime up

6They are closer to what could be expected of a single crystalline diamond (sCVD).
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to 108 MIPs. Regardless of the lifetimes, both parameter configurations behave
linearly up to about 108 MIPs.



Chapter 5

Performance test of
detectors

5.1 pCVD in high intensity proton beam
The diamonds have previously been shown to withstand high intensities of charged
particles while giving a reliable output[8]. Shown in figure 5.1 is the response of
one detector subjected to eight bunches of 108 protons/cm2. Each bunch lasts
for 40 ns and the detector is biased at 1 V/µm, so the conditions are very much
like those expected in MERIT. The variation in peak amplitude follows well the
variation in bunch intensity.

5.2 ACEM in dipole magnet

5.2.1 Setup
To verify that the shielding (6 cylindrical layers of 1 mm µ-metal plus a 10 mm
thick iron cylinder) around the tube is enough for the detector to still function in
the vicinity of the MERIT solenoid, the whole detector was placed inside a dipole
magnet in the North Area along an extraction line from the SPS accelerator.
Right on top of the detector is a β-source (90Sr). Since the energy of the emitted
electrons is quite low, the innermost layer of the µ-metal had to be replaced with
a paper tube covered with thin, black tape. By varying the current of the magnet
and doing double measurements for the radioactive source open and closed, one
can directly see how the B-field affects the photomultiplier. One effect that has
been neglected here is that the magnetic field also affects the emitted electrons by
Lorentz force. This is partly compensated by simply sliding the outermost layer
of µ-metal over the Sr-sample.

To keep the detector from being hurled away due to the strong magnetic field
it has been tightly secured under a steel frame (when B-field is perpendicular to
detector axis) or hold in position by lead bricks (when B-field is parallel to detector

35
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Figure 5.1. Multi-bunch response from a diamond detector at high intensity.

Magnet dipoles

Detector, source and shielding

Figure 5.2. One of the ACEM detectors inside a dipole magnet, aligned perpendicular
to the magnetic field.
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axis). The detector was biased at 1100 V and the output signal connected to a
discriminator set to trigger at 60 mV, which is sufficiently high to block triggers
due to noise from the electronics. Any cosmic background radiation is still easily
picked up by the ACEM and gives about half as many triggers as the source.

During two minutes, the number of triggered events was counted at different
magnetic field strengths. Initially, the current was increased until no triggers were
registered and then lowered to zero again. The magnetic field for the dipole used
is given by:

B = kI; k = 6.61 G/A (5.1)

5.2.2 Results

Figure 5.3. Number of counts per 2 minutes vs magnetic field strength. Magnetic field
is perpendicular to detector axis. dB

dt
> 0 indicates an increase of the magnetic field with

respect to the previous measurement. dB
dt
< 0 indicates a decrease (except for one point

at 650 G).

It is clear that the ACEM detector is practically unaffected by the magnetic
field up to 500 Gauss when the magnetic field axis is perpendicular to the detector.
This corresponds to a distance of less than three meters behind or in front of the
solenoid.

The case when the magnetic field is aligned with the detector is fundamentally
different and there is an almost linear decrease of the discriminator trigger fre-
quency. Not surprisingly, the shielding is quite ineffective in absorbing magnetic
field lines oriented along the detector axis. Luckily, most of the ACEM detectors
will not be oriented like this. The one closest to the solenoid will be looking in
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Figure 5.4. Number of counts per 2 minutes vs magnetic field strength. Magnetic field
parallel to detector axis.

to the solenoid at a 90 degree angle and thus having the field completely perpen-
dicular to the shielding. One should have in mind though, that the source itself
in this testing is only shielded with 1 mm µ-metal which reduces the number of
electrons reaching the ACEM cathode, and that the PM-tube lacks the top layer
of protective µ-metal.

One curiosity is the little “hump” that is visible at the high field end for the
parallel case. This might be explained by the electrons at this level being subjected
to just enough Lorentz forces to complete a large enough fraction of a revolution
that they manage to reach the following dynode. A very rough calculation where
we approximate the distance d between two dynodes to 1 cm and assume the
voltage V to be evenly distributed over the ten dynodes gives the time to go from
one dynodes to the next to:

t = d

v
= d√

2Ek
me

= d√
2qe(V/9)
me

= 1.5 ns (5.2)

The cyclotron frequency for the electrons in a magnetic field B of 300 G is given
by:

ωc = B
qe
me

= 5.3 · 109 rad/s (5.3)

As the product wct = 7.8 rad ≈ 1.2 revolutions is fairly close to one complete
revolution this hypothesis is not unreasonable if the shielding efficiency is poor
with the detector parallel to the field.
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The number of counts are plotted with a 95 percent confidence interval (Gaus-
sian distribution) so the big differences at some data field between the increasing
and decreasing current curves can not be dismissed as statistical fluctuation of the
source activity. In general, the decreasing field-curves have a higher trigger rate
at magnetic fields close to where the detector stops functioning. This observation
is not understood, although it looks like it takes longer for the magnet to adapt
to the new current level than is indicated at the operator interface.
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Chapter 6

Experimental setup

This chapter presents a brief overview of the peripheral equipment and software
employed to serve the particle detectors during operation. The underlying philos-
ophy has been to make as much of the equipment as possible remotely controllable
since the MERIT control room is located about 1 km from the experimental area
in the TT2 tunnel. Furthermore, the access to TT2 is limited since this is a pro-
tected radiation zone, meaning that the PS can not operate as long as there are
people working inside the zone. This makes a remotely controlled system not only
convenient, but important if one would need to change any settings on the fly.

Solenoid

Peripheral equipment for 
particle detectors 
(oscilloscopes, power 
supplies, …)

Dump

Beam direction

Entrance

Figure 6.1. Layout of the MERIT site in the TT2 tunnel

41
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6.1 Specifications
6.1.1 Oscilloscopes

Tektronix 744A LeCroy WavePro 7100
Input channels 4 4
Max sample rate 500 MS/s1using 4 channels 2.5 GS/s using 4 channels
Number of divisions 10 (8 visible on display) 8
Input impedance 50 Ω/1 MΩ 50 Ω/1 MΩ
Max volt/division 1.0 V at 50 Ω 1.0 V at 50 Ω
Min volt/division 1.0 mV 2.0 mV
Resolution 8 bits 8 bits

Memory 50 kpts/ch at single acquisition 1 Mpts/ch at single acquisition
5 kpts/ch at segmented acqui-
sition

0.5 Mpts/ch at segmented ac-
quisition

Bandwidth (-3 dB) 500 MHz 1 GHz
Remote control GPIB2 Ethernet

Table 6.1. Oscilloscope performance

Requirements for the oscilloscopes:

Sampling speed The signals from the detectors are expected to last at least as
long as the proton bunches, i.e. 50 ns. To capture a good representation of
these signals a minimum of 15 samples are desired, setting a lower limit for
the sampling rate to 300 MS/s. But obviously, the more, the better - as long
as the oscilloscope analog bandwidth3 can match the sampling speed.

Segmented acquisition As mentioned, the time between the pump bunch and
probe bunch can be in the order of milliseconds. If one were to let the
oscilloscopes record the entire signal from first to last micro bunch, a vast
amount of memory would be required given the high sampling speed. A
better way is to split up the oscilloscope memory in two segments and store a
few microseconds (10 µs in our case) of interesting signal at each pulse arrival
and set the oscilloscope on hold in between. This is not a too complicated
feature, but not all oscilloscopes possess it. On the considered oscilloscopes
that do, this requires one extra external trigger pulse for each segment.

Remotely controllable Any reasonably modern oscilloscopes supports remote
controlling. For our purposes, this is necessary to make data analysis of the
acquired signals on a computer, but also to be able to change settings on the
oscilloscopes without interrupting the PS beam by entering TT2 area. The
Tektronix uses a GPIB protocol, requiring a direct cable from the oscilloscope

2Megasamples per second
2General Purpose Interface Bus
3Related to the input amplifiers, among other things.
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to a computer while the LeCroy is equipped with an Ethernet connection,
which makes the communication speed significantly faster than with the
Tektronix.

6.1.2 Pulse generator - HP81110A
To generate the double trigger pulse when the pump-probe time is long, a pulse
generator has been positioned between the main trigger (which triggers the pulse
generator), directly linked to the PS, and the oscilloscopes (being triggered by
the signal from the pulse generator). If the pump-probe time is short enough
for the rendered signal to be captured in a single interval, the pulse generator is
simply set to single pulse-mode and generates an oscilloscope trigger signal when
triggered by the PS signal. Should the pump-probe time be longer than some tens
of microseconds4, the pulse generator is set to deliver two trigger pulses whose time
separation matches that of the two proton pulses. Like the Tektronix oscilloscope,
this is remotely controlled by GPIB with the two devices linked in a daisy chain
and connected to the control PC by a GPIB-to-USB interface.

6.1.3 Power supplies - CAEN N470

Output channels 4
Number of devices 5
Output voltage 0 to ±3 kV
Max current 3 mA

The CAENs supply the detectors with a suitable voltage (-500 Volts for the
diamonds). In total there are 20 available output channels in case some should
break down for one reason or the other5. The power supplies are provided with a
High Speed CAENET interface which uses a simple 50 Ω LEMO cable as trans-
mitter/receiver to a H.S. CAENET PC Controller module card in the control PC.
This enables a fairly fast communication in programming the power supplies and
reading their status during operation.

6.1.4 Attenuators
Due to the expected high current from the diamond detectors at nominal working
voltage, attenuation of up to 40 dB is necessary to protect the oscilloscope inputs.
The attenuators are located in the same position as the rest of the peripheral
equipment and are the only devices that are not remotely controllable6. The
implication of this is that the first runs in the experiment might be dedicated

4The Tektronix can sample up to 100 µs at 500 MS/s, setting the threshold for sin-
gle/segmented acquisition to slightly shorter than this time.

5This did happen during a hipot test of the solenoid coils.
6Efforts were made to find remotely controllable attenuators, but were either too expensive,

had too low bandwidth or were not specified to withstand a very short high power pulse.
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to find a suitable attenuation factor of each individual detector signal should the
simulations and expected detector response be off by an order of magnitude.

6.1.5 Cables
As the distance from the detectors inside the experiment hall to the position of
the acquisition equipment is quite long - 50 meters - the cables’ damping effect
on high frequencies should not be immediately dismissed. Following [9], the cable
can be considered a general 2-port, which in matrix notation gives, for the voltage
and current:(

V1
I1

)
=
(
A B
C D

)(
V2
I2

)
=
(

cosh(γl) Z0 sinh(γl)
1
Z0

sinh(γl) cosh(γl)

)(
V2
I2

)
(6.1)

γ =
√

(R+ jωL) (G+ jωC) (6.2)

R, C, G, L are cable characteristics per unit meter (e.g. C = 84 pF/m for the
diamond detector cable7) and Z0 the characteristic impedance. Next, we use the
simple cable attenuation-measurement setup (see figure 6.2) for interpretation of
the available attenuation numbers at different frequencies available:

Frequency [MHz] Attenuation [dB]
1 0.5

10 1.6
100 5.1
200 7.2
800 15
1000 16.8
1600 21.7
2000 24.3
3000 30.2

Table 6.2. Cable attenuation for different frequencies.

The transfer function from the generator to the load impedance can be ex-
pressed as:

H(ω) = UL
UG

= ZL
B +AZL +DZS + CZLZS

(6.3)

Rather than looking at this expression, which is simply equal to 1/2 for a perfect
cable if ZG = ZL, we look at 2 · H(ω) for ZG = ZL = Z0 = 50Ω ≡ R as this
expression should be close to unity for low frequencies and gives the attenuation
at higher frequencies:

2 ·H(ω) = 2 ·R
B +R(A+D) +R2C

= 1
sinh(γl) + cosh(γl)

=

= e−γl = e−l
√

(R+jωL)(G+jωC)
(6.4)

7Coaxial cable, type C-50-6-1.
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Figure 6.2. 2-port model of cable in attenuation-measurement setup

Fitting equation 6.4 to the data points yields: R = 1.43 mΩ/meter and G =
L ≈ 0.

Figure 6.3. Attenuation curve fitted to data sheet for diamond detector cables.

6.2 Equipment interface
6.2.1 Instrument communication
The particle detector system is geographically divided into three parts (see fig 6.4).
Inside the experimental area are all the detectors, connected by cabling to the
equipment in the access tunnel: oscilloscopes, power supplies and pulse generator
- all connected to and controlled by PC2. This computer can be controlled by the
user from any other location with an Internet connection.
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Figure 6.4. Schematics of equipment communication.

6.2.2 LabView interface
To easily control all the equipment it is necessary to create one single interface
that simultaneously can handle all the different kinds of protocols and means of
communication and in real time apply the desired settings or display status to
quickly detect potential malfunctioning of a device. LabView is a suitable choice
of software to do this as it provides many instrument drivers to common remotely
controlled devices on the market.

The design philosophy in making this interface has been to implement only the
functions necessary for a user to satisfactory operate the particle detection system
from any PC within the CERN network, this PC by a remote desktop control
accessing the computer placed in the TT2 tunnel equipped with the necessary
hardware to read and write to the peripheral equipment (see figure 6.4). Each
detector is assigned an oscilloscope input and a power supply output. Below
follows a short description of the implemented features.

1. Oscilloscopes

• Range: The maximum peak-to-peak range of the attenuated signal.
• Offset: How much voltage to add to the signal before it is acquired.
As e.g. the diamond signals are purely negative, it allows for a better
oscilloscope resolution to have the signal centered around a zero offset
level.
• Delay: The time to wait between trigger signal from the pulse generator
to start of acquisition. Should the PS trigger arrive long before (or
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shortly after) the beam-mercury interaction, this can be compensated
for by adjusting the internal oscilloscope delay in order not to miss any
part of the detector signal.

2. Power supplies

• Voltage: The bias voltage for each individual detector. The present
difference between desired and actual voltage is presented and continu-
ously updated.
• Max current: Protective upper limit for the maximum current that can
be drawn from the power supplies. In case of an unexpected short circuit
somewhere between the power supply and the detector, this prevents
further damages. As with the voltage, a current monitor informs the
user of the present current going through the detector.
• Status fields: Several indicators presenting the status of each power sup-
ply in general (High Voltage enabled, “Kill flags”, Alarm) and output
channel specific information (On/off, high current, over/under voltage,
polarity, ramping up/down etc.)

3. Pulse generator

• Trigger source: External (from PS) or manual (for debugging or fault
identification)
• Single/double pulse threshold: The maximum pump-probe time for the
oscilloscopes to operate in single trigger mode. Should the pump-probe
time be longer than this, the pulse generator delivers double triggers to
the oscilloscopes who are then set to segmented acquistion mode.

4. Signal display. After a trigger, the TT2 computer loads the signals from the
oscilloscopes and stores them on the hard drive whereupon the responses
from each activated detector are displayed on the screen. Based on this,
the user can quickly decide whether anything has to be adjusted, such as
increasing the voltage to one of the ACEM detectors if its signal is weaker
than anticipated.

5. Other parameters like detector attenuation or PS harmonic are strictly speak-
ing not necessary for the data capture to work, but the user is still encouraged
to type these in as they are important for the future analysis of the data.
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Figure 6.5. Snapshot of the LabView interface to the particle detectors



Chapter 7

FLUKA simulations

The simulations discussed in section 3.2 are made using MARS1. The accuracy
of these kinds of simulations is typically about 30%, therefore it would be wise
to cross check the results with an equivalent simulation scenario using a different
software. For this purpose, I have used a CERN developed MonteCarlo simula-
tion package called FLUKA[5][6]. The program operates by injecting the desired
type of beam, or primary particles, (protons in our case) particle by particle into
an environment. By using a random number generator and a statistical library,
with particle properties and cross sections for different interactions, each particle
will “randomize” it’s way through the geometry, yielding secondary particles and
deposit energy. When this is done for a large number of primary particles, the
statistical outcome of the simulation will reminiscent the reality.

The object of these simulation is mainly to confirm the previous results but
also to simulate other scenarios, such as what happens to the angular distribution
of the secondary flux if the proton beam is slightly deviated from the center of the
mercury target.

7.1 Geometrical model
In order to do any simulations at all, one must obviously model the geometry.
Included should be all objects that are subject to high instantaneous radiation
doses from a Hg/proton interaction. The following objects have been included in
this model:

• Mercury target

• Secondary mercury container

- Including titanium beam windows upstream and downstream of the
interaction point

• Snout
1See http://www-ap.fnal.gov/MARS/
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• Solenoid

• Beam dump

- Consisting of iron and concrete blocks

• Primary mercury container

• Tunnel walls, floor and ceiling
The user routines for geometry modeling in FLUKA are a trifle primitive, but
sufficient. All objects are built up by boolean operations2 on simple building
blocks: parallelepipeds, cylinders, spheres, cylinders, cones or wedges etc. forming
regions. Once the geometry is completed one assigns a material to each region
(e.g. mercury or vacuum). Surrounding the entire geometry is a region called
“Blackhole”, annihilating all entering particles to avoid particle tracking too far
away from the positions of interest.

Solenoid

Snout

Titanium end capSecondary Hg-
container Mercury jet

Proton beam

Beam window 1

Beam window 2

Figure 7.1. Cross section of solenoid. Beam trajectory along red line, from right to left.

7.2 Simulation objectives
The main objective of the simulations is to confirm the ones previously made with
a different program. This includes simulation of different kinds of charged parti-
cles (MIPs) incident on a detector. Other parameters of interest is the asymmetry
in particle production due to a possible misalignment of the beam, or the target.
Should the beam be slightly off center relative the mercury jet, the secondary par-
ticles produced can be biased in either direction, causing an amplitude difference
between the signals in two otherwise symmetrically placed detectors.

2Unions, subtractions or intersections
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Figure 7.2. Model of the MERIT tunnel and relevant inventory.
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7.3 Results

7.3.1 Flux of charged particles, MARS and FLUKA
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Figure 7.3. Flux of charged particles (per cm2) in the horizontal beam plane. Mercury
target is in, magnetic field 15 Tesla and the beam is centered on the jet.

To verify that the two simulation methods are in agreement, we look at the flux
of charged particles at a few different geometrical points corresponding to detector
positions (see figure 4.1) as these numbers are very important when estimating the
total signal from the diamond detectors. As seen in table 7.1, the results are in
very good agreement.

Detector position FLUKA MARS
Left 20◦ 1.5 · 10−5 1.5 · 10−5

Left 7.5◦ 5.8 · 10−5 5.4 · 10−5

Right 7.5◦ 6.2 · 10−5 5.7 · 10−5

Right 20◦ 4.3 · 10−5 4.8 · 10−5

Table 7.1. Comparison; FLUKA and MARS fluxes [MIPs/cm2/proton] in a 24 GeV/c
simulation.

7.3.2 Proton beam bending
As the proton beam enters the magnet, it will experience a small magnetic “kick”
due to the tilting angle of the solenoid. In reality, there will be stray fields from
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the solenoid extending several meters, but as a proper model of these is far from
trivial, the magnetic field in the FLUKA simulations has been defined to be solely
inside the solenoid and completely homogeneous directed along the solenoid axis
in the beam direction. To visualize the bending effect on the proton beam, a
fine-meshed binning has been applied inside the solenoid to log the proton flux at
15 T. The mercury jet target has been replaced with vacuum in this simulation
to get a clearer view of the beam trajectory and the number of primaries are low
as we are not interested in any particle production statistics. As predicted with
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Horiz. beam plane: Bending of 24 GeV/c proton beam passing through 15 T solenoid. No target.
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Figure 7.4. Magnetic bending of a 24 GeV/c proton beam in 15 Tesla.

the “right-hand-rule” for the Lorentz-force, the proton beam deviates to the left
when entering the solenoid. The angle is not very big (the magnetic kick is about
15 ·sin(0.022) ·1.00 Tm, where 0.022 is the angle between beam and solenoid axis),
but could bias a the flux of secondaries in the left direction. The effect is also seen
in figure 7.3, where the remnant beam is not centered on the beam dump.

7.3.3 Asymmetry
When running the experiment, there is no precise way of telling exactly where on
the mercury jet the beam hits. Apart from relying on a careful placement of the
mercury jet system, it would be good to know what the flux of secondary particle
would look like if the beam and jet are slightly displaced. If the beam is off by
a few millimeters to the right or left of target center, this could be manifested as
an asymmetry in particle flux for, say, the two detectors placed on the dump. A
scan of the beam from -5 to +5 millimeters from target center has been simulated
to see if the impact on the detectors is big enough to reliably tell that, in the
real experiment, the beam should be moved more to the right or left. For each
beam position, the relative asymmetry (here defined as the difference in MIP flux,
charged particles per centimetre squared, between left and right, divided by total
MIP flux on the two detectors). From figure 7.5 we conclude that plus or minus
two millimeters should not matter that much in terms of total particle yield. On
the other hand, there is a clear trend showing that as the beam is displaced to the
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left, the detector on the left side of the dump receives more secondaries and vice
versa. As for the magnitude of this asymmetry, the statistics is not good enough
to give a “smooth” curve - or even error bars confined on the plus or minus side
- but based on the figure one would expect about 10% more signal for the right
(left) detector if the beam is displaced by some 2 millimeters to the right (left).
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Figure 7.5. Relative flux on the two diamonds on dump front and asymmetry at 0 Tesla.

Now, if we turn the magnetic field on (15 Tesla) and do the same plot (figure
7.6) we see some interesting differences. First, the symmetry around the beam
centered position is broken and secondly, the left detector receives slightly more
than the right one for almost all beam position. Both effects can be understood by
looking at figure 7.4. It seems plausible that a beam tending to the left would cause
more secondaries to do the same. Also, the slight curvature of the beam trajectory
inside the solenoid will have a greater impact on the particle production if the beam
is shifted to the left than the right (when shifted to the right, the production rate
is somewhat compensated by the beam turning into the target at a later time).
Unfortunately, the magnet will also have an unfocusing effect of the secondaries.
Particles with different momentum will change their direction differently and the
large fluctuations of the asymmetry seen in the figure are not useful in making any
positive statements.
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Chapter 8

Results and observations
from the MERIT run

8.1 Experimental run

The MERIT run took place during October 23 to November 11 and was executed
by two groups; one on the Swiss CERN site where the solenoid, cryogenics and
optical diagnostics were monitored, the other in the CERN Control Center on
the French site, operating and surveilling the particle detectors, PS beam and
extraction line with current transformer and beam windows to MERIT. The high-
est achieved proton intensity was 30 TP at Harmonic 16 with a momentum of
24 GeV/c, setting a new record in PS beam energy.

At most, there were eight detectors active simultaneously (limited by the num-
ber of available digitizing channels). Of the three types available the diamonds
were by far the most reliable: several ACEMs were possibly suffering from sat-
uration and showed very long remnant tails, although the bunch structure were
more or less clear. The PIN-diode responses did not hold a good enough qual-
ity to deserve any input channels. One of the diamond detectors, initially at 90
degrees, was moved to the snout for beam guiding purposes. This position is di-
rectly in the beam line, upstream of the target and the particle flux is several
orders of magnitude higher than at the other detector positions. As predicted
by the diamond simulations, the detector showed clear saturation behavior - the
signal rising to almost the bias voltage and with a HWFM much longer than for
the other diamonds. For multi-bunch extractions, there was also a clear discharge
of the reservoir capacitor, resulting in successively lower peaks. A full analysis and
understanding of the diamond response at these intensities is beyond the scope of
this thesis.
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8.2 Data analysis
As mentioned, the key parameter to extract from the detector signals is the inte-
grated bunch responses, ideally being proportional to the amount of yielded sec-
ondary particles for each bunch. Due to possible detector saturation and limited
charge lifetime, this proportionality may not hold for high intensities, worsening
with an increasing number of MIPs interacting with the detector. As LabView
is not very feasible to make more complex analysis of data, it is only used to do
simple on-the-fly analysis directly after each beam extraction, such as integrated
signal per bunch and peak voltage. More rigorous treatment of the data is made
with Matlab.

8.2.1 Linear offset
The detector signals in stand-by mode may drift a little up or down as the 50
m long cables pick up electrical noise. This could obscure the integration of the
bunches, so any initial signal offset from the zero-level is removed by subtracting
the average of the first microsecond from the entire signal.

8.2.2 Bunch integration
As the bunch-to-bunch time is known from the PS, the only unknown parameter is
where the first integration limit should be placed. The rest are added according to
known inter-bunch spacing and pump-probe time. Due to different cable length,
minor differences in response time between different detector types and different
behavior of the PS accelerator for different beam configurations, this is not the
same for every detector in a run or for individual detectors between runs. In order
to find the integration limits, a reference signal, Uref (t), is constructed, having
the same time profile as an ideal proton beam with the known time between each
micro-bunch. Using this, one then tries to find the maximum point for:

min
t0

∫
Uref (t− t0) · Usign(t) dt⇒ ∂

∂t0

∫
Uref (t− to) · Usign(t) dt = 0 (8.1)

Or, in other words, trying to find the optimal time shift t0 that maximizes the
integrated area. In principle, this should correspond to a time shift that makes the
reference function overlap the signal. Once the integration intervals are chosen, the
next problem is to take care of possible signal tails, spilling over from one bunch
response into the next when having more than one micro bunch in the beam
extraction. This can be done by looking at the detector responses for several
single-bunch runs and make an approximative fit of how many percent of the
complete signal is to be found in the integration intervals following the main one1.
Having these coefficient one can simply make an inverse calculation to estimate the
detector response for each micro bunch that needs to be correlated to the actual

1As the diamond detectors have a fall time of a few nanoseconds, this is not expected to be
more than a few percent - most of it because the cables from detector to oscilloscope require a
relatively long time to return to zero after a signal pulse.
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PS intensity per bunch, as the proton intensity will vary on a bunch-to-bunch
basis.

8.3 Bunch resolution
Figure 8.1 shows one diamond signal (Left 20 degrees) from a PS extraction with
the mercury target in place. As anticipated, the rise time is very short and there is
no problem to distinguish the individual bunches and the signal comes close to zero
between two bunches. The ACEM behind the dump behaves slightly differently
(fig 8.3), with a very long tail after the last bunch that takes several hundred
microseconds to drop back to zero again.
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Figure 8.1. Signal from the diamond placed left of the beam dump close to the wall
during a PS extraction with mercury jet.

The variations in peak amplitude can partly be explained by bunch-to-bunch
variations in the PS machine (see figure 8.2). Other factors could be that the beam
position changes slightly from bunch to bunch or that the diamond properties over
a full extraction are not stable. Ideally, one would like to normalize the integration
of each bunch to the signal from the current transformer as a confirmation that
the diamond signal can be trusted, but for reasons not fully understood there is
a lot of ringing between the micro bunches that makes it difficult to get a better
bunch intensity accuracy than some ten percent.

8.4 Equipment scan using particle detectors
A few meters upstream of the target system are two beam monitors displaying
the position of the proton beam after a PS extraction. But, as mentioned earlier,
there is no way of directly telling that the beam is in its right position inside the
solenoid, other than trusting that the target system is well aligned with the two
beam monitors. Early during the run, we suspected that there was a misalignment
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Figure 8.2. The current transformer response.
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Figure 8.3. Signal from the ACEM behind the beam dump during a PS extraction with
mercury jet.
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of these parts. To verify this, we performed a horizontal and vertical scan with
the beam on the target system but without any mercury. By looking at the
yield of secondary particles for each beam position (relative to the monitors), we
were able to see whether the beam interacted with more or less material. When
the beam is in the right position and there is no mercury jet, the proton beam
should in principle have a clear way through the target system, apart from the
two thin titanium beam windows (the system is designed to have as many protons
as possible interacting with the mercury and not the containment vessels). So,
by sweeping the beam in the horizontal and vertical plane and looking at the
integrated detector signal, we hoped to find a “valley” corresponding to a passage
through the beam windows.

Figure 8.4. The mercury container with the two titanium beam windows. Beam is
represented as a long red rod.

All diamonds confirm that indeed there is a minimum point around -14 millime-
ters (horizontal coordinate). Even the width and height of this valley corresponds
to the dimensions of the beam window. As a confirmation, the ACEM detector
that is positioned behind the dump right on the beam line, shows a maximum at
the same coordinates, which is what one would expect as this detector in principle
sees the particles that have not been scattered inside the solenoid, as opposed to
the other. Based on this, we define the region between -20 and -10 millimeters in
the horizontal plane and +2 and -8 millimeters in the vertical plane as the “scan
valley”. Inside this region, the fluctuations due to different beam position should
be minimal.

8.5 Linearity
To verify that the diamonds behave linearly, i.e. that the integrated signal per
proton is independent of the beam intensity, several PS extractions at different
intensities with no mercury jet were made. Intensity can be varied by changing
the number of bunches or the the number of protons per bunch.

As seen in figures 8.7 and 8.8, there is no clear trend of deviating from a linear
fit, although there are some fluctuations. But since the fluctuations follow the same
pattern for all diamond detectors, even though the difference in MIPs per diamond
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Figure 8.5. Horizontal scan. Integrated signal vs. horizontal beam position.
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Figure 8.7. Integrated signal vs beam intensity at different magnetic fields. Beam
positions are inside “scan valley” and there is no target.
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ranges over a factor of three from the left 20 degree and the dump diamonds, it
seems unlikely that this is solely due to a non-linear saturation phenomenon of
the diamond. With mercury target in we see some very large fluctuations in the
integrated signal at around 15 TP. This indicates that the target position or beam
impact point can change a lot from time to time.

8.6 Target in and out ratio
A comparison of the simulated particle flux and experimental results is presented
in figures 8.9 to 8.11 (taking only data with a beam position in the scan valley
and no-probe runs from the 24 GeV/c extractions). The flux of charged particles
is calculated using:

Φ = 1
RqeN

1
36 · 500

· 1
δ/d
· 1
A

∫
U(t) dt [MIPs/cm2] (8.2)

where R is the oscilloscope input impedance, N the number of beam protons, U(t)
the detector signal (multiplied by its attenuation), δ and d the diamond CCD and
thickness and A the diamond surface area. With no target, the simulations are in
agreement with the results, but with target in the measured flux is significantly
lower than the simulated. Why this is the case is not evident, but part of the
explanation could be a misalignment of the beam line: the first hint of this came
with the horizontal and vertical scan where the minimum point was dislocated
some 15 mm from the nominal beam line center. It could also be that the proton
beam meets the mercury jet at an horizontal angle, which reduces the effective
interaction region (or that the vertical angle is too large, with the same effect).
The fact that the in-out ratio is so much lower than expected makes it somewhat
cumbersome to make any definitive statements of the target system quality (since
it indicates that the mercury is not subject to the amount of protons desired).
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Figure 8.9. Flux of charged particles per cm2 and proton with target out, experiment
and simulations.
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Figure 8.10. Flux of charged particles per cm2 and proton with target in, experiment
and simulations.
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Figure 8.11. Target in and out ratio, experiment and simulations.
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8.7 Probe-pump ratio
To see the behavior of the mercury jet using the pump-probe method, we look at
the yield of secondary particles per proton for each of the two extraction groups
(i.e. integrate the pump and probe parts of the signal and normalize to the number
of protons in each group). If there is no disruption or cavitation, the yield should
be the same.

We start by having a look at the quote:

Q =
∫
Uprobe dt/Nprobe∫
Upump dt/Npump

(8.3)

where N is the number of protons in the pump or the probe and U the detector
signal. With Q = 1, the target system gives as many secondary particles per
proton for the probe as for the pump. Initially, we look at signals with a proton
beam position inside the “scan valley”. It is also important that the only parameter
changing between the runs is the pump-probe time: the total extracted intensity,
the beam momentum and spill structure should be constant. Presented in fig
8.12 are the results from day 8, with a beam intensity of 15 + 5 TP, delivered in
12+4 bunches for the diamond detector at 20 degrees left (the other diamonds give
similar results). With the mercury target in, the trend seems decreasing up until
some 50 microseconds. What is puzzling is the large variation when there is no
target at all (one target-out point at 40 µs is obscured by a target-in point). This is
actually of major concern since this is seen when looking at other series with other
configurations and it damages the credibility when trying to make statements of
the target behavior as the variations have not been found to correlate to anything
else. On the other hand, the probe yield is never seen to be less than 80% of the
pump yield, for spill separations up to 700 µs.

In figure 8.13 from day 15, where the beam intensity is 12+4 TP, the probe-
pump ratios are even overlapping for target in and out, although in a narrow span
of about 4 percent. The signal per proton is indeed lower for probe, but as this is
the case regardless of any mercury present, one can not credit this observation to
mercury cavitation.

Another interesting observation is the particle yield per bunch in the beginning
and in the end of a long series of consecutive pulses. For a 16 bunch extraction, the
time between first and last bunch is almost 2 microseconds. Plotted in figure 8.14
is the quote between the integrations of the first three and last three bunches2,
normalized to the beam intensities given by the current transformer. There is
quite a clear decreasing trend for increasing beam intensities for the diamond
detectors3. If this is due to mercury target cavitations growing over the course
of two microseconds, one would expect to see the opposite trend for any detector
placed right behind the target, in the beam line. This is supported by the ACEM
detector behind the dump (same figure). But still, there are very large fluctuations
for the many data points at lower intensity. Another possible explanation could

2The average over groups of three is to minimize the effects of erroneous values from the
current transformer data.

3As before, the other diamonds show the same trend, but are not presented here.
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Figure 8.12. Probe-pump ratio, day 8.

Figure 8.13. Probe-pump ratio, day 15.



8.8 Diamond detector in beam line 69

be that the diamonds response weakens over time when subjected to a strong flow
of particles. This is discussed in chapter 9.

Figure 8.14. Particle production ratio, end and start of 16 consecutive bunches over 2
microseconds.

8.8 Diamond detector in beam line
One of the diamond detectors was repositioned to the beam line on top of the
snout where it was subjected to a large fraction of the PS beam, having intensities
of up to 3 · 1013 protons distributed over 16 bunches. Although the interpretation
of the response is not crystal clear, some observations are presented here.

As expected, the detector showed clear saturation behavior. In figure 8.15 we
see the diamond voltage during one 16 bunch extraction. It is calculated as:

Ud(t) = F−1{ Uosc(ω)
Hcable(ω)

} (8.4)

with F−1 denoting the inverse Fourier transform and Uosc the signal measured on
the oscilloscope (multiplied with the attenuation). The voltage over the reservoir
capacitor is estimated to:

UC(t) = U0 −
1

RoscC

t∫
0

Ud(t′) dt′ (8.5)

The first peak reaches almost 500 Volts and the falling trend of the rest indicates
that the capacitor does not maintain its operating voltage. In fact, the diamond
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voltage drop over the 2 microseconds is so much larger than the estimated capacitor
ditto that one could be led to believe that the effective capacitive value is smaller
than 100 nF.

During the first bunches, we also see a distinct peak corresponding to the 50 ns
width of the PS bunches, followed by a “saddle”. Although such behavior could
be modeled by having very different lifetimes for the electron and the holes, the
effect vanishes after about 6 bunches.

Considering that the amount of electron-hole pairs created in the diamond
is several orders of magnitude larger in this detector than any of the other, the
self-screening effect of the internal charge must be taken into account for a better
understanding of the signal under such extreme conditions. When the cathode
and anode separate the free charge carriers, these will in turn create an electric
field in the diamond opposing the externally applied and thus reducing the total
field.

Figure 8.15. Signal from the beam diamond, corrected for cable attenuation.



Chapter 9

Conclusions

Simulations in FLUKA have confirmed previous MARS simulations of the com-
plete MERIT setup. The detector system has been successfully used to verify these
simulation results with mercury target absent. A scan of the target system interior
to correct for misaligned equipment has also been made by looking at the yield of
secondary particles from the proton beam when aimed at different positions.

To fully understand the detector responses, more studies of the diamonds need
to be made with a reference beam under controlled forms in order to extract as
much information as possible from available data.

The target has been observed to have eruption thresholds at 8 TP in harmonic
16 and 16 TP in harmonic 8. This effect was not expected, but motivates further
study as it implies that one could increase the target power by a factor of two
by simply changing the frequency of the proton bunches. Regardless of eruption,
the particle production in the target system has not been observed to decrease by
more than 20% up to 1 ms. By measuring the maximum disruption length along
the mercury with the optical diagnostics, we have seen that the repeatability rate
condition of 20 ms is met.

9.1 Outlook
Before the experiment, efforts were made to get beam time in order to “get to
know” the diamond detectors fully, without succeeding. Now that the experimental
run is finished, the results pose some questions that need to be answered. One
thing that makes the analysis difficult is that one can not clearly distinguish which
effects are due to mercury target behavior (position, spot size, jet shape quality
etc.) and which are due to hitherto unknown diamond detector properties.

In order to have a better understanding of the results, some calibration mea-
surements of the diamond detectors in a controlled beam are necessary. Most
important is the integrated signal for a known number of protons during a short
extraction, and up to which level this is linear with respect to the intensity. At
present the particle flux estimation is based on single-particle responses. One could
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also measure the response for a number of consecutive bunches and compare this
with the decrease in figure 8.14; the same thing for pump-probe measurements.

Another effect that should be refuted, if possible, is memory behavior of the
diamonds. During some days, we saw a strong correlation between the normalized
detector integrals and the time that they had been allowed to “rest” after the pre-
vious beam extraction: after a longer waiting period, we had a strong signal that
gradually weakened during the following shots where the magnetic field was lower
than 15 Tesla, thus allowing for more than one shot without cooling. However,
this was not observed most of the days and is perhaps mere coincidence. It also
contradicts known diamond properties, where a diamond detector will give the
most signal after it has been pumped, i.e. all the charge traps have been filled by
flushing the diamond with minimum ionizing particles. Under a bias voltage, the
charge traps should remain filled for days. Nevertheless, it is definitely worth in-
vestigating, all in order to isolate and compensate for effects that are not connected
to the target system quality.

Several improvements have been suggested to other parts of the MERIT ex-
periment for the possibility of a new version. On the detector side, one such
change could be to reduce the thickness (and even the surface area) of the dia-
mond samples. This can eliminate the need of signal attenuation between detector
and read-out system. If above calibration measurements are satisfying the ACEM
detectors can be completely left out.
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Appendix A

Neutrino physics

A.1 History
The first clues of the existence of the neutrino came from observing beta decay, at
a time when protons, neutrons and electrons were considered the only fundamental
particles1. In this process, a neutron transforms into a proton and an electron.
However, there was a problem with the energy spectrum for the electron: it seemed
to imply that the conservation law of energy was violated. To get around this
the famous physicist Wolfgang Pauli suggested2 that there was a fourth, neutral,
particle involved that balanced the energy and momentum before and after decay.

n→ p+ e− + νe (A.1)
Although several experiments and observations, involving cosmic rays, had

hinted of the neutrino existence, it would take until 1956 (26 years after Pauli’s
proposal) to get a final, convincing, confirmation of its existence. In this exper-
iment one used (anti-)neutrinos generated in a nuclear reactor. When reacting
with a neutron, they create one neutron and a positron. The latter is quickly an-
nihilated by an electron, yielding two gammas with opposite momentums at about
0.5 MeV. The detection of two simultaneous gammas with the right energy would
indicate that the following reaction had occurred:

νe + p→ n+ e+ (A.2)

To increase credibility of the experiment they chose to detect the neutron as
well by adding a neutron absorber - Cadmium - to the detector tank. When
absorbing a neutron, the Cadmium nucleus enters an short-lived excited state
which emits another gamma within a few microseconds:

n+108 Cd→109 Cd∗ →109 Cd + γ (A.3)
1See [12].
2Not without reluctance, since he realized that this supposed particle would be very difficult

to observe and the idea of hypothesizing something that is almost impossible to observe did not
entice.
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1st 2nd 3rd

Quarks u s t
d c b

Leptons e µ τ
νe νµ ντ

Table A.1. The fundamental leptons and quarks.

A detection of the two opposite electron + positron photons followed by the Cad-
mium gamma after a few microseconds would be a reliable finger print of a neu-
trino reaction. After several months, they had gained enough data to convince
the physics world that the neutrino truly exists. The average detection rate was
about three neutrino events per hour. Comparing this with the total number of
neutrinos from the reactor - 1012 − 1013 per cm2 per second - and the detector
volume of 200 liters gives a hint of just how elusive this particle is. Furthermore,
the measured cross section for the reaction agreed with the predicted within 5
percent.

The slippery properties of the neutrino makes it useful in many astronomical
areas. In the core of the sun, immense amounts of neutrinos are continuously gen-
erated from nuclear reactions. Unlike the photons also created there, the neutrinos
easily escape through the outer layers of the sun (it would take one light-year of
pure lead to absorb half of the neutrinos) and by detecting them we are, in a
sense, directly observing the inner processes of a star. Even more important is the
study of supernovae, a violent star death releasing huge amounts of energy and
neutrinos.

A.2 Neutrino oscillations
While the neutrino can be employed to study other phenomena, the particle itself
is by no means fully understood. It has spin 1

2 , thus a fermion, and belongs to the
lepton group (see table A.1). At present, physicists are confident that there are
only three types - or flavors - of neutrinos: the electron, muon and tau neutrino3.

However, the neutrinos possess some quite strange properties. For one thing,
there is strong evidence that neutrinos oscillates from one flavor to another. This
implies that they do have mass - but the mass eigenstates are not identical to the
flavor state, which can be expressed as[1]:

|να〉 =
∑
i

U∗αi|νi〉 (A.4)

3Experimentally verified at LEP (Large Electron Positron collider) experiments at CERN
where two colliding electron and positron beams occasionally create Z0-particles that decay
to other, easily measurable particles. By measuring how often this happens at different beam
energies (and, thus, different Z0 energies) and comparing this with the different theoretical
predictions for different numbers of possible neutrino flavors one concluded that there are only
three neutrino flavors.
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where α denotes flavor eigenstate and i mass. The propagation of the mass eigen-
states can be described with the Schrödinger equation, yielding:

|νi(t)〉 = e−i(Eit−p̄i·x̄)|νi(0)〉 (A.5)

The momenta, pi are common for all the mass eigenstates for a newly created
neutrino, but the energy Ei will be different if there are any mass differences. The
phase shifts over time makes it possible for a neutrino starting out as an electron
flavor, νe, to later, with some probability, be observed as e.g. a muon neutrino,
νµ. In the ultra relativistic case, the mass of the neutrino is much smaller than
its momentum (natural units) why we make the approximation Ei =

√
p2
i +m2

i ≈
pi + m2

i /2pi. Due to the high momentum (close to light speed) we can also put
t ≈ L and the phase factor will be e−i(m2

i /2p)L. By inverting the unitary matrix
U∗, the flavor state of a neutrino starting out as α = e, µ or τ after traversing a
distance L is:

|να(L)〉 ≈
∑
β

∑
i

U∗αie
−i

m2
i

2E LUβi|νβ〉 (A.6)

Doing the sums, we find that the probability of observing a flavor transition after
the distance L is[1]:

Pνe→νµ(L) = 〈νβ |να(L)〉 =

= δαβ − 4
∑
i>j

<(U∗αiUβiUαjU∗βj) sin2(∆m2
ij

L

4E
)+

+ 2
∑
i>j

=(U∗αiUβiUαjU∗βj) sin(∆m2
ij

L

2E
) (A.7)

where ∆mij ≡ m2
i − m2

j . The first experimental indication of neutrino oscilla-
tions came from detecting solar neutrinos where one found the amount of electron
neutrinos to be too few to account for all of the solar nuclear processes.

We have crude upper limits of the neutrino masses, but no reliable measure-
ments have been made of any lower limit, so the possibility of massless neutrinos
still remains. This would falsify the model used to explain the oscillatory behavior.
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